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PREFACE

25 years already passed from 1987 informal meeting of few ISPC’8 Participants in Japan that
has given origination for HAKONE meetings — HIGH PRESSURE LOW TEMPERATURE
PLASMA CHEMISTRY SYMPOSIUMS.

Professor Iwo Pollo was one of the HAKONE Initiators and the LOC Chairman of the
HAKONE II in Kazimierz Dolny in 1989. Then, Polish Group has regularly participated in
successive meetings in France (1991 and 2008), Slovakia (1992 and 2011), Czech Republic
(1996), Ireland (1998), Germany (2000), Estonia (2002), Italy (2004) and Japan (1987, 2006).
Prof. Iwo Pollo was co-chairing the International Scientific Committee of HAKONES up to
2005, being ever and forever the Good Spirit of HAKONE symposiums. His attitude to the
scientific work and contribution to the HAKONE symposiums’ story is for us unforgettable
guidepost.

HAKONE Symposium traditionally gathers scientists and engineers working on atmospheric
pressure low temperature plasma chemistry, physics and engineering. The scope of the
conference is devoted to theoretical mechanisms of dielectric barrier and corona discharges
for ozone synthesis, basic oxidants generation and applications in water treatment and
environment protection. Every next Hakone, the area of interest has being extended to new
emergent and innovative fields of research and development, like biomedical plasma
application, surface modification, micro-plasmas, alternative materials, fuels and other
interdisciplinary plasma topics.

This year, for the second time, Poland and Kazimierz Dolny have a pleasure to welcome 85
HAKONE XIII Participants from 16 countries from Europe, Asia and North America.
Meeting contains 6 invited lectures, 20 oral presentations and more than 50 poster
presentations in the 9 scientific topics.

The proceedings of HAKONE XIII enclose about 80 contributed papers. The Authors
submitted their papers as a camera ready electronic files. No correction of the papers were
made and Authors are responsible for the scientific and technical contents of their
contributions. 26 papers chosen by the Reading Committee of HAKONE XIII will be
recommended after extension and peer review for publication in European Journal of Applied
Physics, the next 20, dedicated to applied electrical engineering, will be suggested for
publication in the Polish Electrotechnical Review.

LOC wishes all Participants of HAKONE XIII fruitful exchange of new results and ideas as
well as enjoyable stay in Kazimierz Dolny. We believe that symposium will be creative and
contribute to the further development in the area of high pressure low temperature plasma
chemistry, physics and engineering.

In the name of LOC
Henryka Danuta Stryczewska

Poland, Lublin, Kazimierz Dolny, September 2012



Professor Iwo POLLO

MEMOIRS

Professor Iwo Pollo from Lublin Technical University, was a great Contributor, Chairman and
Organizer of previous HAKONE meetings, who to our deepest grief passed away in 2005.

He was born in 1927 in Delatyn. After completing chemical studies in 1954 he started work in
Chemical Compounds Factory and afterwards he became a scientific worker in Silesian
University. Main scope of his research was synthesis of nitrogen oxides in glow discharges in
the cooperation with the famous school of electrochemistry of Moscow University. In 1975 he
became a professor of Lublin Technical University, where he set up the Department of
Chemical Technology, which he chaired for 20 years.

Prof. Pollo was a leader and spiritual guide of a large group of his co-workers: scientists,
academic teachers and students. He developed studies on various plasma processes for
environmental and industrial purposes, which gained international acknowledgment. He was
also vice-President (1984-1990) and President (1993-1996) of Lublin Technical University
and also important member of many scientific boards and organizations (PAS, IUPAC, 10A,
etc.). He was an erudite, polyglot and poet having extremely broad knowledge and teaching
talent. Despite of his high academic position he was also a very understanding, modest
person. This natural kindness, which unfortunately becomes more and more rare in present
times, made him the way to all his students and co-workers’ hearts fully opened. After
Professor Pollo’s first visit in Japan he developed deep interest in culture and language of this
country, gaining there many friends, starting international cooperation and one of His many
collections: of Japanese pottery, books, and paintings.

Also at present, after 7 years of his absence forever, Professor Iwo Pollo is beloved and
missed by many of us.

Local Organizing Committee

Lublin, Kazimierz Dolny, September 2012
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The Lublin Branch was established on May 23, 1997. It presently includes 12 members of the Academy. In
accordance with its statutes, the Branch helps to integrate the academic life of the region in cooperation with all
its universities and research institutes, especially in the two main scientific centers of the region — Lublin and
Putawy — which include about 7,000 scientists and 100,000 students. It maintains a close relationship with the
only institute of the Polish Academy of Sciences in this region of Poland: the Institute of Agrophysics in Lublin.
The Branch also supports and carries out research of considerable importance for the national economy and
culture, with special consideration given to the Lublin region. The Branch also helps local authorities with their
strategic innovation programs for the Lublin voivodship. The Branch plays an integrative role, both among local
scientific institutions and between them and public administration.

The Branch operates in the Lublin and Podlasie Voivodships and it is the only Polish Academy of Sciences
branch situated on the right bank of the Vistula river. That is why it considers cooperation with scientific centers
in neighboring countries — Ukraine, Belarus, Russia, and Lithuania — to be especially important. The Branch has
gained wide acceptance in the region, as has been confirmed by local scientific and administrative authorities.

There are 18 scientific commissions operating within the Branch (together with about 600 members),
covering various disciplines represented by the universities and institutes of the region: humanities,
technological sciences, agriculture, environment protection, medicine, economics, legal studies, architecture, and
theology. The results of the commissions’ work are published in the TEKA, MOTROL and ECONTECHMOD
journals (presenting the files of commissions) and monographs published by the Lublin Branch. Every year are
organized about 10 national and international conferences in cooperation with Polish and foreign partners. As an
example of some important international conferences from last years: Theary of administrative sciences —
devoted to works of Professor J. Stephan Langrod ( Paris Scientific station PAN), V International conferences
ENERGY ( Lviv International University of Agriculture in Dublany),. V Conference on Problems of diagnosis,
treatment and prophylaxis of a disabled child (Lublin). Together with the Lublin Society of Science there are
organized once a month popular lectures WSZECHNICA.

Once a year the Branch issues an Information Booklet about the 42 teaching and research institutions in the
Lublin region, a Bulletin presenting the Branch’s activities, scientific research, and events, and biographies of
distinguished scholars associated with the region. A quarterly journal Maintenance and Reliability is also
published under the auspices of the Branch. Additionally, a bilingual website is being continuously updated and
developed.

The Branch has established a Foundation of the Polish Academy of Sciences entitled “Science and the
Development of the Lublin Region.” Its main goal is to support the scientific, social, and economic activities
associated with the development of junior scientific staff, the transfer of scientific achievements towards business
and use of European funds in educational programs.
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PLASMA FOR SAVING ENERGY,
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Plasma aided manufacturing is the use of charged particles for producing new materials with
unusual and superior properties. The near LTE plasma is a nice tool for material engineering
which in consequence upgrades performance of most of the consumer goods. The paper presents
few samples of the own research results related to toxic or hazardous materials destruction with
their conversion into valuable products and synthesis of nanomaterials showing their application
for supercapacitors for energy store and application as carriers for biological cell destruction.

1. Introduction

Thermal plasma in the state of LTE (Local Thermodynamic Equilibrium) or near LTE (in a reduced
pressure) can be an efficient medium for breaking bonds of unwanted molecular chains and/or the
synthesis of wanted chains to generate new materials or their composites. Some examples of plasma
application for materials engineering are here presented. They are focused on synthesis of
nanomaterials represented by carbon nanotubes (CNTs) and on gas or fluid waste destruction and
especially on solid waste conversion into valuable materials or products. Applications of nanotubes
cover numerous disciplines including construction, manufacturing, medicine, electronics,
nanotechnology, and so on.

The arc and microwave plasma reactors will be applied for CNTs synthesis. In the field of gas and
fluid waste treatment three plasma reactors with cylindrical and divergent channels have been used in
the laboratory testing. The arc was magnetically driven between electrodes, which resulted in fast arc
expansion and a thermal tail formation called the near LTE dispersed plasma. These plasma reactors
have been successfully used in thermal destruction of chlorinated wastes. A furnace with the arc-
plasma immersed in the feed charge has been elaborated for solid waste treatment purposes. The
theory of utilization of materials by electric arc has been verified by experimental tests in the
laboratory furnace presenting some end-products.

2. Plasma assisted energy saving
The properties of plasma synthesised CNTs are certainly amazing; but even more remarkable are the
countless applications that may be possible when these newly discovered materials are integrated into
mainstream products. This will be demonstrated on the development of supercapacitors only. The
supercapacitors can be vastly used in Kinetic Energy Recovery Systems (KERS) for mobile vehicles,
for frequently starting/stopping machines to storage of harvested energy etc. Electrochemical double
layer capacitors have in comparison to diclectric capacitors a significantly higher energy density. Their
high capacity is based on the large electrode surface and the dissociation of ions in a liquid electrolyte,
which forms a dielectric of a few atomic layers; therefore define distances in the range of a nanometer.
In contrast, the electrode gaps in ordinary dielectric capacitors lie in micrometer range.
Supercapacitors consist of two electrodes, which are surrounded by a electrolyte. When voltage is
applied, that has to be smaller as the decomposition voltage of the electrolyte. lons of opposite
polarity form a few molecular layers. The electrodes form over the electrically conductive electrolyte,
two capacitors connected in series, which store energy electrostatically. The electrostatic form of
energy storage allows a fast retrieve of the accumulated charge carriers and high peak loads. Besides
the the distance between the electrodes the capacity of a capacitor depends on the size of the electrode
surface. Because of its large surface activated carbon is frequently used as electrode material. A
further enlargement of the surface can be obtained by the use of carbon nanotubes. They have a very



fine “nano-porosity” for the absorption of electrolytes, which acts as a nanoscale dielectric. In Fig.2 a
layer of 150 micrometer forest of multiwall carbon nanotubes (MWNTSs) received in our experimental
setup (Fig.1) is shown. The MWNTs forest gives enormous increase of the electrode working surface.
The layer of forest is oryginally uniform in structure however the scratch seen in Fig.2 has been
specially done to measure the thickness of the MWNTs layer. With such electrodes very high
capacities can be achieved, which enables a high charge storage at relatively low voltages. As recent
studies have shown, SWNTs have an electrical capacity of up to one electron per 32 carbon atoms [1]
but MWNTs should be even more efficient.

Several years ago, the intensive research of CNTs based supercapacitors started. The results show a
large variability of the achieved capacity as a function of the physical properties of the particular
nanotubes (diameter, length, chirality, SWNT, MWNT, etc.) Furthermore the method of production is
important. The following table list some reached capacity values of CNT based electrodes [1].

Tab.1 Capacity values of CNT based electrodes [1].

Source CNT Type Capacity (F/g)
[Niu, 1997] MWNT (Arc discharge) 49-102

[An, 2001] MWNT (Arc discharge) 71

[Ma, 1999] MWNT (CVD) 15-25

[Ren, 2002] MWNT (CVD) 115
[Frackowiak, 2001] SWNT 18-40
[Frackowiak, 2001] MWNT (CVD) 36-172
[Shiraishi, 2002] SWNT (Arc discharge) 45
[Emmenegger, 2002] MWNT (CVD) 10

In our laboratory we are using the arc discharge and microwave plasma methods for CNTs synthesis.
The photo of microwave plasma reactor is shown in Fig. 1 and a received forest of MWNTSs carbon
nanotubes in Fig. 2. The table below presents some values, that are needed by listed vehicles only to
start moving in 6 seconds (or to take off) of different vehicles assuming voltage on capacitors equal to
200 V and comparing of traditional capacitors and supercapacitors with nanotubes [1]

Tab. 2. Comparison nanotechnology vs traditional capacitors for vehicles start.

Nanotechnology Traditional capacitors
Type of vehicle Power needed Weight/kg Size/m’ Weight/kg Size/m’
Usual car (1300kg) 75 kW 2,4 0,002 20,2 1,2
Usual bus 180 kW 6,0 0,01 50,0 2,5
Little airplane 70 kW 2,2 0,002 18,9 1,1

Most of the personal cars has the power of 75kW. To store such energy in traditional capacitors the
volume required is about 1m’. The weight of capacitors will be equal to 20kg. In the case of
nanotechnology use, dimensions of such a device will be much smaller. Supercapacitors storing
amount of energy to release 75kW of power weight only 2.4 kg. This is the only one energy saving
example in many other applications.
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Fig. 1 Microwave plasma set up Fig. 2 SEM photo of MWNTs forest

3. Plasma made nanomaterials for cancer treatment
Nanotechnology has become a new opportunistic and dynamically developing brand of today’s
industry and it has been found to have various prospective applications in medicine as well. Some of
these applications exist still only as futuristic approaches while others are at the experimental stages or
have already been introduced to the market. Nanomedicine ranges from the medical applications of
nanomaterials to nanoelectric biosensors and applications of molecular nanotechnology.
Nanotechnology innovations are implicated in several medical fields as: diagnostic and imaging
techniques, therapy techniques, drug delivery, anti-microbial techniques and cell repair.
The classification made regarding to specific areas of medicine includes: drug delivery/ drug
targeting/drug release, molecular imaging/ biophotonics/ medical imaging, biochips/ high throughput,
screening/ lab-on-chip devices, biomolecular sensors.
Another approach to treat cancer involves destroying cancer cells via hyperthermia. One of currently
used method is RF ablation. Although, it is today used in clinical practice, this therapy suffers from
serious drawbacks. RF currently is an invasive treatment that requires the insertion of needle
electrodes directly into the tumour to be treated. According to the report prepared by the University of
Texas, incomplete tumour destruction occurs in from 5% to 40% of the treated lesions. Moreover, the
treatment is nonspecific and induces thermal necrosis in both malignant and normal tissues
surrounding the needle electrode and complications related to thermal injury to normal tissues arise in
up to 10% of patients. Finally, invasive RF is limited to the treatment of tumours in only a few organ
sites (liver, kidney, breast, lung, bone) [3]. On the other hand, it is known that the tissue penetration by
RF energy fields is excellent. Thus, non-invasive RF treatment of malignant tumours at any site in the
body should be possible if agents that convert RF energy into heat can be delivered to the malignant
cells.
The latest idea to solve this problem is Kanzius RF Therapy [2] that aims to insert metallic
nanoparticles in or around cancerous cells and then exciting these particles using radio waves The
energy from the radio waves creates heat which burns the cancerous cells. This technique is in
developmental and experimental stages in our laboratory. Our plasma reactors are able to make
ferromagnetic CNTs which can be the activators of cancer cell destruction.

4. Plasma for waste treatment
Effective destruction of gaseous organic compounds requires optimization of three process parameters:
temperature, time and turbulence, which is known as “3-t principle”. One way of an effective
treatment of gaseous wastes is to allow them to pass through the dispersed plasma bulk to be treated
by the highest temperature produced in the plasma generator. The dispersed thermal plasma is in here
a high-pressure arc discharge, which moves fast enough to produce effective linear plasma dispersion.
This kind of plasma can be produced in plasma reactors for effective treatment of gaseous or liquid
(atomised) wastes allowing them to pass through the plasma wall. Generation of such plasma bulk can
be done by fast rotation of the DC arc between electrodes. In our laboratory we have designed the



ROTARC and SPIRARC reactors to be used for decomposition of chloroorganic gaseous wastes. The
raectors principle is presented in Fig. 3 and Fig.4.

In this two systems the electric arc is ignited in a co-axial setup of two electrodes and it is driven by an
external magnetic field produced by axial magnetic coil. These results in creation of not uniform
plasma bulk in a shape of an open ring. The rotating arc temperature behavior is similar to the comet
view with a hot head and a cooler tail The more power is dissipated in the arc column and the faster is
the arc rotation the shorter is the non-thermal plasma gap in the open ring. On the other hand the arc
rotation is necessary to avoid excessive vaporization of the electrodes. If gaseous organic waste is
forced to cross the plasma bulk the chemical bonds are broken and the waste can be decomposed.
Some results of chlorinated gaseous destruction with the ROTARC plasma generator were already
presented [4]. The destruction efficiency better than 99.999% has been achieved.
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In the laboratory of the Technical University of Lodz a DC plasma furnace has been designed as an
Immersed Arc Furnace (IAF) and applied to treat the inorganic wastes. The furnace is water-cooled
and the transferred arc-plasma system has a maximum output power of 250 kW.
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Fig. 5 The immersed arc in IAF Fig. 6 Samples of colored ceramic tiles

In axially - symmetrical configuration of an anode - the crucible and a cathode — the rod graphite
electrode (or plasma torch) the mineral feed charge files a space between them. Initially (in solid state)
the feed does not conduct an electric current. Anode has got in its bottom a hole enabling flowing out
of excess of gas as well as tapping of the melt (bath). A DC arc, burning in the environment formed by
gaseous mineral substance was named here the gas-mineral-arc (GMA). In Fig. 5 the high speed
camera frame shows the immersed arc in the mineral waste.



The Plasma Technologies & Environmental Protection Group of the Lodz Technical University
together with 9 partner’s institutions from Poland, United Kingdom, Spain and Hungary in 2001-2004
were being involved in EU project [5]. The target of that project was to involve end-users in research
to develop and to demonstrate technology directed towards modernization of existing and newly build
waste incinerator plants to convert them into "zero emission" factories. The aim of the project was to
treat with plasma a composite waste consisting of hazardous waste ash and of toxic chemicals, to
produce near-to-net shape building materials. Successful laboratory tests were done. Technology
demonstration unit has been designed and built [6]. In Fig. 6 one can see a sample of the product being
the output of this newly demonstrated technology. In Poland as well as in many Eastern European
Countries a number of used capacitors and transformers containing mineral oil with polychlorinated
biphenyls (PCB’s) are stored. Some experiments were done also for ashes mixed with PCB’s. The
destruction rate of efficiency was always better than 99.99%. The main advantages of thermal plasma
waste treatment are: complete pyrolysis of organic and hazardous wastes — no need of oxygen,
vitrification of inorganic toxic leftovers — high temperature, high calorific value of gas fuel generated,
smaller size of installation - high energy density, minimum total gas throughput - no excess gas for
combustion required, rapid start-up and shutdown - easy automatic control. It has been shown and
demonstrated elsewhere [5] that plasma destruction of wastes towards zero residues and sustainable
energy use is possible and it can be an attractive tool for the nearest future.

5. Conclusions
Mentioned here plasma application examples of saving energy, health and environment are only a
droplet in the sea of possible use of this nice tool in emerging field of materials processing. It can not
be discussed in a brief 5 pages paper. More datails will be presented during the lecture of HAKONE
XIII Conference.
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Proton Transfer Reaction-Mass Spectrometry (PTR-MS) offers many advantages for trace gas
analysis, including no sample preparation, real-time analysis, high selectivity and sensitivity, ultra-
low detection limits, and very short response times. These characteristic features have made it an
ideal tool for many applications in science, technology and society. Here we will discuss recent
developments, in particular advances concerning sensitivity, selectivity and general applicability.

1. Introduction

Trace gas analysis is not only of importance in environmental studies and in atmospheric chemistry,
where detection of biogenic and/or anthropogenic volatile organic compounds is of utmost relevance,
but also in other fields of science, technology and society including for instance food and flavour
science and technology, biological and biotechnical research, process monitoring and control,
hazardous material detection, all the way to medical applications.
Gas chromatography and/or mass spectrometry have been reference methods for many years, but need
to overcome some of the inherent drawbacks, for instance time consumption in case of QC, have led to
the development of alternative methods of analysis. Proton Transfer Reaction-Mass Spectrometry
(PTR-MS) first developed in the labs of the Institut fiir lonenphysik at the University of Innsbruck in
the early nineties (see [1]) offers many advantages for trace gas analysis, including no sample
preparation, real-time analysis, high selectivity and high sensitivity, ultra-low detection limits, and
very short response times.
Despite being a well established method by now in many fields of applications [2,3,4], only recently a
number of decisive instrumental developments took place and will be summarized in this review.
They include inter alia:

1. the increase of mass resolution and mass accuracy,

2. the improvement of sensitivity and detection limit,

3. the extension from gas phase samples to liquid samples,

4. and the use of ionization methods beyond proton transfer reactions including electron transfer

and other ion molecule reactions.

2. Fundamentals of PTR-MS

In a standard PTR-MS instrument water vapor coming from a distilled water reservoir is converted
into hydronium ions H;O" in a customized hollow cathode ion source. This source is designed in such
a way as to achieve a high intensity and purity of the primary H;O" ion beam from the ion source
reaching purity values of 99% and more, thus making a signal-diminishing mass filter (e.g. quadrupole
as used in instruments based on technologies similar to PTR-MS but different in the ion production



and selection, e.g. SIFT-MS) for purifying the primary ion beam obsolete. After production and
extraction the H;O" ions enter into a drift tube reactor where the sample air is admitted usually without
any pretreatment. Whenever a chemical compound C present in the air has a proton affinity (PA) that
is larger than the PA of water, proton transfer will take place resulting in neutral H,O and the
protonated substance molecule C7, i.e.,

H;0"+C — C" + H,0
Accidentally all PAs of all common air constituents (N, O,, Ar, CO,, etc.) are much lower than that of
water, so that air itself can act as a buffer gas in the drift tube reactor and only the trace gas
compounds will become ionized. At the end of the drift tube reactor ions enter a mass spectrometer
and the secondary ions produced are analyzed.
As a result of this experimental set-up and its known parameters (such as reaction time, primary ion
current, reaction rate coefficients, transmission coefficients) one gets highly accurate concentration
readings in real-time (about 100 ms reaction time) without the need of sample preparation down to a
typical detection limit in the single digit pptv region.

3. Advances and Applications
3.1. Increase of mass resolution and mass accuracy.

The first PTR-MS instruments were constructed with a quadrupole mass spectrometer [5]. While
utilizing a quadrupole mass filter allows to achieve good sensitivities and has its advantages in
monitoring the concentration of a single distinct substance, the mass resolution (unity mass resolving
power) makes the clear identification of unknown substances somehow difficult. Moreover, the
recording of full mass spectra is rather slow (as one has to scan with the mass filter the whole mass
range) and separation of isobaric substances is impossible.

Therefore we recently coupled the well established PTR hollow cathode ion source with a high
resolution (m/Am up to 8000) time-of-flight (TOF) mass analyzer. This led to the so-called PTR-TOF
8000 [6] which is due to its high mass resolution capable of separating isobars (e.g. ketene and
propene). Moreover, ultra high mass accuracy in the ppm range allows to identify unknown mass
species in a complex food matrix [7]. Full spectra can be acquired in split-seconds, while still
achieving a detection limit of below 10 pptv.

For areas of application where this impressive mass resolving power is of less importance, but where
more sensitivity is needed, we incorporated a different type of TOF analyzer. This PTR-TOF 2000 [8]
has a sensitivity which is about a factor of five better than compared to that of the PTR-TOF 8000,
however, at the cost of a somewhat lower mass resolution of about m/Am = 2000.

3.2.Improvement of sensitivity and detection limit

In the course of recent instrumental developments we were able to further improve sensitivities and
detection limits. Using gas standards to illustrate these advances, we were able to reach for the PTR-
TOF 8000 for 1s integration time 170 cps/ppbv for mass 79 m/z (protonated benzene) all the way up to
276 cps/ppbv for 147 m/z (protonated dichlorobenzene). For the PTR-TOF 2000 we could even reach
a record number of 750 cps/ppbv for 121 m/z. The limits of detection (LoD) determined using the 3o
method with 1 min integration time range for the PTR-TOF 8000 from 3 pptv for mass 79 m/z down
to 1 pptv for 147 m/z. The LoD for the PTR-MS 2000 could be pushed down to several hundred parts-
per-quadrillion (ppqv), such a value below 1 pptv could previously only be reached with the high
sensitivity quadrupole based instruments, i.e. 890 ppqv for trichlorobenzene at an integration time of
180 s [9].

3.3. Extension from gas phase samples to liquid samples
One inherent limitation to chemical analysis by the standard PTR-MS technique is the fact that PTR-

MS requires for proper analysis gas phase samples to be introduced via the gas phase inlet. This means
that liquids can only be analyzed indirectly via the headspace above the liquids' surface. In particular



compounds having a high Henry constant therefore need to be present at very high concentrations in
the liquid in order that they can be detected in the headspace. To overcome this limitation we
developed recently a "direct aqueous injection" (DAI) system, where the liquid can be introduced
directly for PTR-MS analysis. In short, in such a DAI system the liquid to be measured is introduced
into a syringe and then injected with this syringe via a computer controlled syringe pump into a
purified, dried and heated stream of air, which is subsequently introduced into the drift tube of the
PTR-MS instrument. In [10] we present proof-of-principle investigations of this DAI system achieving
response times around 20 s and a detection limit of about 100 pptw and in [11] we discuss applications
about the detection of solid high explosives in air and water.

3.4. From conventional PTR-MS to a universal trace gas analyser. The use of ionization methods
beyond proton transfer reactions including electron transfer and other ion molecule reactions.

Another "limitation" of PTR-MS so far, was the fact that only H;O" ions could be produced in the
hollow cathode ion source with high purity and intensity and thus used effectively as primary ions.
This was amended by us in 2009 [9] by the development of the so-called "switchable reagent ion"
(SRI) source. It is now possible to choose between H;O*, NO* and O," as reagent primary ions with a
switching time of below 10 s. While all advantages of PTR ionization are preserved with H;O", charge
transfer from O," extends the number of substances that can be analyzed, e.g. the very important
molecules ethylene and acetylene having lower PAs than water can now be accessed. Moreover, NO*
which can be produced in high purity from normal air without the need of a NO gas cylinder as a
primary ion leads to an additional benefit. According to Spanel et al. [12] NO" interactions with
aldehydes follow the reaction:
NO* + XH — X"+ NOH

whereas ketones follow:

NO" + XH — XH" + NO (and clustering).
This means that we can even detect and distinguish isomeric compounds on different nominal masses
and can identify them unambiguously.
Nevertheless, even the SRI technique, where O," (and NO™) can be used to ionize trace gas molecules
via charge transfer, are limited to compounds having ionization energies below 12.1 eV (the ionization
energy of the neutral O,). This still excludes the detection of important substances like CO, CO,, SO,
CH,, etc.
Very recently, we therefore extended the conventional SRI technique using a novel concept [13]
avoiding these limitations while preserving all advantages of conventional PTR-MS (fast response
times, high sensitivity, no sample treatment, etc.). In this case (patent pending (PCT/EP2011/064170))
we use instead of the SRI ions the rare gas ions Kr* and Xe" as additional reagent ions (SRI+). The
principal instrumental setup stays the same. This means that even in the modified version no mass
filter is necessary between the ion source and the drift tube reactor still reaching very high reagent ion
yields, e.g. about 9 x 10° cps for Kr+. Pure Kr or Xe gas from an external gas cylinder is introduced
into the hollow cathode ion source where Kr" or Xe" is formed, respectively. These reagent ions are
subsequently introduced into the adjacent drift tube where they can interact with air containing traces
of the sample and very importantly an inert dilution gas.
The ionization energy (IE) of Xe is similar to the IE of O, (12.13 and 12.07 eV respectively) and
therefore Xe" can be used as a substitute in environments where oxygen gas cylinders are prohibited
(because of fire protection or ex-proof laws). The ionization energy of Kr with 14.00 eV is much
higher than that of most neutrals. Because of this in case of Kr* primary ions also some of the main
compounds of air get ionized, therefore a buffer gas having a higher IE than Kr has to be added to the
sample gas for proper dilution, i.e., for instance He (IE 24.59 eV) and/or N, (IE 15.58 eV),
respectively, using a simple mixing set-up. This novel SRI+ feature now allows to ionize via charge
transfer reactions important molecules like CO, CO,, NO,, N,0, SO,, CH,, etc.
Fig.1 shows as an example the detection of two molecules (CO" and C,H,") that could not be detected
and quantified earlier with PTR-MS. Fig.1 represents an analysis performed on cigarette smoke.
Although in this cigarette smoke sample there are three isobaric compounds present at nominal mass
28 m/z, we can clearly distinguish the true signals CO" at 27.99 m/z and C,H," at 28.03 m/z from N,"
at 28.01 m/z (impurity from the ion source).
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Fig. 1: Analysis of cigarette smoke with a PTR-TOF 8000 instrument equipped with SRI+ after [13].

4. Conclusions

As a consequence of its many analytical advantages, PTR-MS technology (in particular in its TOF and
SRI+ variants) represents one of the few devices that can provide a broad-based analytical technique,
corresponding applications will be discussed in detail in the lecture. Quite importantly, we have
demonstrated that through a series of new developments discussed above we have considerably
enhanced the technology’s capabilities, thus enabling its use not only for fundamental questions in
chemical analysis in physics, chemistry, medicine, biology, food science, environmental sciences and
technology, but also for completely new fields of application, e.g. the unambiguous detection of illicit
substances in gas and liquid phase.
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Positive streamers in air and other oxygen-nitrogen mixtures are generally believed to propagate
against the electron drift direction due to photo-ionization. Photo-ionization is the non-local
ionization of O,-molecules by UV radiation from excited N,-molecules. This facilitates the
streamer propagation by creating free electrons ahead of it. The relative importance of photo-
ionization depends on the O,/N, ratio. Another possible source of free electrons in front of the
positive streamer is background ionization. This can be ionization left by previous discharges or by
other processes such as cosmic rays or (natural) radio-activity. We study the effects of both photo-
and background-ionization on propagation and morphology of positive streamers by changing gas
composition and repetition frequency. One particular gas composition is pure nitrogen with a small
amount of radio-active **Kr added to increase background ionization.

1. Introduction

Positive streamers need a continued source of free electrons in front of them in order to propagate.
Because of the electronegativity of molecular oxygen, free electrons in air quickly attach to oxygen if
the electric field is below about 30 kV/cm. If this is the case, a high field is needed to detach the
electrons so that they can be accelerated. According to Pancheshnyi [1] and Wormeester et al. [2], a
good value for the instant detachment field under standard conditions in air is 38 kV/cm.

The detached free electrons can form avalanches that feed the front of the streamer head and enable it
to propagate. The density of the electrons influences the morphology of the streamers as was
demonstrated in [3].

In most streamer models the medium is air and the major source of electrons in front of the
streamer head is taken as photo-ionization. In air, photo-ionization occurs when a UV photon in the 98
to 102.5 nm range, emitted by an excited nitrogen molecule, ionizes an oxygen molecule, thereby
producing a free electron:

NZ — N, +Yog1025mm (0.1)

O, +Yog102.50m — O; +cC. 0.2)

1.2 Photo-ionization

As the emitted photon can ionize an oxygen molecule some distance away from its origin, this is a
non-local effect and therefore excited nitrogen molecules in the streamer head can create free electrons
in front of the streamer head (as well as at other places around the streamer head). The average
distance that a UV photon can travel depends on the density of the absorbing species, oxygen in this
case. In atmospheric pressure air under standard conditions, this distance will be about 1.3 mm [4].

A straightforward method to test the effects of photo-ionization is by varying the oxygen
concentration in nitrogen-oxygen mixtures and studying the effect of this on streamer properties. We
performed such experiments with oxygen concentrations ranging from less than 0.1 ppm (parts per
million) to 20% (artificial air).

1.2 Background ionization

Besides photo-ionization, there is another source that can provide free electrons in front of a
positive streamer head: background ionization. Background ionization is ionization that is already
present in the gas before the streamer starts, or at least it is not produced by the streamer. It can have
different sources. In ambient air, radioactive compounds (e.g. radon) from building materials and
cosmic rays are the most important sources of background ionization. They lead to a natural
background ionization level of 10° -10'" m” at ground level (Pancheshnyi [1] and references therein).

10



Another source of background ionization can be leftover ionization from previous discharges. This
is especially important in repetitive discharges types like DC corona discharges or repetitive pulsed
discharges. Already at a slow repetition rate of about 1 Hz, leftover charges can lead to background
ionization densities of order 10"> m™ [2]. Background ionization can also be created by external UV-
radiation sources, x-ray sources, addition of radioactive compounds to the gas or surfaces, electron or
ion beam injection and more.

Independently of the source of background ionization, in air the created electrons will always
quickly attach to oxygen. This means that they will have to be detached by the high field of the
streamer before they can be accelerated and form avalanches.

We have used both methods to test for the effects of background ionization on positive streamers:
we have added traces of radioactive *’Kr to pure nitrogen to increase background ionization levels and
we have varied the pulse repetition frequency of discharges in pure nitrogen. (Purity is defined below
in Table 1.)

2. Experimental methods

e (4

*\"\ﬂ;‘*—’-’ q:.

Figure 1. Overview of the vacuum vessel with the ICCD camera. The wall of the vessel has been rendered
transparent in the figure to make the anode tip and cathode plane clearly visible.

We have built a set-up that is specifically designed to ensure the purity of the enclosed gasses. For
this reason, the set-up can be baked to reduce outgassing, it contains no plastic parts, except for the o-
ring seals and it stays closed all the time. We have used this set-up with three different gas mixtures.
They are specified in table 1.

Table 1. Gas composition and impurity levels of relevant gasses as provided by the gas supplier. Impurity levels
are in parts per million (ppm). They are given as upper limits, except for *’Kr, which is dosed on purpose in the
nitrogen/krypton mixture.

Gas N, 0, BKr H,0 | Other
iirfﬁ“al 80% | 20% | nfa | 05 0.5
II:Ililtr:ogen 100% | 003 | na | 005 | 01
E;y“gif/ 100% | 05 |0.0099 | 05 8

The vacuum vessel contains a sharp tungsten tip, placed 16 cm above a grounded plane. The
vacuum vessel with the camera is sketched in figure 1.

We have employed two pulsed power sources to provide the high voltage pulses required for
streamer initiation. These two power supplies are a so-called C-supply and a Blumlein pulser. The
C-supply consists of a capacitor that is discharged by means of a sparkgap and thereby creates a
voltage pulse with exponential rise and decay. In our measurements with the C-supply rise times are
typically of the order 100 ns and decay times are of order 5 us. More details about the C-supply can be
found in [5]. The Blumlein pulser consists of two ten meter long coaxial cables that are charged and
then discharged by means of a multiple sparkgap. This creates a more or less rectangular voltage pulse
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with a duration of about 130 ns and a risetime of about 10 ns. This circuit is treated in more detail in
[3].
The streamer discharge is imaged by a Stanford Computer Optics 4QuickE ICCD camera. In the
images presented here, the original brightness is indicated by the multiplication factor Mf, similar to
what Ono and Oda introduced in [6] and as described by us in [3]. We have normalized the Mf value
in such a way that the brightest image presented in [3] has an Mf value of 1.

More information about the circuit, discharge vessel and imaging system can be found in [3, 7, 8].

3. Results

3.1 General overview
1000 mbar 200 mbar 25 mbar

Artificial air - .
160 mm

Mf 800 Mf 1.5
26 kV +15 kV

Pure nitrogen

=S

Mf 440 Mf 180
+23 kV +10 kV

Nitrogen/fypton

Mf 425 Mf 180
+23 kV +10 kV

Figure 2. Overview of streamer discharges produced with the C-supply for our three gas mixtures (rows), at
pressures of 1000, 200 and 25 mbar (columns) and 1 Hz repetition frequency. All measurements have a long
exposure time and therefore show one complete discharge event, including transition to glow for 25 mbar. The
multiplication factor (Mf) gives an indication of the real intensity of the discharge. The length scale is indicated
with the arrow at the top right. Measurements in artificial air and nitrogen were previously published in [3].

Overview images of streamer discharges in the three different gasses are shown in figure 2. It
shows that there are some differences in appearance between the gasses, but they are limited. When
comparing artificial air and pure nitrogen we can see that even with a change of more than six orders
of magnitude in oxygen content, streamer length and appearance remain more or less the same, as was
already shown in [3]. At 25 mbar there seems to be a clear distinction between artificial air and pure
nitrogen. However, with a few kilovolts higher pulse, both gasses will show the same morphology
(one single streamer). When zooming in, or when using pulses from the Blumlein pulser, more
differences between pure nitrogen and artificial air become apparent. Most notable is the fact that in
pure nitrogen the streamers get a feather-like appearance. We attribute this to the lower density of
electrons or negative ions produced by photo-ionization in front of the streamer head. This leads to a
more stochastic distribution of these electrons and therefore to single (visible) avalanches and/or more
easy breakup of the streamer head and thus to more branching. This is shown and discussed in more
detail in [3, 9].

When adding a small amount of radioactive krypton to pure nitrogen (note that its purity is
somewhat less than of the pure nitrogen above), the background ionization is increased by secondary
jonization from the emitted beta particles of **Kr decay (half-life 10.756 years, decay by a 251 keV
average energy P-particle). The 9 parts per billion of *’Kr in our mixture lead roughly to an additional
background ionization level of 2:10'%, 4-10" and 1-10' m™ at 1000, 200 and 25 mbar respectively.
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At 25 and 1000 mbar the discharges in the nitrogen/krypton mixture are quite similar to the pure
nitrogen discharges. At 200 mbar some differences are visible: the streamers in the nitrogen/krypton
mixture branch more and do not reach the other side.

3.2 Effects of pulse repetition frequency

A second way of influencing the background ionization levels is to vary the pulse repetition
frequency. Even though the frequencies we used (0.01-10 Hz) are very slow compared to plasma
reactions like recombination, some leftover ionization can remain because the ionization levels within
a streamer are about 10 orders of magnitude higher than background ionization levels in virgin air.

The effect of repetition frequency on streamer morphology in pure nitrogen is shown in the top row
of figure 3, where there is a distinct difference between streamers in pure nitrogen made with the same
pulse shape but at 10, 1 and 0.1 Hz pulse repetition frequency. At higher frequencies, the streamers are
smoother and fewer or no feather-like structures are visible. Streamers in the nitrogen/krypton mixture
show a somewhat similar trend, although in this mixture the streamers remain much smoother at 0.1
and 1 Hz than the ones in pure nitrogen. The smoothness of the streamer channels has been quantified
by counting the number of irregularities per unit length of streamer channel. All visible irregularities
have been counted including feathers, branching events and sudden turns. Results of this counting are
shown in figure 4.

10 Hz 1 Hz 0.1 Hz

Pure nilro» en
-

- 20'mim

Nitrogendkrypton

Figure 3. Zoomed images around the cathode tip of repetitive streamer discharges created with the Blumlein
pulser (pulse length 130 ns) at 25 kV at three different pulse repetition frequencies in pure nitrogen and the
nitrogen/krypton mixture.

10 =  Pure nitrogen
’ e Nitrogen/krypton
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Figure 4. Feather density as function of repetition frequency in pure nitrogen and in the nitrogen/krypton
mixture. Measurements are performed on discharges under the same conditions as shown in figure 3, but on
channels extending further from the tip, outside the visible areas of figure 3 (to ensure a clean view of the
channel). The measured values are the number of visible bumps, feathers, branches and all other irregularities
per mm of streamer length and are not corrected for projection effects. The error bars give the standard deviation
of the measurements.

The quantitative results confirm the observations from the images that streamers become smoother
at higher repetition frequencies and that at repetition frequencies below 10 Hz, the streamers in the
nitrogen/krypton mixture are smoother than the ones in pure nitrogen.
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4. Discussion and conclusions

The background ionization levels left by previous discharges at 200 mbar and 1 Hz in pure nitrogen
are estimated as about 10" m™ in [2]. In this calculation, an effective recombination rate of 5-10°
7em’ s was used. This calculation will be an overestimate as it assumes a homogeneous distribution
of leftover ionization of 10*° m™ while in fact such levels are only obtained within a streamer channel
and the channels fill only a small percentage of our vessel. Therefore, a more realistic estimate is about
one order of magnitude lower. This brings the value just below the estimate of the background
ionization from radioactive decay in the nitrogen/krypton mixture (4-10"" at 200 mbar).

The estimated ionization levels due to repetition or radioactivity agree around 1 Hz; this fits well
with the observed behaviour that shows differences in streamer morphology between pure nitrogen
and nitrogen/krypton at 1 Hz and lower repetition frequencies, but no differences at 10 Hz. At the
lower frequencies the (fixed) radioactive ionization source dominates over the ionization from
previous discharges, while at 10 Hz the leftover ionization is dominant.

Note that the nature of the ionization can vary between the two ionization mechanisms. In leftover
ionization, only ions exist, as all free electrons will have attached to oxygen impurities (even at low
oxygen concentrations). However, with radioactive ionization, there is a constant source of free
electrons. Some of them will have attached to oxygen, but the ones produced shortly before the
voltage pulse will still be free. Such free electrons can more easily produce an avalanche as they don’t
need to be detached from negative ions by a high field.

In general we do not observe large differences in streamer properties between air, pure nitrogen and
the nitrogen/krypton mixture or between different repetition frequencies. Minimal streamer diameters
and propagation velocities are very similar even though photo- and background ionization vary many
orders of magnitude. This confirms that streamers are very insensitive for the exact value of photo-
and background ionization levels as was already discussed in [2, 3]. The observations also confirm the
explanation of feather-like structures in streamers given in these papers. Again, it is found that higher
ionization levels (photo or background) lead to smoother streamers and less feathers. This supports the
theory that the feathers are caused by the stochastic nature of the ionization distribution that occurs at
low ionization levels and that the feathers may be visible remnants of single avalanches.
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DECOMPOSITION OF PERFLUORO COMPOUNDS IN
WATER USING DISCHARGE PLASMA
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Discharge plasmas generated in gas bubbles can efficiently decompose the restricted-use
compound perfluorooctane  sulfonic acid (PFOS). During PFOS decomposition,
perfluorocarboxylic acids (PFCAs: C,F,,,;COOH) with shorter carbon chains (n = 1-7) were
generated and decomposed by the plasma. The decomposition reaction constants of the PFCAs
were measured individually and used in a numerical simulation of PFOS decomposition. The
results clarified that the plasma at a gas—liquid interface decomposed PFOS into PFCAs
simultaneously, not sequentially.

1. Introduction
Discharge plasmas generated in the liquid phase or at the gas—liquid boundary have been studied
extensively [1] for the decomposition of harmful substances. However, no plasma application has been
reported for the decomposition of perfluoro compounds (PFCs), which are widely used because of
their chemical and physical stabilities. PFCs, particularly long-chain PFCs, exhibit biopersistence and
unexpected toxicity. Therefore, their effluents are strictly regulated, and the efficient decomposition of
perfluorooctane sulfonic acid (PFOS; CgF7;SOs;H) or perfluorooctanoic acid (PFOA; C;F;sCOOH) is
urgently needed. Several methods of degrading PFOA have been reported, and a limited number of
reports discuss PFOS degradation using zero-valent iron in subcritical water [2], photodegradation in a
2-propanol solution [3], or by sonochemical methods [4].

We recently found that the plasma generated at a gas—liquid interface can easily decompose PFOS
and PFOA with decomposition energy efficiency significantly higher than that of other methods [5].
PFOS and perfluorocarboxylic acids (PFCAs; C,F,,.,;COOH) with longer carbon chains show
surfactant adsorption on the bubble—water interface; thus, the plasma in bubbles can effectively
decompose the PFCs [6]. After complete decomposition of PFOA and PFCAs (n = 1-6),
electrodialytic treatment enabled 96% recovery of fluorine ions from the solution [7].

The decomposition rates probably differ depending on the surfactant behavior of PFCAs. In this
study, we individually measured the decomposition rate constants of trifluoroacetic acid (TFA;
CF;COOH, n = 1), perfluoropropionic acid (PFPrA; C,FsCOOH, n = 2), perfluorobutanoic acid
(PFBA; Cs3F,COOH, n = 3), perfluoro-n-pentanoic acid (PFPeA; C,FoCOOH, n = 4),
perfluorohexanoic acid (PFHxA; CsF;;COOH, n = 5), perfluoroheptanoic acid (PFHpA) (C4F13COOH,
n = 6), and PFOA under the same PFOS decomposition conditions. To examine the PFOS degradation
processes, those constants were used in a numerical simulation analysis, which revealed a new
decomposition scheme and explained why the plasma method is suitable for PFOA/PFOS
decomposition.

2. Experimental setup
A schematic diagram of the plasma reactor is shown in Fig. 1. A high-density polyethylene container
was filled with 20 mL of a 50 mg/L PFOS or PFCA (n = 1-7) solution. These compounds exist in
solution in their ionic states and are not presumed to vaporize in air. The electrode system consisted of
a high-voltage electrode and a grounded ring electrode immersed in the solution. A 0.3-mm-thick
dielectric alumina spacer having a 0.3-mm-diameter central hole separated the high-voltage electrode
from the solution and contributed to initiating the discharge within the tiny central hole. Oxygen gas
was fed into the solution through the central hole at a flow rate of 100 sccm. Small gas bubbles formed
in the hole, expanded into the solution, and detached from the spacer surface. The high-voltage
electrode was connected to a dc power supply that was operated at a constant current of 10 mA.

The PFCA concentrations were measured by liquid chromatography—mass spectrometry
(Shimadzu, LCMS-2020). The concentrations of F~ and SO,> anions in the solution were measured
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with a pH/ion meter (Mettler-Toledo, SevenMulti S47) and an ion chromatograph (Metrohm 861).
Water was circulated through a stainless-steel pipe immersed in the solution to maintain the solution at
20°C. The conductivity of the 50 mg/L PFOA solutions was 29 pScm .
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Fig. 1 Schematic diagram of plasma reactor. Fig. 2 Voltage and current waveforms.

3. Experimental results and discussion
Fig. 2 shows typical voltage and current waveforms with an oxygen flow of 100 sccm after 60 min of
operation. Although the reactor voltage included the voltage drops between the bubble surface and the
grounded electrode in the solution, the voltage drop in the liquid was almost negligible. Although the
DC power source was operated with a constant current, the plasma current fluctuated because of the
limited ability to regulate the power source, particularly in the early stage of operation. The amplitude
of the current fluctuation decreased with time owing to an increase in the solution’s conductivity.

Images of the bubble shapes and the plasmas generated inside the bubbles were taken by a high-
speed camera (Redlake HS-4) with an exposure time of 330 us. Fig. 3 shows pictures of a spindle-
shaped bubble approximately 4 mm in width and 5-10 mm in height. The bubbles initially formed at
the surface of the spacer and expanded upward until they finally detached from the surface within 11
ms. The plasma was initiated at the metal electrode just under the central hole in the ceramic plate and
terminated at the bubble surface.

g

0ms 4 ms 8 ms 12 ms 16 ms

Fig. 3 Time-varying oxygen bubbles at a flow rate of 100 sccm into a 50 mg/L PFOS.

The PFOS decomposition was evaluated by measuring the concentrations of PFOS and F~ and SO,*
ions generated in the solution. Fig. 4 shows the time variation of the PFOS and F concentrations.
After 240 min of operation, 99% of the PFOS was decomposed. The F concentration at 240 min was
27.6 mg/L, and the defluorination efficiency was 12.6 mg/kWh, which is significantly higher than
those of other decomposition methods. [2-4]

The decomposition reactions of PFOS and PFCAs are almost first-order reactions, the reaction
rate constant (& ) of which is expressed as
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where C;is the initial concentration, and C is the concentration after treatment. The decomposition
reaction constant of PFOS is kpros = 4.35 x 10* s from 0 to 150 min. The reaction constant was
constant during the first 150 min of operation but then decreased. It seems that the reduction in the
reaction rate was caused by the increasing concentrations of SO,*~ in the solution.

The residual ratios of PFCAs are shown in Fig. 5 as a function of operation time. As mentioned in
section 2, the initial concentration and amount of each PFCA (n = 1-7) solution were 50 mg/L and 20
mL, respectively. The discharge input power was the same for all the plots. The decrease in PFOA (n
= 7) was similar to that in PFOS; after 150 min of operation, 99% of PFOA was decomposed. The
reduction rates of shorter-chain PFCAs were smaller than those of longer-chain PFCAs. TFA (n = 1)
exhibited a minimum value; at 150 min, 36% of the TFA remained in solution. The shorter-chain
PFCAs showed a larger residual ratio upon decomposition due to the decrease in the surfactant
adsorption on the bubble—water interface. The decomposition reaction constants of the PFCAs were
calculated using equation (1) assuming first-order reactions, as shown in Tab. 1.
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Fig. 4 Time variations in PFOS and F

) , Fig. 5 Time variations in concentrations
concentrations during oxygen plasma treatment.

of PFCAs (n = 1-7).

Tab. 1. Decomposition reaction constants [s '] of PFOS and PFCAs (n = 1-7) .

kpros =4.35 x 10 keroamn=7=5.27 x 10" | kppipam= = 5.63 X 10" | kppxa=s =535 x 10"

kp]:peA(n:4) =418 x 1074 kPFBA(n=3) =278 x 1074 kPFPrA(n=2) =193 x 1074 kTFA(nzl) =1.15x% 1074

Fig. 6 shows the time-varying concentrations of PFOS and PFCAs (C,F,,+1COOH, n = 1-7)
generated in the solution as byproducts. The PFCA amounts were small; thus, expanded plots of the
PFCA concentrations are shown in Fig. 7. The positive species M* should react with the PFOS at the
bubble—water interface because the interface has negative polarity. A possible reaction between the
plasma and PFOS is shown in equation (2). The shorter-chain perfluoroalkyl sulfonates (CgF3SO;H
and C,FySO;H) were not detected, but PFOA was generated in the solution.

CsE-SO;™ + M* +3H,0 — C;EsCOO™ +2F +SO,* +5H" +H+M.. 2)
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Plasma decomposed the generated PFOA into shorter-chain PFCAs. Previously [5], we assumed that
the shorter-chain PFCAs might be generated in sequence, for example, C;FsCOOH — C¢F;COOH —
C;sF;COOH — C4FyCOOH and so on, as shown in equation (3) and Fig. 8(A).

C.E, 1 COO +M* +2H,0 —» C,. 1B, COO™ +2F +3H"+H+CO, + M.

€)

Using the decomposition reaction constants, the PFOS decomposition processes were numerically
simulated assuming sequential decomposition. The results showed that sizable amounts of byproducts

were generated. The calculated concentrations

differed from the data obtained experimentally;

therefore, the assumption of the simulation should be changed.

The revised assumption is shown in Fig. 8(B). Here the decomposition processes are assumed to
be simultaneous, not sequential; therefore, more than one PFCA product is generated in one reaction.
The calculated result agreed well with the experimental results, as indicated by the solid lines in Fig. 7.
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Fig. 6 Time variation in PFOS and PFCA
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Fig. 7 Measured and calculated
concentrations of PFCAs as a function of
operating time.
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4. Conclusion

The application of dc discharge plasmas generated in gas bubbles in a solution for achieving efficient
PFOS decomposition was studied. Complete decomposition of PFOS in 20 mL of a 50 mg/L. PFOS
solution was achieved using the plasma. To validate the PFOS decomposition processes, the
decomposition reaction constants of individual PFCAs were measured. The constant was small for
shorter-chain PFCAs because there was less surfactant activity. A numerical simulation was conducted
using the decomposition reaction constants assuming sequential decomposition of PFOS and PFCA
generation. The results differed from the experimental results, suggesting that a new decomposition
scheme should be introduced to adjust the calculated values to those obtained by experiments. In
conclusion, PFOA is decomposed into many shorter-chain PFCAs simultaneously at the plasma—
solution interface.
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A gliding arc discharge was nonequilibrium, a kind of the non-steady discharge, and a large number of
applied research has been performed to a technique of the exhaust gas decomposition. And in recent years a
gliding arc attracts attention in the field of biochemical such as sanitization, the sterilization. Many studies relate
to decomposed chemical species, and there are a few papers about the discharge mechanism. We carried out the
observation using a high-speed camera (Max flame rate of 1300000 fps) about the discharge mechanism of the
gliding arc discharge without any kind of pre-ignition system. It was confirmed by using the high-speed camera
where paths of discharge between electrodes existed temporally. This measurement had been performed in the
gliding arc discharge system of 2, 3 and 6 electrodes type. However, discharge voltage rose when a pre-ignition
did not exist in comparison with the system which equipped pre-ignition system. In this study, it was proposed a
new pre-ignite process which was not based on an electric discharge, and the discharge mechanism with 6
electrodes type was confirmed by high-speed camera and [-V characteristics. 1

1. Introduction

The development of the sanitization and sterilization technology in a medical, agriculture, biotech
field using atmospheric pressure plasma is remarkable now [1-8].
However it is not so easy to generate plasma under the atmospheric pressure environment. As a typical
method, there is Inductively Coupled Plasma (ICP) discharge, but it requires a large electrical power
for starting and maintenance of a discharge. It is certain that ICP is important, as field of application of
plasma, but electric power is too large for sanitization, sterilization. On the other hand, in recent years
micro-plasma which development is advanced rapidly has an element similar to ICP, but its power
consumption is not large. When we consider the large-scale utilization, for example sanitization of
farm products which were harvested, a micro-plasma may have a too small electric power. Also
dielectric barrier discharge (DBD) is a superior discharge type that status is established in fields such
as ozone generators and so on, but it is not a discharge type to use large electric power.
A gliding arc (GA) discharge has a word to express "arc" in a part of the name but it is a discharge
type that is considerably different from so-called DC arc and AC arc. Furthermore it is hard to say that
the discharge mechanism of GAD is understood well. As for a GA plasma production is possible with
the power consumption that is smaller than an arc discharge that is generally used under atmospheric
pressure environment. With electric power lower than an arc, generation of atmospheric pressure
plasma is possible for a GA.

We continue researching a discharge mechanism explication of a GA using an ultra high-speed
camera and IV characteristic and discharge sound measurement [9,10].
It is the big target in our research to reduce power consumption. An electric power lower enough than
ICP is already accomplished. We want to generate plasma in stability with electric power of around
100 W to equipment of diameter of around 300 ~ 500 mm as a discharge tube. In a case of ICP, 10 kW
or more power is necessary in this discharge tube diameter.
In this study we introduced a new approach into a discharge starting method of the GA.
The concept of now idea is shown in the following.
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A design including the capacity value of the electric power supply is important to a discharge
device of GA [11,12]. In other words a discharge voltage (V) depends on gas pressure and a distance
between electrodes shown by the Paschen's law,

V="f(pd) (1)
Where p is gas-pressure [Torr] and d is distance [m] between electrodes

However, an electrode shape used by a gliding arc has a remarkable, different shape with uniform
electric field. Therefore a non-uniform electric field coming from an electrode shape occurs, and
strong electric field concentration occurs partially. Therefore, we should recognize that the Paschen's
law is out of the applicability sufficiently. In addition, although an electrode has a shape to spread
from a gas introduction towards a down stream, a shape of the electrode and a gaseous rate of flow
and/or a velocity associate with a discharge phenomenon. When we consider a GA discharge circuit
one system, it should become important what percentage of all provided electric power is spent on a
discharge phenomenon by an electric power supply. Fig.1 (a) and (b) shows typical discharge circuit
of GA. With research papers of general GA discharge, a protection resistor of several ohm - around
100 ohm is often inserted in primary power source of a commercial power supply from the viewpoint
of protection of the power supply circuit (Fig.1 (a)). Because a distance between electrode is in a
condition almost a short-circuit simultaneously with a discharge breakdown, this is arrangement to be
taken to prevent a winding damage by the secondary side short circuit of a high voltage transformer.
However, this resistor has many problems. In other words heavy current is passed to primary side
when in a condition almost a secondary side short-circuit of a high voltage transformer. When the
current exceeds a rating of a transformer, the transformer breaks, but the transformer is protected to
reduce voltage which the resistor of the primary side deals with primary current, and is supplied for a
transformer. Because the resistor of the primary side reduces voltage supplied for a transformer then
the transformer is protected. However, the resistor will use much electric power. When the electric
circuit which took out only a discharge part is investigated that a having resistor is put in high value of
resistance (~ 10 k ohm, Fig.2(b)) in secondary side is considered to protect a high voltage transformer
in the state that is almost this secondary side short-circuit, but characteristic of GA discharge is
different greatly. In other words a voltage is generated with an almost all secondary side resistor and
will amount to a most of the power consumption. Power consumption with this protection resistor is a
big problem about a plasma generation.

High voltage transformer High voltage transformer
Protection resistor
Induction voltage regulator Induction voltage regulator
Commercial power supply Commercial power supply
(a) (b)

Fig.1. Gliding arc discharge system
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To avoid this problem following three points become the important problem.

1. Reduce the breakdown voltage
2. Enlarge the capacity of the power supply
3. Realize a discharge that can maintain an impedance of paths of discharge highly

Damage of a electric source disappears a problem if we apply an infinitely great electric power
supply (e.g., more than 100kVA in it) about 2., electric power supplied in plasma grows big and
electrode temperature finally rises from the viewpoint of thermal load and reaches melting failure at a
stage beyond melting point. A most effective thing is reduction of a starting voltage of a discharge.
However, the breakdown voltage increases when distance between electrodes expands because the
Paschen’s law that a starting voltage of a discharge is expressed in the pd product controls it.

It is not possible for a rise of an impedance by taking a paths of discharge long to be easily wide at a
discharge electrode distance from a limit by the pd product of the Paschen's law. In other words when
we are going to reduce a breakdown voltage, the distance between electrodes shortens, and a length of
paths of discharge shortens.

This situation is not the demand that we find. Then how can we satisfy 1 and 3?

Pre-ionization equipment is equipped with to prepare into an electron and/or ion becoming the
seed by a lot of gliding arcs. It generates charge in a space between electrodes by putting
pre-ionization equipment between main discharge electrodes. This is a good idea; it is not necessary to
follow the Paschen's law and can expect an effect to suppress breakdown voltage lower. However, a
part of the main discharge current cannot avoid flowing into a pre-discharge circuit even if this
pre-ionization system designs circuit impedance highly. Therefore, when we consider it to be as an
electric circuit, two kinds of discharge circuitry exist and will have a definite influence on mutual
current paths. Because main discharge current flows, it is necessary to consider a damage of a
pre-ionization electrode. As a method to reduce breakdown voltage not a technique of an electric
circuit, ultraviolet irradiation to electrode is proposed in this study.

When ultraviolet (UV) rays is irradiated with in metal electrode(s), photoemission occurs by a formula
of the photoelectric effect of Einstein,

E=hv—-W (2)
Where, h is Planck's constant, v is frequency and W is work function of material

Photoemission occurs from electrode(s) if photon energy is larger than a work function of the
electrode material. This electron emission must lower breakdown voltage. When UV ray with less than
317 nm of wavelength is irradiated iron electrode with because work function of pure iron is 3.91 eV,
photoelectron emission occurs. The breakdown voltage can decrease by irradiating electrode with the
UV ray that is lower than this wavelength by an appropriate method. The possibility that can increase
distance between electrodes is found.

2. Experimental

In this study, we used 6 phases alternating current as a power supply system to supply 6
electrodes. Fig.2 shows 6 electrodes type GA discharge equipment including power supply. Pure iron
was used for the electrode material. The distance between countered electrodes was adjusted at 3-10
mm. Argon gas was introduced from the electrode lower part. Ar gas flow rate was adjusted 10-50
litter/min. The voltage was regulated 0-6600 V. The electrode was surrounded with optics glass tube
(diameter of 248 mm, IWAKI, TE-32 Glass), and the upper part edge was thrown open by the
atmosphere. As ultraviolet light source, UV-LED (Nicha, NC4U134A) and low-pressure mercury
lamp (HAMAMATSU, L937-02) were used. Because wavelength is 365nm on UV-LED (photon
energy: 3.40 eV), therefore it is smaller than iron work function value of 3.91 eV. On the other hand,
dominant wavelength is 254 nm (photon energy: 4.88 eV), and, as for the low-pressure mercury lamp,
component of 254 nm amounts to overall 92%. The photon energy of this wavelength exceeds a work
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function of iron. UV-LED and low pressure mercury lamp set it up for six pieces of electrode at the
position of 120 degrees respectively, and those were irradiated electrode by 3 directions shown by
Fig.3.

The discharge was photographed with two type ultra-high-speed cameras (Photron, FASTCAM SAS
and Ditect, HAS-D3). Table.1 shows discharge condition of GA discharge system.

UV light source

variable HV 0’

~12% auto | e 120" Trans !
20| trans | 20" 1 ‘ . 200"
; _ 240°

HV UV light source .

_ /
20 | INV 300 |
Trans Trans /
s = \
Electrode ———00]
i UV light source
®‘ JB- high voltage probe

\
=) current probe

Ar Gas flow =

HV Power supply

Fig.2. Experimental setup Fig. 3. Top view of electrodes and UV light source

Table.1 discharge condition

Applied voltage 1.5-6.6kV
Electrode material Fe (99.5%)
Distance between electrodes 3~10 mm
Gas Ar
Gas flow rate 0 L/min — 100 L/min
Pressure 760Torr
(Atmospheric pressure)

3. Results and discussions

3.1 In case UV-LED used

UV - LED of 365 nm cannot have an effect when we considered it from the viewpoint of photon
energy. The breakdown voltage of distance between electrodes of 4mm required 6 kV in case there
was not pre-ionization equipment. However, it decreased 4. 8 kV by irradiation of UV - LED. As a
result, we were able to widen distance between electrodes to 7 mm in applied voltage of 6 kV.
Because there was a deviation of a strong electric field by the GA discharge, the Paschen's law was not
effective at all, and ultraviolet radiation affected the electric field convergence part, and it enabled the
voltage reduction of approximately 20% for the reason. This result was very important, but a
decreasing rate of the discharge starting voltage was insufficient.

3.2 In case low-pressure mercury lamp used

A photon energy of low-pressure mercury lamp was large enough even in the case of distance
between electrodes to 8mm, the breakdown voltage was able to be reduced to 2 kV. Distance between
electrodes doubled and the breakdown voltage became one-third in comparison with the case of
without pre-ionization equipment. In addition, as a result the volume of discharge current path
increased therefore most of electric power was spent to plasma.
Fig.4 shows the images of ultra high-speed camera (5000 fps) of discharge photographed from the top
view of GA system. It was confirmed that the paths of discharge were far beyond the upper end of the
electrode and it blew up to 2.5 times of the electrode length.
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Fig. 4. Discharge images of high-speed camera (Top view) Flame rate: 5000 fps

4. Conclusions

We proposed an ultraviolet light starting method of GA discharge. Using this method, reduction of
the breakdown voltage was realized. In case low-pressure mercury lamp was used, condition that
expanded an electrode distance to 2.1 times the voltage was able to be reduced from one-third. As a
result, the protection resistor of the supply circuit became unnecessary and was able to spend almost
all power consumption in discharge plasma. This method suggests that a capacity of a power
transformer is lowered and may downsize gliding arc discharge equipment.
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Abstract. A theoretical description of the properties of excited atoms in normal liquid He and the
luminescence of liquid Helium excited by a corona discharge are presented. The long-range
interaction between excited He* atoms and He atoms in the ground state was studied in bulk liquid
helium by a combination of fluorescence measurements. The 'hump' like repulsive part of the
inter-atomic potential at intermediate internuclear separations around 5 A was modelled using a
power-function of the inter-atomic distance and calculated by using the full configuration
interaction (CI) method as implemented in the MOLPRO code. The repulsion at intermediate
internuclear distances gives rise to the establishment of cavities around excited atoms in liquid
helium and here the radius and profiles of the cavity boundaries were calculated for this potential
and different pressures. The potential was used to simulate the atomic line fluorescence profile as a
function of external pressure between 0.1 and 3.5 MPa. The fluorescence shows characteristic line
shifts and widths as a function of pressure. By comparison with the theoretical predictions, we
found evidence that for corona discharge-excited liquid helium the He* atoms reside in a cavity
and hence emit from within the liquid phase.

1. Introduction
Spectroscopic studies of internal excitations in liquid helium have a long history [1-6]. Experimental
techniques, such as a-particle bombardment [1], high energy electron bombardment [2-4], strong field
ionization by femtosecond laser pulses [7,8], synchrotron radiation [9-11], and corona discharge
[5,6,12—14], have been employed. The latter technique has been applied to study intrinsic excitations
in a bulk of liquid helium. Common to all these techniques is the first step, which involves direct
ionization of helium atoms creating the corresponding positive ions and electrons in the liquid. This
can directly lead to the formation of positive He,” and subsequently through electron-ion
recombination He,*, or through electron impact ionization/excitation in the liquid electronically

excited helium atoms He* may also form. These species are formed both in their singlet and triplet
electronic manifolds and they relax towards lower energy states by emitting photons in the visible and
infrared regions. The light is observed and analysed in experiments.

Pressure broadening of spectral lines depends on the surrounding matter (ionized gas in the case of
discharge in the gas) density. The “impact” interaction of radiator with surrounding atoms determines
the Lorentzian profile of spectral lines emitted by a discharge in low pressure gases [15-16]. In this
case the width AA (Full Width Half Maximum) of a line and the line shift S relative its non-perturbed
location is proportional to gas density [17,18]. The analysis of the line broadening and shift has been
made in [19] for the Lennard-Jones potential of an interaction between excited atom and surrounded
atoms in the ground state. The shift sign (“red shift” for the shift toward longer wavelengths and “blue
shift” for the shift toward shorter wavelengths) depends on character of radiator-perturbator interaction.
The blue shift corresponds to significant repulsion. The “impact” interaction shifts the centre of line
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weaker than the broadening of the line. The ratio Shift/Width does not exceed 0.2 for “impact”
distortion of the line shape. The low shift of line compare with its broadening is a feature of the
“impact” broadening by pressure in a gas. Growth of the density of a gas is accompanied by distortion
of the “impact” Lorentz profile of a line. It has been shown [20] that the van der Waals attraction
between a radiator and perturbators results in increasing of the intensity of a “red wing” of a line as
compared with its “blue wing”. The asymmetry of a spectral line shape was described using “quasi-
static” approach where perturbators are assumed immobile. The asymmetric shape of spectral lines has
been observed in He gas at 300K and under high pressures [21]. The lines studded had more intensive
their “blue wing” that was a result of repulsion between excited atom and surrounding atoms. The
experiments in negative corona have been carried out at temperature 570 K and pressure 3.2 MPa. The
number density of a gas did not exceed 4.4*10*° cm™. The line width reached 3 nm in these conditions.
The number density of the liquid He is 2*10* ¢cm™, which is 45 times larger than the highest gas
density in the experiments at 570 K. If one extrapolates the width of the line in a gas to width at the
liquid He, the non-realistic width of the line will be obtained. Though, good recognized atomic lines
have been observed in the LHe excited by corona discharge [22]. The line had a symmetric profile
with large width and blue shift. The lines observed in experiments at 570 K and at 4.2 K are shown for
comparison in Fig.1.
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Fig. 1. Experimental spectra obtained for 706 nm . _ . Fig. 2.
line in negative corona under the same pressure Width (Fl}ll Wldth Half quugum) of 796 nm
and at different temperatures. Gas density at | Hel atomic 11'ne measured in liquid Helium at
570K is 4.4*10” cm”. Liquid density at 4.2 K is | 4.2 K under different pressures.
2*%10% cm”.

So, the line observed in liquid He is strongly different than the line observed in gaseous He. Moreover,
the shape of the line has strong pressure dependence in the LHe. The pressure dependence of the line
width is a gas is a result of the linear relations between the gas density and the pressure. In the liquid
variation of density with the pressure increasing is less than that in a gas. The pressure dependence of
line width in a liquid has another reason.

The “blue” shift observed in spectroscopic experiments with gaseous and liquid He is an indicator of
inter-atomic repulsion. The interaction between excited He* and ground state helium atoms provides
example where a long-range barrier in the intermediate distance regime occurs. Both He* and He,*
species have been established to reside inside voids ranging from (7 — 15) A (“bubble states”), which
are slightly smaller than for free electron in the liquid (18.5 A) [23-27]. Such structures are the result
of the repulsive Pauli exchange interaction between the Rydberg electron and the surrounding closed
shell helium atoms. Since the bubble radius depends strongly on the electronic state in question, both
absorption and fluorescence spectra exhibit strong shifting and broadening due to the coupling
between the Rydberg electron and the surrounding liquid (“bath”). In general, absorption lines
experience stronger coupling to the surrounding bath [12,13]. The fluorescence lines are located near
their vacuum values. This behavior is expected based on the fact that the higher Rydberg states have
larger electron extent and thus in an absorption process the lower state is strongly coupled to the liquid
whereas in fluorescence such coupling of the upper state is usually less. However for electronic states
with repulsive long-range interaction, fluorescence spectroscopy, as demonstrated in the work, can
provide detailed information about the upper state itself if the spectra are recorded systematically as a
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function of external pressure. Since the helium density is much higher in the liquid phase as compared
to helium gas, the liquid phase experiments provide much higher sensitivity to this interaction.

In this work, we have compared spectroscopic experiments and first principles theoretical calculations
to characterize the long-range repulsive potential between 3s’S He(3s) and the ground state helium
atom. It is demonstrated that the current experimental approach offers a great advantage over the gas
phase measurements providing more efficient sampling of the pair potential and thus giving a greater
sensitivity for its energetic and curvature.

2. Bubble characteristics
Theoretical modeling of the bubble states in liquid helium have been mostly based on the application
of the well-known model where the liquid part is described by the surface tension energy penalty for
creating a void in the liquid (47oR,’; o is the liquid surface tension and R, is the bubble radius) with
the external pressure contribution on the bubble interface included through the classical pressure-
volume work term (4zR,’/3-P; P is the external pressure) [28-30]. An accurate description of the
liquid density in the boundary region is very important for calculating the spectral line shapes While
the bubble model itself does not consider the liquid — excited atom interaction directly, this interaction
must be present to balance the surface tension and the external pressure. This is often included in the
calculation through a combined one electron - effective core potential (ECP) treatment [27,30]. It is
difficult to judge the accuracy of such ECP models, especially when they are used in conjunction with
the semi-empirical bubble model. There is a need for a first principles theory model that can reproduce
the spectral line shapes without empirical adjustment of any model parameters.
The 3s’S He*(3s) - 1s'S He(ls) and 2p’P He*(2p) - 1s'S He(ls) pair interactions were obtained by
using the full configuration interaction (CI) method as implemented in the Molpro code [31,32]. The
full CI method is a size consistent approach, which allows to correct for the basis set superposition
error (BSSE). Provided that the basis set convergence is sufficient, this approach has been shown to
provide highly accurate results for rare gas containing systems even with a limited treatment of
electron correlation (typical accuracy 1 cm™') [33,34]
The pair potentials for 3s’S He*(3s) - 1s'S He(ls) and 2p’P He*(2p) - 1s'S He(ls) have been
calculated. The repulsive hump around 5 A distance corresponds to the Rydberg transition region
going from the atomic He* to the molecular He,*. The hump is more appreciable for the upper state
3s’S He*(3s). The state 2p°P He*(2p) appears to be essentially flat for distance near to 5 A. The He*-
He potentials have been used for calculation of structure of an environment of the excited atom. The
repulsion leads to creation of the cavity around the atom. Bosonic Density Functional Theory (DFT)
has been shown to be a computationally tractable approach capable of accurately describing solvation
of impurities in liquid helium [35]. The liquid helium surrounding He* was modeled by bosonic DFT
where the He* - He pair potential obtained above acted as an external potential for the liquid. An
extension of the DFT model of Stringari et al. (the Orsay-Trento functional) was used to model the
liquid when T > 0 K [36,37] The external pressure was accounted for by adjusting the bulk
liquid density according to the known equation of state for liquid helium at 4.2 K. In addition
to the bosonic DFT description for the liquid degrees of freedom, zero-point motion for He*
was included in the model by minimizing its energy simultaneously with the liquid DFT
equation. As the bubbles have a fairly large radius the liquid profiles are very smooth with
only weak density oscillations from the liquid correlations visible especially at higher external
pressures. The effect of pressure on the liquid density surrounding the He* is remarkable,
allowing experiments to probe the long-range region of the repulsive hump at several different
distances. The experimentally observed line shifts and broadening are very sensitive to the
pair potential although indirectly as it is convoluted with the liquid density.

3. Line characteristics
Difference between energies of upper and lower terms is determine shift and broadening of the
spectral line [38]. The difference A4U(R) is presented in Fig. 3 and is fitted by Gaussian function
limited by R > 5.3 A:
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AU(R)=103(cm™)* exp(— (R

_53AY
3.1A ’

R>53A (1)

Here the potential is in cm™ and the inter-atomic distance is in A. The model potential is assumed not

zero for R > 5.3 A only. Real hump-like potential is not determined for distances less 5 A, Fig.3.
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Because the temperature 4.2 K is less than the potential at R, = 10 cm™ =~ 14.5 K the “static”
approximation [20] was used for calculation of line profile /(w)

o0

I(w) < Iexp[imr - V(r)]dr

. (2)
V(r)=4nN j{l - exp(— ir%(mﬂdeR =ReV(r)+ilmV(r)

Ry,

Here o is the frequency detunning (w=0 is a center of the line), N = 2.2*10** c¢m™ is the
number density of the liquid He and it weak depends on the applied pressure. The
transformations of the Eq.(2) [20] give

I(w) = Iexp[— Re V(z')]‘ cos[a)r — ImV(z')]dz'
0
The expression Eq.(4) is an integral form of the Gauss-function if ImV(z) ~t and ReV(z) ~ 7’

o 0= ImV(@)/7)
@)= exp[ 4Re V(z')/z'2 )

The imaginer part Im/(t)/t determines the shift of the line center relative to its location in
vacuum. The real part Re¥(t)/t* determines width of the line in frequency scale. The width is
a result of an interaction of the emitting atom with surrounding atoms of the liquid Helium.

. . . . .. AU(R .
The required properties of /mV(z) and ReV(z) is realized if r% << 1 and the exponent in

Eq.(2) can be expanded into Taylor series. It gives for the line width (in wavelength scale)

o s 2 0.5
FWHM (P)=4JIn2-U,,, - /102.[47,N [ R (AUh(R)j dR]
R, (P)

3)

)

Here the FWHM is in nm as the wavelength Ay = 706.6 nm, U,,,, = 103 cm’! is maximal value
of perturbation potential, Eq.(1). In this model the cavity radius R,(P) is a function of applied
pressure P that leads to the pressure dependence of the line width FWHM(P) measured in
experiments, Fig. 2. So, the cavity radii can be recalculated using the experimental data on the
line broadening as a function of the applied pressure. The result of the calculations is
presented in Fig.4.
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A discharge cell configuration was developed to combine the spatio-temporally and spectrally
resolved spectroscopic measurements (cross-correlation spectroscopy) and the phase resolved
detection of surface charges via the electro-optic Pockels effect. The Townsend-like discharge
mode was studied in nitrogen and surprisingly even in helium. Usually, in this gas the barrier
discharges (BDs) operate in the glow-like mode. Small admixtures of nitrogen to helium change
the operation into the filamentary mode. In the latter, the so-called memory effect was verified
showing clearly the important role for the re-ignition of microdischarges in the following half
periods of the applied voltage. The positive and negative surface charge density profiles show
significantly different lateral extents. Both are Gaussian distributed. The measured surface charges
are excellent agreement with the transferred charge by current pulse.

1. Introduction

Barrier discharges (BDs) at atmospheric pressure are effective sources of radicals and excited species.
They have found many applications, e.g. for the ozone synthesis, surface treatment, and in the
environmental chemistry [1]. They have still a high technological potential. It is well-known that BDs
can operate in different discharge modes, namely the diffuse and filamentary one. The diffuse
operation mode can appear in the so-called atmospheric pressure Townsend-like discharge (APTD)
and the atmospheric pressure glow-like discharge (APGD) [2, 3]. The occurrence of both is affected
by the feeding gas mixture and flow rate, gas pressure, operation frequency and shape of the feeding
voltage, dielectric material and the reactor geometry. The investigation of the elementary processes in
the discharge volume in combination with the interaction with dielectric surfaces enables detailed
contributions to the mechanisms (ignition, discharge mode, stability, etc.). The plasma-surface
interaction is connected with the accumulation of surface charges and secondary emission of electrons
by ions and metastables [4]. The discharge operation mode is connected by the ratio of processes at the
electrodes by e.g. exoemission of electrons to the ionization in the discharge volume (Townsend and
Penning ionization). Furthermore, negative surface charges play an important role because of the low
energy to release electrons from the dielectric surface. The necessary energy can be provided by
metastables. In the filamentary mode the surface charge distribution influences the position of the re-
ignition of the next microdischarge, the so-called memory effect. Results about the discharge modes in
helium and nitrogen are presented. Also, results for the surface charge accumulation in the diffuse and
filamentary operation mode are shown.

2. Experimental set-up
The experimental set-up of the discharge cell configuration is shown in fig. 1. It consists of two
parallel dielectric electrodes. Important properties of the dielectrics are given in table 1. On top of the
grounded and polished aluminum mirror an electro-optic BSO ( Bi;,SiO,, ) crystal is mounted to enable

the surface charge measurement due to its birefringent properties. The upper dielectric electrode is a
glass plate (epsilon = 7.6) covered on its topside with a optically transparent and electrically
conductive ITO (Indium tin oxide) layer allowing the surface charge measurement from top via a

2 15 mm ___— Glass plate with ITO layer Tab. 1. Properties of the dielectric materials.
O | |

£ I — BSO crystal
£ = ﬁ Isolation plates (8 B?% ) giais
- Z . . i1, St plate
7 Aluminum mirror 120777720
% // i diameter [mm] 22.5 22.5
= thickness [mm] 0.7 0.7
Fig. 1. Side-view of the discharge cell configuration. dielectric const [ ¢, | 56 7.6
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CCD camera and the electrical contacting of the external voltage. The gap distance of both dielectric
materials is Imm provided by insulated gap spacer. The application of the cross-correlation
spectroscopy (CCS) and the gas flow are realized by four sidewise orientated orifices. The working
gases are pure helium (< 10 ppm nitrogen impurities) and pure nitrogen and mixture of both at a
pressure of 500 mbar. The sinusoidal external feeding voltage has been used at frequencies of 0.5 kHz
and 2 kHz. The applied voltage amplitude was varied from about 0.35 kV to 3.7 kV depending on the
working gas.

The complete experimental set-up for the investigation of surface charges and the optical discharge
evolution is illustrated in fig. 2. Surface charges have been detected on the BSO surface under
utilization of the electro-optic Pockels effect [5]. The details are given in fig. 2A. A combined
arrangement of a cooled LED (1 =634nm) and a Koehler illumination (two lenses and apertures)
illuminates the BSO crystal homogeneously. The latter controls the beam diameter, its brightness and
focusing. Between the lenses of the Kohler illumination a linear polarization filter is placed. The
initially linearly polarized light is reflected onto the BSO crystal by a beam splitter. In the following, a
telescopic system enlarges the beam diameter by the factor of five up to 30 mm. A A/8 wave plate
(placed close to the upper lens of the telescopic system) changes the linearly polarized light to
elliptically polarized light. The ellipticity is influenced also by the applied external voltage and the
voltage drop of deposited surface charges because the BSO becomes birefringent under presence of an
electrical field. On the Al-mirror the light is reflected. Hence, the ellipticity changes again after
passing the BSO crystal and the A/8 wave plate. After that, the light runs through the beam splitter
before a high speed camera detects the light. In front of the camera a polarizing filter is installed which
transmits only linearly polarized light. The coloured filter (transparent from 620 to 640 nm) fades out
the light emission of the BD. In this way, the camera detects only the intensity changes of the reflected
light. At first, the surface charge measurement requires a reference image without any residual
charges. After that, the charges can be calculated from the relative ratio of the intensity with surface
charges / and the intensity without surface charges /.. The surface charge density o(x,y) can be
calculated with the following formula [6]

w,,+u .
O'(X,y): 8()885'0( ( app o-)_l (Uapp +Lj with k:z_nngr‘“’ (1)
A pso L Ir (Uapp) 2k /1

where A is the wavelength, n, is the refraction index, r,, is the optoelectronic coefficient, U,, and
U, are the voltage drops over the BSO crystal caused by the external applied voltage and surface
charges, respectively, ¢, is the vacuum dielectric constant and &, is the dielectric constant of BSO.
Fig. 2B shows the configuration of the cross-correlation spectroscopy (CCS) allowing the
investigation of the optical emission evolution spectrally, spatio-temporally and phase resolved.
Because the BD operates under the conditions studied in the diffuse mode, the CCS is triggered
electrically by a PC pattern generator (PPG), details in [2]. The mean idea of the CCS technique is the
time-correlated single photon counting from about 10° consecutive discharges. The emission signal is
focused onto a vertically moveable slit via a 1:-1 imaging. Afterwards, the image is focused with a
second lens onto an optical fibre connected with a monochromator. The spatial and spectral resolution
is 0.05 mm and 0.1 nm, respectively. A single photon counting photomultiplier (PM) detects the
spectrally resolved signal and converts it into an electrical signal and analyzed by a constant fraction
discriminator (CFD). If a predefined voltage amplitude is reached, a second voltage signal is increased
linearly by a time-to-amplitude converter (TAC). An analogue-to-digital converter (ADC) enables the
corresponding correlation of the voltage in a time-depending channel memory device (MEM). The
result is a temporally and phase resolved intensity distribution of the discharge emission development.

3. Results and discussion
The BD in pure helium and nitrogen usually operates in the diffuse discharge mode. Small admixtures
of nitrogen in the percent range to helium result in the filamentary mode [3]. The BD operating in pure
helium (<10 ppm nitrogen impurities) is dominated by the 0-0 transition of the second positive system
(SPS, 2 =337nm) and the first negative system (FNS, 1 =391nm ) of nitrogen. The so-called
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Fig. 2. Experimental set-up for surface charge measurements (A) and spatio-temporally resolved
spectroscopic measurements in the volume (B). CCS set-up with PC pattern generator (PPQG)
triggering: PM - photomultiplier, MC — monochromator, CFD - constant fraction discriminator, TAC -
time to amplitude converter, ADC - analogue-digital converter, PPG - pattern generator, MEM -
memory.

Penning ionization, inelastic collisions between electrons and nitrogen in the ground state, causes the
FNS emission of the exited Nj(B*L}) ions. The emission of the SPS results from inelastic collisions

of electrons with nitrogen in the ground state to the excited N, (C’TI,) state. It is followed by the de-
excitation to N,(B’I1,). Fig. 3 shows the spatio-temporally and spectrally resolved emission

evolution of the SPS (4 =337nm ) and FNS (4 =391nm ) of the BD operating in pure helium and pure
nitrogen. For nitrogen this is well-known that the discharge operates in the APTD [2, 3]. The emission
maximum is located near the anode (Fig. 3¢) and 3d)). It is characterized by a relatively long duration
of the current pulse (several tens of microseconds).The corresponding current density amplitude is in
the order of 0.1mA/cm®. The BD in pure helium operates usually in the APGD (emission maximum
near the cathode) at gap distances in the range of 2..5mm[3]. But surprisingly, under our experimental
conditions (gap distance 1 mm and sinusoidal feeding voltage) appeared the APTD mode, too. Fig. 3a)
and 3b) show for helium clearly a similar behaviour like for nitrogen. A reason for the APTD in pure
helium is the too small gap distance for the development of the cathode fall region. The APTD in
helium is also characterized by a small current density and a current pulse duration of 30us, as shown
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Fig. 3. Spatio-temporally emission development of the second positive system and first negative
system in the diffuse helium and nitrogen BD.

in fig. 4. Here, an example for the surface charge development (circles) and the discharge net current
(solid line) is presented in the diffuse pure helium discharge Surface charges remain constantly until
the current pulse occurs. During the current pulse, it changes its sign according to the current polarity
and remains again constantly on the BSO surface until the next current pulse in the next half period.

The deposited charge density amounts in both polarities |o|=0.5nC/cm®. For a quantitative
comparison the net current is temporally integrated (dashed line). Besides, the corresponding Lissajous
figure is also plotted in fig. 4. It shows directly the transported charge AQ =1.75nC within one current
pulse. For the filamentary mode (conditions: p =500mbar, v =2kHz, U =0.91kV ), in fig. 5a) and 5b)

the spatial resolved surface charge distributions for both half periods and the accordant averaged radial
profiles of positive and negative surface charges are shown for a of 9:1He/N, gas mixture,
respectively. The deposited surface charges mark the positions of previous microdischarges. Negative

charges deposited on the BSO surface are electrons. The most probable mechanism for positive
surface charges is the recombination of ions with electrons from the bulk material. Negative surface
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Fig. 4. Phase resolved surface Fig. 5. Charge distribution in the filamentary mode

charge from the electro-optic (90vol.%He and 10vol.%N, mixture) of positive (bright

measurement (circles) with the spots) and negative surface (dark spots) charges in the

corresponding net current (solid positive and negative half-period, respectively. b) Radial

line) and the  temporally profile of positive and negative surface charges,

integration of the net current FWHM: o, =0.9mmand o_ =1.6mm, respectively.

(dashed line). p =500mbar, v=2kHz, U =0.91kV.
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charges are more extended than the positive ones. The full width at half maximum (FWHM) is 1.6mm
to 0.9mm, respectively. The reason is the higher electron mobility in the volume in front of the

electrodes in comparison to the ions.
This can be clearly seen in fig. 6. Here, the surface charge measurement of four consecutive half
periods is presented. In the subsequent half periods the microdischarges prefer to re-ignite again on

positions of deposited surface charges. This is known as the memory effect.
1+

applied voltage
discharge current

1 ! s
400 500

T ST R S S S ' L L
0 100 200 300
t[ns]

Fig. 6. Left: Timing of the surface charge measurement. At the end of each half period, when no
discharge occurs, a record is made. The sign “+” or “-“given in the right image depicts the polarity of
the voltage as indicated above. Right: Four consecutive periods. Surface charge measurement at fixed
phase positions in the positive (200 us) and negative 450 ps half period. Positive surface charges:
bright spots, negative ones: dark spots. [1: long-living filament, A: filament misses one or a few
driving periods, and O : generating a filament in discharge free area.

*E

Conclusions
For the first time a discharge cell configuration was developed allowing the joint investigation of
volume and surface processes of different BD operation modes. In nitrogen the APTD mode was
studied. Surprisingly, the unusual APTD mode in helium was found and investigated by the CCS. The
measurement of deposited surface charges shows an excellent agreement with the transported charges
during a breakdown. In the filamentary discharge mode the memory effect has been clearly confirmed.
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Pulsed driven Dielectric Barrier Micro-Discharges (MDs) are investigated by means of fast
electrical and optical methods, namely ICCD and streak cameras. The gas mixture (O, admixture
to N;) and the parameters of the pulsed power supply (amplitude, duty cycle) are systematically
varied in order to investigate their effects on the breakdown processes. In case of asymmetric
pulses significant changes in the spatio-temporal development of MDs have been observed. The
zone of lower intensity in front of the cathode is larger during the rising than the falling slopes and
the velocity of the cathode directed ionizing front changes, too. In case of high voltage pulses
below 10 ps even the starting point of MD development changes within the falling slope. Positive
and negative streamers are caused by electric field rearrangement in the gap due to the different
positive ion densities in relation with their gap transit times.

1. Introduction

There is an increasing interest in atmospheric pressure discharges for technological applications. Due
to their low gas temperature, high electron energy and the presence of active species these discharges
have a high potential for plasma chemistry e.g. for ozone production as well as gas and water
purification [1]. Dielectric barrier discharges (DBDs) are often used in these fields of application. Here,
sinusoidal driven ones are basically used in practice [2], but DBDs show a higher efficiency in the
production of active species when driven with pulses instead of sinusoidal high voltage [3,4].

The aim of this work is to extend the understanding of the basic processes of filamentary pulsed driven
DBDs with precise measurements on single, repetitive micro-discharges (MDs), since the overall
effect of filamentary DBDs is determined by the concurrent action of short lived MDs. Fast electrical
and optical methods (ICCD and streak cameras) are used for the systematic study of DBD-MDs in
dependence on the gas mixture and the parameters of the pulsed power supply.

2. Experiment

A symmetric DBD arrangement (see fig. 1) is used to investigate single MDs. It consists of a gas cell
made of plexiglas, including alumina covered half sphere metal electrodes and quartz glass windows
to allow the observation of the MDs. The dielectric barrier thickness is about 0.5 mm and the gap of
the electrodes is 1 mm. The N,/O, gas mixture (0.1 vol% O, in N,) at 1 atm with a total flow of 100
sccm is flushed through the cell. For pulsed operation of the DBD a pulse generator is used. It is
supplied by a high voltage power supply (pulse generator DEI, PVX-4110). In this case, the DBD is
driven by unipolar square wave pulses (10 kV amplitude, repetition rate10 kHz). The duty cycle D is
varied from 50 % (symmetrical pulse) down to 0.2 %. This corresponds to pulse widths 7, of 50 ps
to 200 ns. The rise time of the high voltage pulse slopes is about 150 V/ns. Thus, the voltage rise time
for pulsed mode is three orders of magnitude higher than for sinusoidal operation in the kHz-range.
Electrical measurements are performed with fast probes and recorded with a 5 GS/s digital sampling
oscilloscope to estimate the electrical power of the discharge. The MDs are observed simultaneously
by a fast iCCD camera and a streak camera system connected to a far-field microscope (figure 1).
With the iCCD (Andor, iStar) it is possible to get high resolution pictures of single MDs and their
propagation on the electrode surfaces (Af> 2 ns, Ax = 10 pm). The streak camera system (Hamamatsu,
C5680) delivers the spatio-temporal MD development along the discharge axis during rising and
falling slopes of the electrical pulse with high temporal (Az>50ps) and spatial resolution
(Ax = 10 um). The camera is sensitive in the visible and UV spectral range.
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Fig. 1. Experimental set-up with diagnostic (left) and photos of the discharge cell with MD (right).

3. Results
All the results presented here have been taken for a gas mixture of 0.1 vol% O, in N, and a positive
unipolar pulse. The electrical characteristic is presented exemplarily for D = 10 % in fig. 2. The pulsed
operation leads to one single MD at the rising and one at the falling slope, respectively. The MD
current maximum depends on D. In case of D = 10% it has nearly twice the value the rising slope as in
the falling slope. For D = 50% it is the same and reverses for D = 90%.
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Fig. 2. Electrical characteristics of a pulsed DBD (left) and iCCD-photos (right; accumulation of 1,000
MDs; A= anode, C= cathode) at V.= 10 kV with D = 10% at 0.1 vol% O, in N,.

Fig. 2 (right) shows iCCD images of MDs generated in rising and falling slopes of high voltage pulses
for D = 10%. All pictures are in pseudo colour. The MD consists of a constricted channel in the
volume and branching surface discharges which described in literature [1, 5, 6]. The MD branches are
more pronounced at the anode but there are surface discharge channels observed at both electrodes.
The diameter of the MD channel in the middle of the gap can be estimated from single iCCD pictures
and is about 100 um which is in good agreement with results for streamer discharges in air [7]. There
is a zone of reduced emission of the MD channels in front of the cathode.
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The streak camera images of MDs at both slopes under the same conditions as in fig. 2 are displayed
in fig. 3. They are taken in the centre along the axis of the discharge channel and visualize its spatio-
temporal development. This leads to a one dimensional space diagram over time. The position of the
electrode tips is marked by white lines.
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Fig. 3: Spatio-temporal development of MDs along the axis during rising and falling slopes (same
conditions as in figure 2), accumulation of 1,000 MDs in linear (top row) and logarithmic intensity
scale (bottom row).

The propagation of a cathode directed ionization front or streamer followed by a glow behind the
streamer passage is clearly seen and in agreement with results from ac-sinusoidal driven DBDs [8].
The pre-breakdown phase cannot be estimated properly from these measurements because of the low
emission and limited sensitivity of the streak camera detector. Its duration is at least 3 ns [9]. The
surface discharges in their temporal development can also be seen on the electrodes. For D # 50 %
there are distinct differences in the MD development and structure for the two different slopes [10].
For D = 10 % the MD at the rising slope has a shorter duration than at the falling slope. The zone of
lower emission after the passage of the streamer in front of the cathode is much shorter in case of the
rising slope. Consequently the glow phase is concentrated at the anode for the rising slope and more
located in the volume in case of falling slope. In the same manner the phase of cathode directed
streamer is affected.

Figure 4 shows the comparison of the spatio-temporal MD development for the duty cycle variation at
the example of the rising slope. The streamer propagation velocity clearly depends on the time delay to
the preceding MD. The MD lasts longer during the falling slope and the cathode directed streamer
propagates faster in the rising slope for D = 10%. The differences between the discharge current
maxima are consistent with the streamer velocity behaviour. When the streamer propagates faster it
generates more charge carriers at this certain time and so the discharge current maximum rises, too.
However, the total transferred charge is equal for both slopes due to the short discharge duration. For
symmetric pulses (D = 50%) there are no significant differences between the MDs at rising and falling
slopes and if the time between them is reversed then all effects are reversed, too [10]. Thus, the time
between the MDs has a significant effect on the discharge physics. Obviously residuals from the
preceding MD influence the breakdown and plasma formation. Both volume as well as surface
processes taking place on a 10 us time scale must be considered to explain the dependence of MD
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development on duty cycle. At the conditions being considered nitrogen metastables N,(A) have an
effective lifetime in the same order of magnitude than t,;. and may influence the MD generation.
Ionization of metastables requires less energy than from the ground state, which demands for less
direct ionization and has a significant influence on the positive streamer characteristics as shown for
high operation frequencies [11, 12]. Furthermore, metastables are considered to lead to secondary
emission of electrons from charge dielectric surfaces (so-called exo-emission) [13]. The general
discharge development as described above remains in principle the same at both slopes as long as e
is larger than the ion drift time for the 1 mm gap (about 1pus) [9]. This result is shown in fig. 5.
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Fig. 4. Comparison of the change of the velocity of the cathode directed streamer at rising slope by
changing the duty cycle D = 10%; 50%; 90% (logarithmic intensity scale).
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Fig. 5. MD development at falling slope by changing D respc. tpy (accumulation of 1,000 MDs,
linear intensity scale).

For the pulse width of 1 us (fig. 5, middle), the MD development starts with a very short emission
close to the cathode. There, the cathode directed streamer is ignited followed by an anode directed
streamer. Both streamers are hardly seen in fig. 5 due to the linear intensity scale. They reach
velocities in the order of 10° m/s [9]. After the positive and negative streamers impact onto the
electrodes, a structure similar to glow discharge (cathode spot and positive column at the side of the
anode) is created. In this phase two overall maxima of emission with slow propagation towards the
neighbouring electrodes are observed. Simultaneously the filament diameter increases from the middle
of the gap towards the electrodes where they impact and create surface discharges. The development
of the MD for t,,5c = 200 ns also shows the emission close to the cathode at the beginning and the two
local maxima. The explanation of this effect is supposed to be the variation of the positive nitrogen ion
density in the gap originating within the preceding MD in the rising slope, since the time of flight for
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positive ions of nitrogen and oxygen through the whole gap correlates with the duration of the applied
voltage pulse widths. These ions will not reach the cathode before the next breakdown in the falling
slope and therefore will be present in the gap. During the falling slope ions rearrange the electric field
changing the starting conditions for the next breakdown changes. This affects the electrical parameters
and MD. The role of an accumulated positive ion cloud in front of metallic cathode has already been
discussed for the phenomenon of Trichel pulse ignition [14, 15] and is of fundamental importance in
breakdown theory.

4. Summary and outlook

Simultaneous streak and iCCD recording of MDs in a 1 mm gap pulsed-driven DBD are presented.
For the conditions being considered (gas mixture 0.1 vol% O, in N,, pulse rising of
150 V/ns) the same principle phases of discharge development as known from sinusoidal and pulsed-
driven DBDs are observed, namely pre-breakdown, cathode directed streamer, anode glow and surface
discharges. Novelty of the results is that in case of asymmetric high voltage pulses significant
differences in the formation of MDs in the rising and in the falling slopes have been investigated. As
shorter the time between two MDs, as lower is the current peak maximum in the second MD. This
behaviour is along with a slight increase of MD duration, a slower streamer, a shorter zone of lower
intensity in front of the cathode and the expansion of the anode glow into the volume. For symmetric
pulses there are no significant differences between the MDs at rising and falling slopes. Volume as
well as surface processes must be considered to explain this behaviour. Elevated densities of nitrogen
metastables may enhance background ionization in the volume as well as from the dielectric (charged)
surface leading to changes in the dynamics of streamer propagation and thus MD structure and
properties. At small duty cycles (D < 1 %) accumulated positive ions rearrange the local electric field
and change the starting conditions for the next breakdown which leads to significant different MD
development.

The results show that pulse width variation gives the possibility to control MD properties down to the
level of fundamental plasma parameters [9, 10]. In contrast to sinusoidal driven DBDs the transferred
charge and power of single repetitive MDs can be controlled, which offers new possibilities for the
optimization and control of plasma chemistry, e.g. for exhaust gas treatment, life-science applications
or synthesis.

5. References

[1] Kogelschatz U 2003 Plasma Chemistry and Plasma Processing 23, 1.

[2] Penetrante B M, Schultheiss S E (Eds.) 1993 Non-thermal Plasma Techniques for Pollution
Control, Springer-Verlag Berlin Heidelberg.

[3] Ono R, Nakagawa Y, Oda T 2011 J. Phys. D.: Appl. Phys. 44 485201.

[4] Namihira T, Tsukamoto S, Wang D Y, Katsuki S, Hackam R, Akiyama H, Uchida Y. Koike M,
2000 [EEE Trans. Plasma Sci. 28 434-42.

[5] Brandenburg R, Wagner H-E, Morozov A M, Kozlov K V 2005 J. Phys. D: Appl. Phys. 38 1649.

[6] Kumada A, Okabe S and Hidaka K 2009 J. Phys. D: Appl. Phys. 42 095209.

[7] Nijdam S, Wormeester G, van Veldhuizen E M, Ebert U 2011 J. Phys. D.: Appl. Phys. 44 455201.

[8] Kozlov K V, Brandenburg R, Morozov A M Wagner H-E, Michel P 2005 J. Phys. D: Appl. Phys.
38 518.

[9] Hoder T, Hoft H, Kettlitz M, Weltmann K-D and Brandenburg R 2012 Physics of Plasmas 19, in
press.

[10] Kettlitz M, Hoft H, Hoder T, Reuter S, Weltmann K-D and Brandenburg R 2012 J. Phys. D: Appl.
Phys. 45 245201.

[11] Nijdam S, Wormeester G, van Veldhuizen E M and Ebert U 2011 J. Phys. D: Appl. Phys. 44
455201.

[12] Bourdon A, Bonaventura Z, Celestin S 2010 Plasma Sources Sci. Technol. 19 034012.

[13] Marbach J, Bronold FX, Fehske H 2012 Europ. Phys. Jour D 66, 4, 106.

[14] Cernak M, Hosokawa T 1991 Phys. Rev. A 43 1107.

[15] Bessieres D, Paillol J, Soulem N 2004 J. Appl. Phys. 95 3943.

42



HYDROGEN PRODUCTION FROM BIOMETHANE
USING DBD

Mirostaw Dors', Tomasz Izdebski', Jerzy Mizeraczykl’z, Marek Kocik'

! Centre for Plasma and Laser Engineering, The Szewalski Institute of Fluid Flow Machinery,
Gdansk, Poland
? Department of Marine Electronics, Gdynia Maritime University, Gdynia, Poland
E-mail: mdors@imp.gda.pl

Production of hydrogen from CH,;:CO, (70%:30%) mixture simulating dry biogas in a DBD
reactor supplied with AC of 1.0-2.0 kHz or nanosecond negative pulses is presented. We have
found that hydrogen production and methane conversion degree increase linearly with discharge
power in the range of up to 50 W. Nanosecond voltage pulses are much more efficient in hydrogen
production than sine AC voltage.

1. Intorduction
So far most plasma methods of hydrogen production use such substrates as natural gas, gasoline,
heavy oils, and kerosene. Many of them uses combination of plasma with catalysts either as single-
stage or two-stage system. The single-stage type is constructed by packing catalyst pellets within the
plasma zone or coating catalyst on the surface of electrode(s). As for the two-stage type, the plasma
zone is located either upstream or downstream the catalyst bed, which is termed as plasma
preprocessing and plasma postprocessing, respectively.

Unfortunately, plasma-catalytic systems are not useful when biogas containing sulphides (mainly H,S)
are going to be processed due to catalyst poisoning. There are several publications claiming to
describe production of hydrogen from biogas using plasma-catalyst systems [1-4]. However, the
authors has used a mixture of methane with carbon dioxide simulating a biogas but without any
additives which are present in real biogas such as water vapour, H,S and NH;. Such a simple
simulation of biogas is not appropriate when the outlet gas is going to be used with fuel cells, which
are very sensitive to H,S traces. There are only 2 papers on using real biogas and they were published
by one research group in 2008 and 2010. Sekine et al [5, 6] studied application of pulsed corona
discharge (PCD) reactor and dielectric barrier discharge (DBD) reactor without any catalyst and they
found that PCD could convert biomethane into syngas and H,S into solid sulfur simultaneously. This
is due to the high electron energy of PCD and the electron has enough energy to dissociate C—C bond
and C-S bond. On the other hand, DBD could convert H,S into solid sulfur too, but methane and CO,
in the biogas were not reacted at lower input power. The investigation by Sekine et al. showed that
proper choice of electrical discharge can brings elective reaction for dry reforming of biomethane and
desulfurization, and this is due to the correlation between the bond dissociation energy of each
molecule and electron energy level of each discharge. Our proposal is to verify this conclusion by
parametrical studies of biomethane reforming using DBD and real biogas or a mixture simulating
biogas with its trace components (influence of voltage pulses shape, duration and frequency, influence
of reactor geometry).

In this work a first stage of our studies concerning hydrogen production from simple biogas-like
mixture of methane and carbon dioxide is presented.

2. Experimental set-up
A. DBD Reactor
In this paper results obtained in one specific DBD reactor are presented. The scheme of the reactor is
shown in Fig. 1. It is made of a quartz glass tube of inner diameter 15 mm in which a high voltage
RVC (Reticulated Vitreous Carbon) electrode is placed. The glass tube is covered with aluminum foil
remaining a 4 mm wide slit along the reactor. RVC electrode is formed in a tube of outer diameter §
mm, inner diameter 3 mm and length 150 mm. Through that RVC tube a mixture of methane and
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carbon dioxide (70%:30%, respectively) simulating dry biogas was introduced into the reactor. Due to
relatively low porosity of the RVC tube, which is 80 ppi (pores per inch), it does not obstruct the gas
flow which was kept at 200 cm*/min.

Quartzglass ~ RVC H.V. PTFE gasket Quartz glass
window electrode and holder tube

| ‘ "4

*::‘ ; 1'4—
1' T S\ l

* Aluminu Brass H.V. tube

Fig. 1. DBD reactor with RVC electrode.

B. High Voltage Power Supply

Two different type of supply for DBD reactor have been used. The first one is composed of function
generator Tektronix AFG3101 and amplifier TREK 40/15. It allows to modify voltage pulses shape
and frequency up to 2 kHz. In this work results for AC sine voltage of up to 35 kV,,,, and repetition
rate of 1 kHz, 1.5 kHz and 2 kHz are presented. Discharge power was determined from Lissajous
curves (Fig. 2).
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Fig. 2. a) Typical Lissajous curve obtained during DBD. Presented curve concerns sine voltage of 20
kV and 2 kHz. Determined discharge power was 30 W; b) Typical voltage and current pulses
generated by nanosecond pulse generator NPG-15/2000 in our DBD reactor. Pulse energy 5 mJ.

The second power supply for DBD reactor was a nanosecond pulse generator NPG-15/2000 by
Megaimpulse Ltd. Typical negative voltage pulse shape obtained from that power supply is shown in
Fig. 3a. In this work we used voltage pulses of 29 kV and repetition rate in the range 50 Hz — 2.5 kHz.
Voltage pulses were measured using high voltage probe Tektronix P6015A whereas current pulses
(Fig. 3b) were measured using Pearson 2878 coil.

C. Diagnostics

Gas composition before and after the processing in the DBD reactor was analyzed using FTIR
spectrophotometer and gas chromatograph. For measurements of CO as well as for detection of other
heterogenic molecules the FTIR Nicolet 380 spectrophotometer with gas cell of 10 cm optical path
length and CaCl, windows was used. Diagnostics of H, and CH, was carried out using SRI 8610C gas
chromatograph with TCD and molecular sieve column and argon as a carrier gas.
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Temperature of the processed gas at inlet and outlet of the DBD reactor was measured with
thermocouples. Initial gas temperature was kept at 19°C all the time during the experiment.

3. Results

A. AC sine supply

Processing the mixture simulating dry biogas in the DBD reactor with RVC high voltage electrode
results in formation of hydrogen, carbon monoxide and acetylene as the only gaseous products.
Production of hydrogen in the DBD reactor supplied with sine high voltage shows typical dependence
on discharge power and frequency. As it is seen in Fig. 5a, hydrogen concentration in the outlet gas
grows linearly when increasing discharge power. The highest concentration of hydrogen of 4.4% was
recorded at 1.5 kHz sine voltage of 30 kVp-p which corresponds to discharge power of 46.5 W which
is the maximum discharge power used in the experiment. Resulted efficiency of hydrogen production
is 0.94 g/kWh.
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Fig. 5. Hydrogen concentration and methane conversion in CH4:CO, (70%:30%) gas mixture as a
function of discharge power for different AC sine frequency and for nanosecond negative pulses.

As methane is the only source of hydrogen, the production of hydrogen corresponds to consumption of
methane. Relation of methane conversion degree on the discharge power and frequency is shown in
Fig. 5b. The conversion degree is low but it must be noted that the experiment was conducted using
gas of room temperature and without water vapor normally present in the real biogas. Similar methane
conversion degree was observed in CH4:CO, mixture processed in DBD reactor by Sekine et al. [6].

When methane conversion proceeds in the thermodynamic equilibrium then concentrations of
products are governed by the summary reaction:

CH;+CO,=2CO+2H,, (1)
and can be calculated for a wide range of temperature (Fig. 6). It is clear that ratio CO:H, should be as
1:1. In such a case, basing on experimentally obtained concentration of H,, one can conclude that
temperature of gas in the DBD plasma, i.e. in filaments, is close to 700 K.

However, experimentally measured concentration of CO is much lower than hydrogen concentration.
Concentration of carbon monoxide formed from CO, in the DBD is shown in Fig. 7a. From non-linear
increase of CO concentration as well as from the ration of CO:H,, which is much higher than 1:1, it is
seen that CO is not produced in a dry reforming reaction (1) but in a dissociation reaction typical for
non-thermal plasma. The same ratio CO:H, was observed by Nagazoe et al. [7] in their experiment
with CH4:CO, processed by microwave plasma.

Concentrations of acetylene produced from methane in the DBD reactor with RVC high voltage
electrode do not exceed 300 ppm (Fig. 7b) and again increase linearly with discharge power.
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Fig. 6. Concentrations of CH, and its conversion products calculated for thermodynamic equilibrium.

B. Supply by nanosecond high voltage pulses

When the DBD is generated using nanosecond high voltage pulses production of hydrogen and
corresponding methane conversion increases linearly with pulse repetition rate (Fig. 5). Obtained
concentration of H, and conversion of CH, are slightly higher comparing to those for the DBD
generated by sine AC voltage. Maximum hydrogen concetration is 6.9% at 2.5 kHz repetiton rate.
However, resulted efficiency of hydrogen production is 5.47 g/kWh which is 5,8 times higher than that
obtained when applying sine AC voltage.
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Fig. 8. Carbon monoxide concentration produced in CH;:CO, (70%:30%) gas mixture as a function of
discharge power for different AC sine frequency and for nanosecond negative pulses.

Concentration of CO formed from CO, in the DBD supplied with nanosecond pulses is shown in
Fig.8a. Both non-linear CO concentration increase and ratio CO:H, is similar to that observed when
applying AC voltage. Concentrations of acetylene do not exceed 100 ppm (Fig. 8b) and again increase
linearly with discharge power. In contrast to AC voltage supplied DBD nanosecond pulses results in 3
times lower acetylene concentration.
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4. Conclusions

Processing of CH4:CO, (70%:30%) gas mixture simulating dry biogas using dielectric barrier
discharge reactor with reticulated vitreous carbon high voltage electrode showed that:

e Hydrogen production and methane conversion degree increase linearly with discharge power
in the range of up to 50 W;

e Nanosecond voltage pulses are much more efficient in hydrogen production than sine AC
voltage;

e DBD supplied with nanosecond voltage pulses produces much lower acetylene than in the
case of sine AC voltage supply;

e Conversion of methane in DBD exhibits different chemistry than that typical for
thermodynamic equilibrium.

This work was carried out using gas of room temperature and without water vapor normally present in
the real biogas. Thus, in real biogas we may expect much higher hydrogen production efficiency and
methane conversion degree as observed by other researchers conducting plasma assisted steam
reforming of methane.
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In this paper an AC corona discharge is proposed for methylene blue decoloration which because
of its stable molecular structure, is the most commonly used organic contaminant that imitates
bacteria. Two configuration of reactors were investigated. Results showed that AC corona
discharge with a wire-to-plate type configuration of electrodes is highly efficient in the
decoloration process. Different mechanisms of methylene blue decoloration were observed as
different reaction rate constants (k0, k1) were obtained. In the first reactor the zero order constant
was dominating, in the second reactor type the first order reactions were the dominant.

1. Introduction

The most frequent reason of epidemic formation is the pollution of the surface and drinking water by
wastewater bacteria. The largest part of this pathogenic microorganisms are fecal bacteria, for example
Escherichia coli (E. coli). The wastewater treatment plants reduce the amount of the fecal bacteria by
1-3 orders of magnitude, depending on the initial number of bacteria, which can be 104-106 colony
forming units (cfu) in 1 ml. To enhance efficiency of bacteria inactivation in the wastewater and
drinking water various methods are tested, like electrochemical and photocatalytic disinfections,
Fenton reaction, UV irradiation, and electrohydraulic discharges, i.e. electrical discharges in water,
such as pulsed arc between needle electrodes, pulsed corona between wire and plate, pulsed corona
with addition of gas as bubbles and without added gas. Electrical discharges in water or at the water
gas interface have been investigated as well for the degradation of various organic compounds,
including organic dyes [1-4].

There is much research in applying plasma discharges to water purification and inactivation of
microorganisms present in water. Recently the use of AC corona discharge above water is being
investigated [5,6].

N

N

H;,C\ / /CH;

N S N

CH; e CH;

Fig. 1. Chemical structure of methylene blue molecule.

Because of its stable molecular structure Fig. 1, the most commonly used organic contaminant that
imitates bacteria is methylene blue [7,8]. This study focuses on exploring the reaction mechanism of
AC corona plasma action and methylene blue molecules by analyzing the degradation process of
methylene blue solution.
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The typical degradation mechanism of methylene blue molecule involves a strong oxidant like O; [9].
It can directly oxidize the molecule:

O; tM — M" +0; (1)

O; triggers decomposition reactions and generates hydroxyl radicals. These radicals have grater
oxidation potentials and are formed through reactions (2) and (3). Due to high oxidative potential of
2.72 V, the organic molecules could even be directly mineralized by hydroxyl radicals.

OH +0;— *0, +HO,* (2)
0; +3HO,* — 3*OH + 30, (3)

The zero-order reactions were also observed in gliding discharge reactors as first kinetic step for
concentrated solutions [10,11]. In these reactors, the electrodes are positioned in the gas phase above
the liquid surface. The plasma discharge is producing active species and they are carried by the flux
gas and bombard the target molecules at the gas-liquid interface so that the organic molecule
concentration is a linear function of the exposure time to the discharge. When the target solution
becomes more diluted a first order reaction is observed and the process is governed by the diffusion
phenomena.

2. Experimental setup

Methylene blue decoloration was performed in a cylindrical reactor of the inner diameter of 50 mm
and 45 mm height (Fig. 2). The water level was at 10 mm from the grounded electrode and the gap
between the electrodes was 25 mm. Volume of treated water was 20 ml. Two configuration of
electrodes were used. The first one was with the plexiglass barrier between the water and grounded
steel plate electrode (Fig. 2a). The second configuration is a wire-to-mesh type configuration (Fig. 2b).
Two types of wire electrode were used: Kanthal D steel wire and a platinum wire.

a) b)

HV wire electrode HV wire electrode

Dielectric barrier plate

L cccceccccccc e Plate ellectrode Mesh ellectrode
—/

Fig. 2. Reactor schematics - a) reactor 1 — wire-to-plate configuration, b) reactor 2 — wire-to-mesh
configuration.

The reactor is powered by a an AC power supply set to 28 kV, but due to the heating of power supply,
the voltage dropped about 1 kV per 5 min to a 22 kV minimum. The frequency was established for
optimal power and was stable at 6 kHz.

Discharge power was estimated using Lissajous curves measured with a Tektronix oscilloscope [12].
The voltage waveforms were registered with a high voltage probe Tektronix P6015. Typical Lissajous
figure is presented in Fig. 3.
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Fig. 3. Standard Lissajous curve for discharge power measurement.
The concentration of methylene blue in target solution was measured with Metertech SP8001

spectrometer at the strongest absorption peak A=665 nm. Initial concentration of methylene blue was
4 ppm. Temperature and pH of the target solution were 22°C and 7 respectively.

3. Results

Results of decoloration in two types of reactors are shown in Fig. 4. It is seen that the wire-to-meshe
reactor is more efficient than the wire-to-plate reactor.
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Fig. 4. Methylene blue decoloration efficiency in each reactor type. Reactor 1 — wire-to-mesh. Reactor
2 — wire-to-plate configuration.
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We can observe zero order reaction in the first reactor and first order reaction in the second reactor.
Rate constants ko and k; for the first and second reactor, respectively, obtained from interpolation of
the data presented in Fig. 4 using equations (4) and (5) are shown in Table 1.

[Methylene] — okt

[Methylene], (4)
[Methylene]
[Methylene]g = Kot (5)

Tab. 1. Decoloration constant for each reactor

Reactor type k(min™) Comments
Reactor 1 ky=0,065 R=0,987
Reactor 2 k,;=0,021 R=0,984
Underwater discharge with air _ _
bubbles [5] k;=0,0226 R=0,992

Similarity in results obtained by us with those obtained by Benetoli et al. [5] suggests that the
methylene blue decoloration in the first order reaction is driven by oxidative agents formed from air.
The rate of the decolloration, i.e. oxidation, depends on the gas composition and water conductivity
[5] but not on the reactor configuration, power delivered to the discharge and the way of gas
supplying.

20 min
40 min

60 min 1

Absorbance

T T T T T T T T
200 400 600 800 1000
Wavelenght (nm)

Fig. 5. Absorbance spectra of methylene blue solution after treatment in AC corona reactor. Reactor 1.

In Fig. 5. absorbance peak of methylene blue at 665 nm decreased from initial 0.75 to 0.2 after 60 min.
On the other hand absorbance at 205 nm increased exponentially from 0.45 to 2.05 abs at 60 min.
which is an evidence of formation of colourless methylene blue processing by-products.

4. Conclusions

The decoloration process of methylene blue solution in a AC corona discharge reactor was studied.
Reaction rate constants were interpolated and were similar to the study [5]. Two systems were
observed wire-to-mesh and wire-to-plate. The wire-to-mesh system was more efficient. It is seen that
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decoloration of methylene blue in such system zero order reactions occur, whereas in the wire-to-plate
the methylene blue decoloration proceeds through different mechanism.

5. References

[1] Malik MA, Rehman U, Ghaffar A, Ahmed K, Plasma Sources Sci Technol 11, 3, pp 236240,
2002

[2] Malik, MA Plasma Sources Sci Technol, 12, 4, pp 26-32 2003

[3] Magureanu M, Mandache NB, Parvulescu VI, Plasma Chem Plasma Process 27, 5, pp 589598,
2007

[4] Grabowski LR, van Veldhuizen EM, Pemen AJM, Rutgers WR, Plasma Sources Sci Technol, 16, 2
pp 226-232, 2007

[5] L.O.B. Benetoli, B.M. Cadorin, V.D. Tralli, N.A. Debacher, J.S. Chang, The Role of Non-Thermal
Plasma Discharge Applied at the Gas-Liquid Interface on the Methylene Blue Decolorization, 8th
International Symposium on Non-Thermal/Thermal Plasma Pollution Control Technology &
Sustainable Energy ISNTP-8, Camaret, France, 2012

[6] E. Marotta, E. Ceriani, V. Shapoval, M. Schiorlin, C. Ceretta, M. Rea and C. Paradisi,
Characterization of plasma-induced phenol advanced oxidation process in a DBD reactor, The
European Physical Journal App. Physics, 55 , 2011

[7]M. Magureanu, D. Piroi, F. Gherendi, N. B. Mandache, V. Parvulescu, Decomposition of
Methylene Blue in Water by Corona Discharges, Plasma Chem. Plasma Proc., 28, 6, pp 677-688,
2008

[8]F.Huang, L. Chen, H. Wang, Z. Yan, Analysis of the degradation mechanism of methylene blue by
atmospheric pressure dielectric barrier discharge plasma, Chem. Eng. Journal, 162, pp 250-256,
2010

[9] Y.S. Mok, J.O. Jo, C. Whitehead, Degradation of an azo dye orange II using a gas phase dielectric
barrier discharge reactor submerged in water, Chem. Eng. Journal, 142, pp 5664, 2008

[10] Brisset, J-. L.; Moussa, D.; Doubla, A.; Hnatiuc, E.; Hnatiuc, B.; Youbi, G. K.; Herry, J-. M.;
Naitali, M.; Bellon-Fontaine, M-. N., Chemical Reactivity of Discharges and Temporal Post-
Discharges in Plasma Treatment of Aqueous Media: Examples of Gliding Discharge Treated
Solutions, Ind. Eng. Chem. Res., 47, pp 5761, 2008

[11] L. O. de B. Benetoli, B. M. Cadorin, C. da S. Postiglione, I. G. de Souza, N. A. Debacher, Effect
of Temperature on Methylene Blue Decolorization in Aqueous Medium in Electrical Discharge
Plasma Reactor, J. Braz. Chem. Soc., 22,9, pp 1669-1678, 2011

[12] H.-E. Wagner, R. Brandenburg, K.V. Kozlov, The barrier discharge: basic properties and
applications to surface treatment, Vacuum, 71, pp 417-436, 2003

52



TEMPERATURE EFFECTS UNDER OZONE SYNTHESIS
PROCESS CONDITIONS

Stawomir Jodzis

Warsaw University of Technology, Faculty of Chemistry, Noakowskiego 3, 00-664 Warszawa
e-mail: jodzis@ch.pw.edu.pl

It is commonly believed that the “temperature” causes the ozone decomposition. Such a statement
is not quite true. Neither the gas temperature nor the temperature of the cooling liquid is an
essential reason of ozone decomposition in typical conditions of the process. In the actual ozonizer
in which the gas stays for tens of seconds, ozone decomposition doesn't occur at high temperature
of a cooling liquid (50°C) until the microdischarges does not occur. A method of determining the
boundary concentrations of ozone was presented.

1. Introduction
In studies on the kinetics of ozone synthesis process, the occurrence of reactions inside the discharge
gap under stable gas temperature conditions is assumed. The acceptance of such an assumption
simplifies the calculations but omits the effect of diversified process conditions in the ozonizer gap.
This is not in agreement with the commonly accepted mechanism of the process [1,2], according to
which, the temperature in various parts of the reaction space is diversified.
The effects obtained (ozone concentration, yield, energy efficiency) are correlated with easy to
permanently control parameters of the process (gas flow rate, energy consumed, a cooling liquid
temperature). Sometimes this causes simplified interpretation of the phenomena occurring in the
discharge gap. An example of such simplification is the opinion that the “temperature” influences the
ozone concentration, the ozone yield, etc. Such an opinion results from the direct observation of the
process, i.e. lower and lower ozone concentrations are obtained, when the temperature of the cooling
liquid increases. The ozone concentration decreases also at high specific energy values, when the gas
temperature inside the gap increases. These observations correctly illustrate the practical aspect of the
ozone synthesis process, however, the ambiguous understanding of the ,,temperature” term could raise
doubts. The aim of this studies is to explain the actual reasons of the low ozone concentration obtained
at higher temperature using the process rate measurement with the differential method.
Ozone synthesis with the use of barrier-type discharges is a specific chemical process, which is
initiated by electrons with a high energy, which flow through the microdischarge channels of the
discharge gap. These channels are a special part of the inter-electrode space. In the channels the fast
reactions with the electrons and the subsequent reactions, in which the atomic oxygen is involved,
occur. The temperature T, in the channels is much higher than that of the gas around them. The basis
of the occurring phenomena is explained by a simplified process mechanism [2]:

0,+te—>0+0+e (R1)
O;+e—>0,+0+e (R2)
0+0,+M—->0;+M—-0;+M (R3)
0;+0—0,+0, (R4)
0+0+M—-0,+M (M =0, O, or O5) (R5)

Despite the fact that energy is consumed only in the microdischarge channels, its effect is noted in the
entire discharge zone. It can be stated that the energy is used in two essential ways, namely in ozone
formation and in the heating of the reaction space. The change of the electric energy into heat is an
undesired effect in ozone synthesis, however, this is difficult to avoid. The temperature (in the
channels) influences not only the values of the reaction rates, but also the local concentration of the
reagents in the reaction space. Therefore, the kinetic models of the process should take into
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consideration the dynamics of the temperature changes in the microdischarge channels and its
influence on the reagent concentration.
Since the process mechanism is very complex, some simplifications in the macroscopic description of
the phenomenon need to be made. The following chemical equation is the basis of the analysis:
Ty
30, ~ 20, (RO)
Ta
where two competitive processes occur with the rates ry and ry.
The convention assumed allows the analysis of the process using the macroscopic: formation k¢ and
decomposition kq rate constants. Also, the basic process parameters such as the energy uptake, the gas
flow rate and the temperature of the cooling medium, are used. The “specific energy” (the ratio of
active power and gas flow rate, P/V) is commonly used. The relationship between ozone content a and
E, (the equivalent of P/V ratio) is described by the useful modification of Vasilev-Kobosev-Eromin
equation is the relation [3-5]:

azae[l—em(_k+cEvﬂ (1)
ae

Another way of correlating the effects of the process with its parameters, could be an experimental
determination of the technical rate of the process. This procedure is not directly connected with the
macrokinetics Equation 1, but it can be used for the analysis of the process macrokinetics when the
ozone boundary contents a, are experimentally determined.

The reaction rate r of a process is a parameter expressed number of moles of ozone produced in a
reaction space in a unit of time. In order to calculate the dependence of the process rate r and the
conversion x, it was assumed that the process occurs under constant pressure (p=const) in pure oxygen
with flow rate V.

Figure 2 depicts the method used for determining the process rate as a function of the process extent,
i.e. the conversion degree x. In ozonizer Oz-1 ozone of mole fraction a, is generated. In ozonizer Oz-2
the mole fraction of ozone changes from a; to a,, i.e. the conversion degree from x; to X,. For minute
changes of conversion in ozonizer Oz-2 it can be assumed that the reaction rate of the process is
constant, and the average reaction rate 7 equals [6]:

__ W(-a)
r=——7—7-—"(x,—x 2
120960, (x; =)
The reaction rate correlates with the temperature of the thermostating liquid.
Vr
Vo [G] 0+ Oy 0.+ 04
——» 0z 0z2 /§\ —
Xg= 0 X1, @y dVR\ X2, 8z
a,=0 X x +dx

Fig 1. Idea of determining the differential reaction rate of ozone synthesis.

2. Experimental

The kinetic measurements were carried out in a set-up consisting of two DBD-type ozonizers
connected in series. The first ozonizer (Oz-1) generated the oxygen-ozone mixture, which feeds the
measuring ozonizer Oz-2. At the oxygen flow-rate of Vo= 4 Ndm’/h, it allows to obtain the mixture
containing 0, 1.9, 3.2, 4.3 and 5.4 % of ozone. The second ozonizer [7] was double-side thermostated.
The length of the thermostated part of an ozonizer was ca. 25 cm, and the length of the discharge gap
was 10 cm. The gas residence time in the both discharge and thermostated zone was ca. 12 s and 30 s,
respectively. The measurements were carried out at the temperature of cooling liquid 0, 25 and 50°C.
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3. Results and discussion
Figure 2a depicts an experimental data, which were used for determining the rate of the ozone
synthesis process: ozone content a, in the post-reaction gas as a function of the discharge active power,
initial ozone content a; and the cooling liquid temperature T.. As can be seen, independently of the
initial ozone content, the energy is consumed at first for the increase in ozone content. The
concentrations attain certain maximal values, then decrease systematically. The diversification of the
maximal concentration levels depending on the cooling liquid temperature is evident.
It is worth to notice the characteristics obtained at 50°C. At the highest initial ozone content a;=5.4 %
and the power of 0 W, the ozone concentration in the post-reaction gas is equal to that initial one
(ap=a,). Therefore, relatively high temperature of the gas in the discharge gap, which was produced by
the thermostating system, does not cause the ozone destruction. However, the systematic ozone
decomposition starts at very low discharge power. Because in such conditions the increase in gas
temperature is equal zero (AT = 0, see: Fig. 3), it indicates that the decrease in ozone concentration
must result from the reactions occurring in the microdischarge channels.
Figure 2b depicts the process rates as a function of conversion degree, obtained at the cooling liquid
temperature 25°C in the mixtures containing 0, 1.9, 3.2, 4.3 1 5.4 mole % of ozone. The process rates
decrease when both the conversion degree and the initial ozone content increases. The lines connecting
the experimental points obtained at the constant (low) power determines the maximum conversion
degree (x,=0.105), theoretically possible to obtain in such conditions. That x value corresponds to the
ozone content in the gas at the level of 7.25 %. It is the boundary ozone content (a.) at 25°C. The
boundary ozone contents at 0 and 50°C equal ca. 9.1 and 4.8 %, respectively. In practice, those values
are not obtained, because suitably high energy should be delivered, which could result in unavoidable
heating of the reaction space.

9
B |
Te= 0°C
7 -
6 B
z a1=5.4% -
o . | AL/ e w
5 5 Te = 250C mE
E VA al=43% =
& 4 g
al=3.2% bt
37 Tc = 50°C
5 | al=19%
1 4
al=0%
0 ‘ ‘ ‘ . ‘ ,
0 5 10 15 20 25 30 0,00 0,02 0,04 0,06 0,08 0,10 0,12
P (W) Xz

Fig. 2. Outlet ozone content a, vs. initial ozone content a; and active power; temperature of cooling
liquid T, = 0, 25 and 50°C (left); Ozone synthesis process rate vs. conversion degree and low powers
(right); temperature of cooling liquid T, = 25°C; initial ozone content a; =0, 1.9, 3.2, 4.3 and 5.4 %.

Ozone losses in the real process

Figure 4 depicts the experimentally determined relations between ozone content and the energy factor
E, as well the analogous dependences calculated on the basis of the determined boundary ozone
contents a, were taken into account. The calculations were carried out using the (E,,a) values, obtained
for the low power of the discharge when the effect of energy on the gas temperature is negligible. The
difference between the actual and calculated ozone contents deepens above the specific energy of ca. 1
Wh/Ndm’, which corresponds to the power of 4W.
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Fig. 3 (left). Schematic diagram of the temperatures in the microdischarge channel under stationary
state conditions in the discharge gap (T., P, Vo = const). The increase of temperature in the
microdischarge channel has no influence on the average temperature of the gas T,.

Fig. 4 (right). Ozone content a, vs. power; temperature of cooling liquid T, = 0, 25 and 50°C; initial
ozone content a; = 0%. Experimental (solid lines) and calculated (dashed lines) data based on Eq. 1.

The experimental data (E,,a) and the determined boundary ozone contents a. in the gas leaving the
ozonizer were used for the calculation of ozone formation k™ and decomposition k™ rate constants. The
calculations were made using the Eq. 1 and the dependence describing the relation between the rate
constants and the ozone boundary contents a,. in the gas [3-5]:

K=k (1) @)

a,

It was found that in the range of the cooling liquid temperature of 0-50°C the ozone formation rate
constant is independent of temperature, whereas the value of ozone decomposition rate constant
increases (Tab. 1). It explains the reason of ozone concentration decrease. The ozone is decomposed as
a result of the reactions, which at the higher temperature (in the microdischarge channels) occurs
faster. Obviously, the temperature of the cooling liquid used, is only an easy to control equivalent
parameter. The chemical reaction occurs in the gap at temperatures suitably higher (see: Fig. 3). The
change of the cooling liquid temperature corresponds, however, to the change of both the gas and
microdischarge channels temperature levels. At the steady-state conditions the gas temperature T, is
by AT higher than that of the cooling liquid T, (AT = 0, i.e. T, = T, when the energy delivered is low).
Independently of the cooling liquid temperature, the temperature T, in the channel during its life-time
is high, and after the channel decay decreases to the T, level.

Tab. 1. Macroscopic rate constants vs. the temperatures of the cooling liquid T, = 0, 25 and 50°C.

Cooling liquid temperature 0°C 25°C 50°C
Formation rate constant k', Nm’/J 5.78 - 10 5.67 10" 52710
Decomposition rate constant k, Nm®/J 5.80 - 107 7,37 - 107 1.05- 102

Ozone decomposition
As was shown in Fig. 2 (a; = 5.4 % O3, T. = 50°C, P =0 W), at high temperature of the cooling liquid

the ozone outlet concentration is equal to the inlet one. The concentrated ozone is not decomposed
despite the long residence time of the gas inside the heated reactor (ca. 30 s). Its decomposition starts
when the discharges occur. Therefore, in the range of temperatures occurring in the actual ozonizers,
even when the ozone concentration is high (here ca. 120 g/Nm’), its decomposition is a result of the
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discharges not the gas temperature. It cannot, however, be excluded that if the ozone concentration
were considerably higher, its decomposition at 50°C could be noticeably (without the discharges

participation).
Figure 5 depicts the temperatures in discharge channel.
Tc
Tgo — TCh Tg P>
Tc

Fig. 5. Temperatures in the discharge gap according the model [1] (a) and calculated gas temperature
fields after microdischarge decay: 0.1 ms (b) and 2 ms (c) [8,9]. The temperature scale is various. Ty —
inlet gas temperature, T, — temperature in discharge channel, T, — temperature of a gas after
microdischarge occurrence, T, — cooling liquid temperature.

4. Sumary
It was measured the ozone synthesis process rate in the gas rich in ozone. It was found that the opinion
stating that the ozone destruction is caused by temperature is not sufficiently correct. Even at the high
temperature (50°C) the ozone does not decompose until it is hazarded to the both atomic oxygen and
electrons action. The results presented and discussed above allows to conclude that:
1. The rate of the ozone synthesis process decreases when the ozone concentration increases. It is
not important whether the high ozone concentration is generated in the process occurring in the main
ozonizer or the ozone is introduced from another source.
2. The ozone formation rate is temperature-independent.
3. The ozone decomposition occurs in the microdischarge channels. It competes with the ozone
forming reaction. If the ozone concentration in the discharge space is high, its decomposition is
possible also outside the discharge channels, however, the gas residence time in the inter-electrode
space should be suitably long, and its temperature should be especially high. In practice, the ozone is
destructed, however, under the significantly higher temperature, which prevails in the low volume of
the microdischarge channels. Although the duration of such conditions is short, the effect of those
actions cannot be unnoticeable.
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In the present study, Fe,O; was used as catalyst for the removal of NO in a hybrid plasma reactor.
The catalyst was located either directly inside the hybrid plasma-catalytic reactor or in a separate
catalytic reactor, which followed ozone producing and injecting plasma reactor. Ozone production
in such a reactor was depending on the state of the electrode surface. In the case of pure O,,
comparison of fresh and used catalysts showed that the fresh catalyst ensured an order of
magnitude smaller ozone concentration in the outlet of the hybrid reactor and a total absence of
ozone in ozone injection reactor. After a short treatment of the plasma-catalytic reactor with NO,,
its ability to destroy ozone diminished but was regained after heating of the reactor up to 100°C.
Similarly to earlier results obtained with TiO,, the removal of NO in the hybrid reactor with Fe,O3
was enhanced compared to that in an ordinary plasma reactor. The enhanced removal of NO
occurred due to both adsorption and catalytic oxidation on the catalyst surface. In ozone injection
reactor without catalyst, oxidation of NO to NO, took place with considerably higher efficiency
compared to the hybrid reactor. The use of catalyst in the ozonation stage further improved the
oxidation of NO, to N,Os. The time-dependence of NO removal during plasma and ozone
oxidation was explained by reactions between NO, adsorbed on surface, with surface bound NO;
and gas phase NO as reaction product. This reaction was reversed after switching-off the reactor.

1. Introduction
Hybrid plasma-catalytic reactors have become under intensive investigations because they are
regarded as efficient devices for removal of pollutants by oxidation [1, 2]. The catalyst may be
incorporated either directly into the plasma reactor (single-stage device) or a separate catalytic reactor
will be connected in the gas line after the plasma reactor (two-stage device). In the first configuration,
various types of short-living active plasma species and UV radiation may activate the catalyst. In the
second configuration, only long-living plasma products, e.g. ozone, can reach the catalyst. In some
two-stage devices, oxygen plasma is used for production of reactive oxygen species (O radical, ozone)
in the first stage [3]. Then these species are injected into the catalytic reactor in parallel with the
contaminated gas flow.
In an ordinary dielectric barrier discharge (DBD) reactor, NO is oxidised to NO, and N,Os by oxygen
radicals and ozone produced in plasma. However, the oxidation efficiency is limited by undesired
reactions in which O radical converts NO, back to NO [4]. If NO is oxidized only by ozone, these
back-reactions are not efficient [3].
We have found that the TiO, catalyst inside the hybrid plasma-catalytic reactor improved the
efficiency of NO oxidation [5, 6]. Our speculation was that O radicals oxidized some NO on TiO,
surface where the back-reaction was not efficient. To check this supposition, we first replaced TiO,
with Fe,O; to see whether different type of catalyst could change the oxidation of NO in the single-
stage configuration. Secondly, to reduce the effect of back-reactions, we produced ozone in a separate
reactor (ozone generator) and directed its flow into the second catalytic stage of the reactor i.e. into the
catalytic reactor.

2. Experimental
Coaxial type DBD reactor was used for the production of plasma. The inner electrode was a stainless
steel tube with outer diameter of 14 mm. The quartz tube with inner diameter of 16.3 mm was used as
a dielectric barrier. A perforated metal foil around the quartz tube formed the second electrode. In the
single-stage hybrid device, the catalyst powder was pressed on the inner electrode of the DBD reactor.
In the absence of the catalyst, the reactor represented a simple ozone generator with coaxial electrodes.

Similar reactor without the outer coaxial electrode was used as the catalytic reactor in ozone injection
device (Fig 1).
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The inlet mixture with 360 ppm NO and 10% O, in N, was processed in the hybrid plasma-catalytic
device at the flow rate of 1000 sccm. In the ozone injection reactor the ozone was produced from pure
0O, and injected into a mixture of 450 ppm NO in N,. The flow rates were 1000 sccm.

AC 14 kv| Ozone generator Catalytic reactor
—
02 WY

Fig. 1. Sketch of the ozone injection reactor.

The powder of y-Fe,O5 (Sigma-Aldrich) consisted from particles of 50 nm in diameter. The total
specific surface area of the catalyst was larger than 50 m*/g. The mass of the catalyst in the catalytic
reactor was approximately 0.4 g, which gives the upper boundary of total surface area of about 20 m”.
The estimated number of active surface sites was 2-10*° when the surface site density was assumed to
be equal to 10" cm™ as in the case of TiO, [7],

The plasma was produced applying sinusoidal AC voltage to the inner electrode. The peak-to-peak
value of the voltage was 14 kV. The input power was finely adjustable by varying AC frequency from
100 to 5000 Hz. The power was measured by the Lissajous' method [8]. The values of specific input
energy (SIE) were calculated by dividing the power with the flow rate. In the present study, SIE values
were varied from 10 to 500 J/L. The outlet concentrations of gas species was determined by optical
absorption spectroscopy in the UV range.

3. Results and discussion

Fe,05 is known to destroy ozone [9]. In our experiments, in pure O, the presence of Fe,Os catalyst in
the hybrid reactor decreased the ozone production by an order of magnitude (Fig. 2a). When 20%
0,/N, mixture was used for ozone production in the same hybrid reactor, the outlet ozone
concentration was time-dependent (Fig. 2b). The concentration increased during the first 20 minutes of
reactors operation until it reached the value characteristic to the ordinary DBD reactor (Fig. 2b). The
destruction of ozone by Fe,O; remained suppressed after the experiment with 20% O,/N, mixture even
when ozone was produced from pure oxygen; the outlet ozone concentration increased close to the
level which was obtained without the catalyst. The destruction ability remained low even after one
week and it was regained only after heating the catalyst above 100°C. Thus, the presence of N,
changed considerably the ozone destruction ability.

8000 = 1000
7000 1 no catalyst/ e | 900 { no catalyst
, {768 JIL Fe;O
80007 (4 7 :gg I 75 4L
E o0 (a) L7 700 % 0, E 4004
2 4000 | o after 20% O, | & 5qp - (b)
L -
O 3000 | . S 491
300 - )
2000 A 200 | 20 % O, in N
1000 - pure O,, fresh catalyst 100 - SIE =75 JIL, T= 22°C
o r . - 0 . . . . ‘
0 100 200 300 400 0 5 10 15 20 25 30
SIE, JIL Time, min

Fig. 2. Ozone concentration in the outlet of the hybrid plasma-catalytic reactor. (a) Stabilized values
when ozone was produced from pure O, either in the presence of the fresh catalyst (Fe,O3) or in the
presence of catalyst, which was previously exposed to discharge in the mixture of 20% O,/N,. (b)
Time dependence of the ozone concentration produced from 20% O,/N, mixture without the presence
of catalyst (dashed line) and in the presence of Fe,O; catalyst (solid line).

59



The effect of various nitrogen and nitrogen containing species (N,, NO, NO, etc.) on ozone destruction
ability of Fe,O; was studied further using ozone generator and the catalytic reactor (Fig. 1). When
ozone was produced from pure oxygen, Fe,O; totally decomposed ozone even when the inlet ozone
concentration reached 10000 ppm. Ozone was still destroyed when N, was injected into the catalytic
reactor. This experiment demonstrated that N, did not affect the Fe,O; ability to destroy ozone. The
treatment of the catalyst by the flow of 450 ppm NO/N, mixture also did not change the ozone
destruction ability of Fe,O;. However, when NO and ozone were directed into the catalytic reactor
simultaneously, the ozone destruction ability of Fe,O; was lost. As ozone converts NO to NO, and
N,Os [4], the loss of ozone destruction ability is caused by oxidized NOy species.

In the case of the hybrid plasma-catalytic reactor with Fe,O; catalyst, the removal of NO was
practically the same as with TiO, [5, 6] in spite of the fact that Fe,O; efficiently destroys ozone. In
comparison with the DBD reactor without catalyst, in the hybrid plasma-catalytic reactor the NO
removal increased by about 40-50 ppm at higher S/ values (Fig. 3). The unexpected similarity with
the results obtained by TiO, is explainable keeping in mind that NO, produced in plasma decreased the
ability of Fe,O; to destruct ozone.
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Fig. 3. The difference between inlet and outlet NO concentrations (ANO) in hybrid plasma-catalytic
reactor as a function of S/E at 110°C if the concentration of NO at the inlet was 450 ppm.

The oxidation results of NO in ozone injection reactor are shown in figure 4. The full oxidation of NO
to NO, was achieved already at SIE values of 10-12 J/L and was not affected by the catalyst. The
oxidation by injected ozone was considerably more effective compared to oxidation in the hybrid
reactor. At higher SIE values (i.e. ozone concentrations), further oxidation to N,Os took place (Fig. 4).
Rate coefficient of NO, oxidation by ozone is considerably lower than that of NO and the total NO,
removal was achieved only at STE > 60 J/L (Fig. 4a). The presence of Fe,O; in the catalytic reactor led
to a further improvement of the oxidation of NO, to N,Os (Fig. 4b). It should be pointed out that at S/E
> 60 J/L, the outlet concentration of O; decreased from 1000 ppm to 100 ppm if Fe,O; was used.

no catalyst with Fe,0;
140°C 140°C
N,O; g N2Os
------- L -
(b)
(a) {
ﬁ_hQ 00 _Tew T A T A= ) T T
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R e e L m— 0 10 20 30 40 50 60 70 80
0 10 20 30 40 50 60 70 80 SIE. JIL
SIE, JIL '

Fig. 4. The oxidation of NO to NO, and N,Os in ozone injection reactor at 140°C (a) without catalyst
and (b) with Fe,O;. Circles and triangles mark experimental points.

60



Similarly to TiO, catalyst, the NO removal was time-dependent in the presence of Fe,O;. When the
hybrid plasma-catalytic reactor was switched on, only NO and NO, were detectable in the outlet but
the sum of these NOy species was smaller than the inlet concentration of NO (Fig. 5). The deficiency
of NO, decreased gradually in the outlet and after several minutes, the outlet concentration of NO,
stabilized. We attributed the NO, deficit to the adsorption of NOy species on the Fe,O; surface. The
total amount of adsorbed NO, was obtained by integrating the difference below the final stabilized
value (shown as grey area in figure 5a) over the time. At S/E values above 100 J/L, the total amount of
adsorbed NO, molecules saturated at the level of 3.5-10", which is approximately 2% of the total
amount of surface sites. After the switch-off of the reactor, the NO, value decreased and NO value
increased gradually (Fig. 5a). The concentration of outlet NOy was now larger than the inlet
concentration. This finding confirmed the assumption that the adsorption of NO, species was the
reason for the deficiency of outlet NOy observed at the onset of reactor's operation.
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Fig. 5. Time-dependence of NO, NO,, N,Os and NO, concentration in (a) hybrid reactor and (b) ozone
injection reactor with Fe,O; catalyst at room temperature.

Similar time-dependences were observed in the device with ozone injection (Fig. 5b). In this case
N,Os was also detectable but the sum of NO, species was still remarkably lower than the inlet NO
concentration. Under the steady NO flow and after the switch-off of the ozone generator the outlet
NO, concentration reached much larger values compared to the inlet NO concentration and then
decreased slowly. When the flow of NO and the production of ozone were interrupted simultaneously,
NO; turned undetectable in the outlet. This fact indicates that the occurrence of NO, in the outlet after
the end of oxidation was not due to simple desorption of NO, from the catalyst.

In ozone injection reactor, the changes in the outlet concentration of NO,, ANO,, were always related
to the changes in concentration of NO, ANO. A decrease in one of them led to an increase in the other
one and the amount of ANO, was always two times larger than that of ANO (Fig. 6), i.e. on the
catalyst surface there appeared or disappeared two NO, molecules for every NO molecule. Similar
trend was observed for hybrid plasma-catalytic reactor after switching off the reactor.
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Fig. 6. Time-dependences of outlet values of ANO and ANO, (a) at the switch-on and (b) after the
switch-off of the ozone generator.
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The two-fold difference of ANO and |[ANO;| values could be explained as follows. NO is not adsorbed
on the catalyst surface but the amount of NO, adsorbed on the surface is determined by the adsorption-
desorption equilibrium [10, 11]. Adsorbed molecules of NO, are partly transformed into NO; in
reactions

NOx(s) + O(s) — NOx(s) (1)
2NO(s) <> NOx(s) + NO(g) )

where (s) denotes surface species and (g) gas phase species. It should be pointed out that the formed
NO; is not desorbing from the surface [10,11].

Reaction (2) explains the trends in figure 6. At the switch-on of the ozone generator, there is no NO;
on the surface of the catalyst and reaction (2) proceeds towards equilibrium. At the switch-off of the
ozone generator, there are high concentrations of NO and NOj and the reverse reaction prevail. The
formed NO, desorbs from the surface and can be detected in gas phase. This reaction proceeds until
adsorbed NOj is removed from the surface.

4. Conclusions
Following conclusions can be drawn from the present study:

o Fe,O; as catalyst is a good for ozone destruction; under our conditions it removed up to
10 000 ppm of ozone. NO, species originating from inlet gas or from discharge plasma can
contaminate the surface of Fe,O; catalyst but the surface could be regenerated by heating.

e Hybrid plasma-catalytic reactor with Fe,O; catalyst enhanced NO oxidation similarly to TiO,;
this effect was not suppressed by the ability of Fe,O3 to destroy ozone.

e The oxidation of NO by ozone injection reactor was considerably improved compared to
hybrid reactor. The presence of Fe,O; catalyst led to further increase in N,Os formation.

e Time-dependent outlet concentrations observed during NO oxidation on Fe,O; are explainable
by surface reactions between adsorbed NO, and gas-phase NO molecules which produced
surface bound NOs. The proposed reaction mechanism also explains the effects occurring after
the switch-off of the reactor.
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AFFECT OF WATER AND OXYGEN ON THE CONVERSION
OF METHANE AND CARBON DIOXIDE IN A PLUG FLOW
REACTOR SUPPORTED BY A DBD
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'Institut fiir Physikalische und Theoretische Chemie, Technische Universitét
Braunschweig, Hans-Sommer-Str. 10, D-38106 Braunschweig
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A plug flow reactor with a dielectric barrier discharge was used to study the conversion of
methane and carbon dioxide as a function of added water or oxygen. A 13.56 MHz power
supply generated the atmospheric plasma discharge. A mixture of methane (80%) and
carbon dioxide (20%) was diluted to 2.5% either with pure helium, with helium partly
bubbling through a water tank or with helium and oxygen at a flow rate of 200 sccm. The
amount of additives was hereby fixed at 0.25%. The product stream was monitored online
at a total pressure of 100 mbar by a FTIR spectrometer supported by a White-cell and a
quadrupole mass spectrometer. In general, this paper unfolds that additives decrease the
conversion of methane and carbon dioxide. The produced amount of hydrogen and the
ration (H.:CO) increases if water is added. In addition, the carbon monoxide yield
increases with increasing oxygen. The methanol and formaldehyde yields have the
highest values at low electric discharge power and oxygen as an additive. At higher
power additional water supports the generation of formaldehyde.

1. Introduction

Intense research is performed to develop new ways for the production of basic organic chemicals as
synthesis gas, C2 hydrocarbons, or oxygenates. Nowadays, these compounds are industrially
manufactured from crude oil which will expand in the near future. The conversion of methane and
carbon dioxide is a possible solution for this problem. Both compounds are highly unreactive. Non-
thermal plasma as a gliding arc, a DBD (dielectric barrier discharge) or a corona discharge are used to
increase the reactivity. This paper deals with a DBD reactor, a plasma source that prevents the
formation of sparks or arcs and uses the entire electrode area effectively for generating the discharge.!"!
Various research groups[z]’ BL I concentrate their work on the conversion of CH, and CO, in a DBD
reactor. Here, the main products are hydrogen, carbon monoxide, hydrocarbons and oxygenates.

This paper analyzes the impact of additives on the conversion of the starting material and on the product
distribution. The results of the water and oxygen measurements are compared with the measurements
without an additive. During the research, the power in the DBD reactor is varied on contrary to the
concentration of the inlet flow that is fixed.

2. Experimental Setup

The experimental setup has been discussed in detail in a previous paper”), this justifies a brief
description of the setup that will be given here.

Four mass flow controller are used to adjust the inlet flow (flow rate: 200 sccm) consisting of 1.5%
methane, 1% carbon dioxide, 97.25% helium and 0.25% of the additives (water, oxygen or helium for
the measurement without an additive). The water vapor is generated by helium bubbling through a
water tank. A 13.56 MHz plasma generator is used to convert this gas mixture in a cylindrical plug
flow reactor at atmospheric pressure. The plasma power in the DBD reactor is then adjusted between
30 and 70 W. The product stream and the inlet flow are analyzed at a pressure of 100 mbar in FTIR
spectrometer supported by a White cell with an optical path length of 6 m. IR inactive compounds and

substances without a characteristic IR peak are analyzed at a pressure of 9.9-107% mbar in a
quadrupole mass spectrometer.

3. Results and Discussions
The generated products are discussed qualitatively in previous papers.”"” Our DBD reactor generates
synthesis gas (methane and carbon monoxide), C2 hydrocarbons, formaldehyde and methanol. To
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improve the ignition of the plasma, helium is used as a buffered gas. The buffered gas is neglected in
the following discussion.

3.1. Conversion of the starting material
The following formula is used to calculate the conversion of the starting material:

n
X,Conv.
C, = ———, were x represents CO,, CH,4

Ny.conv =Nx,0 ~Nx.end 1
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Fig. 1. Conversion of methane (left) and carbon dioxide (right) as a function of power and different
additives.

The conversion of methane and carbon dioxide rises when the power of the plasma generator was
increased from 30 to 70 W. These results are shown in figure 1. The following reactions are occurring
while methane and carbon dioxide are flowing through the DBD reactor:

CH; —2—CHg +H 2)

CO,—%C0+0 3)

Reaction (2) and (3) are ignited by energy rich electrons, being accelerated in the DBD rector by the
electric field. The electric field in the reactor increased after the plasma power was changed to higher
values. In that case, the electrons need a shorter path to carry the required dissociation energy. The
result is a higher number of converted molecules.

For all power values, the conversion of methane is always higher than that for carbon dioxide because
reaction (3) requires more energy (5.72 eV 6] than reaction (2) (4.60 eV ©).

Moreover, additional water and oxygen decreases the conversion of both methane and carbon dioxide.
Oxygen as well as water catch the electrons in the DBD reactor, resulting in a decrease of the number
of collision of a molecule with a free plasma electron. The additives can also dissociate via the
following reactions:

0,—2—0+0 )

H,0—%—OH+H (5)

These reactions require electrons at energies of at least 5.2 eV.'”! This energy gets lost to convert the
main substances. Reaction (2) to (5) can occur in the DBD reactor because this plasma source
generates electrons of an energy up to 10 eV."!

The conversion of oxygen is rather high and oxygen is completely converted when the power is
increased to 35 W. The amount of water remains constant during these measurements. The formed OH
radical (reaction (5)) will react with a methane molecule to water and a methyl radical.
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3.2. Product distribution

The synthesis gas components (hydrogen and carbon monoxide) are the main products for this
process. Their yield and its ratio (H,:CO) as a function of the plasma power are illustrated in figure 2.
The concentration of H, and CO rises after increasing the power. Reaction (3) and (6) are the main
reactions to generate these compounds.

CH4 +H—>CH3 +H2 (6)

The required hydrogen radical to form molecular hydrogen are generated in a primary plasma reaction
of methane with a plasma electron (reaction (2)). The concentration of this radical as well as the
concentration of CO increases by higher power.

The research shows that additional oxygen does not affect the hydrogen yield in comparison to water.
Water is an extra source for the generation of hydrogen. The highest concentration of hydrogen (46%)
is produced with additional water at a power of 70 W. Both additives affect the formation of carbon
monoxide slightly at higher powers. The yield of CO increases for measurements with oxygen if the
power in the DBD reactor is higher than 45 W. In that case, the energy of the oxygen radicals is high
enough to react with methane to carbon monoxide and hydrogen. The amount of CO increases to about
22% at a power of 70 W by adding oxygen. There are no reactions with water or the formed OH
radical to generate CO.

The ratio of this two products (H,:CO) is important for industrial applications as the Fischer Tropsch
Synthesis to unsaturated hydrocarbons or methanol (H,:CO=2) or Hydroformylations (H,:CO=1). This
ratio increases after changing the power to higher values for the measurements with additional oxygen
and without an additive. The higher the power is, the higher becomes the concentration of available H
radicals forming molecular hydrogen and consequently the higher is the ratio. This ratio is nearly
independent of the power after adding water.

The highest ratios (H,:CO=1.35) are obtained for measurements with extra water in comparison to the
other two types of measurement (oxygen, and no additive). Water is another source for molecular
hydrogen which increases the concentration of H, and thereby the ratio of the synthesis gas
components (H,:CO). The lowest ratio is observed after adding oxygen. This additive can react with
methane to carbon monoxide (Reaction (7))
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36 36| 120
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Fig. 2. Hydrogen (left) and carbon monoxide (middle) yield and its ratio (right) as a function of the
power and different additives.

Formaldehyde and methanol are exactly identified oxygenates being generated in the used DBD
reactor. Figure 3 shows the influence of the additives and the power on the yield of these two products.
The mechanism to generate methanol and formaldehyde is given by the following formulas:"”

CH3 +O - H,CO +H )
CHz +OH — HzCOH ©)

The methyl radicals are generated in this apparatus via reaction (2) and the O or the OH origin from
carbon dioxide (reaction (3)), oxygen (reaction (4)) or from water (reaction (5)). An important
secondary reaction is given by reaction (10) that increases the concentration of the starting material for
reaction (8) and (9).

CHy +0 — CHg + OH (10)

65



The highest concentration of methanol (=4500 ppm) is observed at low power and oxygen as an
additive. Under these conditions, the concentration of hydroxyl- and methyl radicals reaches an
optimum value. The measurement without an additive generates the lowest concentration of methanol
because the source for OH is reduced to carbon dioxide. The concentration of methanol decreases after
increasing the power higher than 35 W. This product has a high reactivity after a collision with the
formed radicals like O, OH, or H. The concentration of methanol reaches nearly the same values at a
power of 50 W or higher if water or oxygen were added.

In contrast to methanol, the concentration of formaldehyde increases for the measurement with water
or without an additive after changing the power to a higher level. The concentration of the O radical
rises after increasing the plasma power. The amount of formaldehyde is for low power values (till
50 W) independent of water because there are no possibilities to create the O radical which is required
for reaction (8). At high power levels it is possible to create formaldehyde via the following reaction:

CH2 +OH—>HQCO+H (11)

The power of the plasma has to be high enough to create the CH, through a second collision of methyl
radicals with plasma electrons.

The formaldehyde yield reaches at low and high plasma power the highest values (approximately
6000 ppm) after adding oxygen. Enough O radicals are generated at a low power. The concentration of
all radicals increases after changing the power to a higher level. These radicals destroy the formed
formaldehyde molecules and the concentration of formaldehyde decreases up to a power of 50 W. A
higher power increases the formaldehyde concentration because more molecular oxygen or carbon
dioxide is able to dissociate in the reactor and collide with a methyl radical to get formaldehyde.

The amount of methanol and formaldehyde are fairly low compared to the formation of these products
because a collision of two radicals is required. The plasma in a DBD reactor is weakly ionized"' and,
thus, the radical concentrations are also low.
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Fig. 3. Concentration of methanol (left) and formaldehyde (right) as a function of the power and
different additives.
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Fig. 4. Amount of the C2 hydrocarbons as a function of the power and different additives (ethane
(left), ethene (middle), and ethine (right).

C2 hydrocarbons are also generated in the DBD reactor. The C2 concentrations for different plasma

power and additives are shown in figure 4. Ethane is beside the synthesis gas components the third
main product. Ethene and ethine are generated at lower concentrations. The yield of these three
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components rises with increasing the power. The mechanisms for this process are discussed in detail in
a previous paper.m A collision of a CHj, CH,, or CH radical with methane are required to form the C2
hydrocarbons. A higher power increases the concentration of these radicals.

The effect of water and oxygen on the yield of ethane and ethene is low because from these additives
are no radicals required. For all three C2 hydrocarbons water has a slightly negative effect. Only at
higher power a positive effect on the ethane yields is observed. The H or OH radicals react with
methane to form methyl radicals.

4. Conclusion
Furthermore we found out, that additional water and oxygen have different influence on the
conversion of methane and carbon dioxide and on the product distribution. Both additives reduce the
conversion of the starting material. Water enhances the yield of hydrogen and methanol, the ratio of
the synthesis gas components (H,:CO), and at higher power the yield of ethane and formaldehyde. The
concentration of ethene and ethine diminishes with water.
Oxygen does not influence the yield of hydrogen, but increases the amount of carbon monoxide and
also the concentration of methanol and formaldehyde at low power. The yield of the C2 hydrocarbons
and ratio (H,:CO) is lowered after adding oxygen.
Both additives influence the plasma assisted conversion of methane and carbon dioxide. Adding water
or oxygen can change the product distribution depending on the desired products.
More plasma power leads to an increase of nearly all product concentrations and also the conversion
of methane and carbon dioxide is enhanced. Only the methanol yield decreases. The concentration of
formaldehyde reaches a minimum at 50 W with additional oxygen.
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The hybrid plasma-catalytic system (HPCS) was used for the oxidative coupling of methane (OCM)
with oxygen at the pressure of 1.2 bar. A dielectric barrier discharge (DBD) reactor was powered at the
frequency of about 6 kHz. Molar ratio [CH4]:[O;] in the inlet gas mixtures (CH4+O,+Ar) was 3:1. Two
kinds of packing were tested: Fe/Al,O3 and Al,Os.

The effects of temperature (110, 150 and 340 °C) on the conversion of methane and oxygen were
studied. Hydrogen, carbon oxides, hydrocarbons, and alcohols (mainly methanol) were identified in the
outlet gas. The highest amount of methanol was obtained in the system without packing. In the
homogeneous system the increase of the temperature decreases the conversion of methane to methanol. The
maximum conversion of methane to methanol was obtained at 110 °C without packing. The presence of
Fe/Al,O; increased the methane conversion to C,H,/C,H, and decreased the amount of other hydrocarbons.

Keywords
methane, dielectric barrier discharge, plasma - catalytic system

1. Introduction

Activation of methane in relatively mild conditions is extremely difficult. The reason is the high
binding energy of hydrogen-carbon in methane, which is very high. Nowadays, the methane
conversion for chemical production is based on multistage operations, where the generation and
purification of synthesis gas is the fundamental stage, characterized by high energy demand. New
methods of methane processing, which will activate the methane at low temperatures and low pressure
are being looking for.

The non-oxidative, oxidative coupling of methane into aliphatic or aromatic hydrocarbon and direct
oxidation into oxygenates such as methanol are the new processes for methane conversion [1].
Methanol is one of the most desired products of oxidation of methane because it easily undergoes
further conversion to carbon oxides and water vapor.

The oxidative coupling of methane (OCM) is based on an active catalyst for example: zeolites, metal
oxides or metals deposited on metals oxides (CaO, Al,O3;, MgO) and occurs at high temperature [1-4].

Over the last decade the hybrid system of non-thermal plasma and catalysts has been used as an
alternative to catalytic conversion of methane. The chemical reactions may be initiated in non-
equilibrium plasma, involving free radicals and excited molecules. The selectivity and efficiency of
plasma processes may be improved when a suitable selective catalyst is used. Nowadays the hybrid
plasma-catalytic systems (HPCS), based on non-equilibrium plasma of gliding, DBD and corona
discharges are the object of numerous studies [5-12]. Among a variety of plasma techniques there is
dielectric barrier discharge (DBD)[6,13-16]. Non-thermal plasma of dielectric barrier discharge
combined with a catalyst is regarded as a new way for a production of valuable chemicals, such as
unsaturated hydrocarbons, aromatics, alcohols and formaldehyde.

The aim of this work was the study of methane conversion under oxidative coupling conditions (with
oxygen) in homogeneous and plasma — catalytic systems. The solid particles - iron on alumina
ceramics were the object of our study of methane conversion in HPCS with DBD.

2. Experimental Section

Two kinds of packing were tested: commercial Al,O; and Fe/ALOs.

To obtain Fe/Al,O; alumina-ceramic carrier 1.0 — 2.0 mm in size were impregnated with aqueous
solutions of ferric nitrate, dried, calcined at 100°C and reduced with hydrogen at 400°C. Fe/Al,O3
containing about 3 wt.% of metal.
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A quartz-glass reactor with an internal diameter of 26 mm was used. The reactor was made of a
quartz-glass tube (2) of inner diameter 40 mm and length 250 mm. The inner high-voltage electrode
was made of aluminum (Fig. 1). A length of active part of aluminum high voltage electrode was 160
mm. The discharge gap between the electrode and the quartz tube, (the dielectric barrier), was about 3
mm. The grounded electrode was made of silver deposited on the external side of the quartz tube. The
temperature was controlled by the outer electrical heater and measured with a thermocouple placed at
the external reactor wall (Fig. 1). The reactor was powered at the frequency of about 6 kHz and was
operated at the pressure of 1.2 bar. Electric parameters (voltage and current) were measured with
Tektronix TDS 3032 (Fig. 2). The value of the discharge power was determined as an average of 3
measurements, calculated from the voltage and current intensity courses in time.

Methane 99.5, argon 99.999% and oxygen 99,999 were the components of the feeding gas mixtures.
The gas flow rates were controlled by mass controllers. The components of inlet and outlet gases were
determined by chromatographic method (GC Agilent 6890N). The share of other products, i.e. higher
than C4 and that of non-volatile products, mainly soot, were calculated from the carbon balance.
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Fig. 1. Reactor for methane Fig. 2. Electric circuit for the dielectric barrier discharge
conversion.l — gas inlet, 2 — quartz reactor. 1 — autotransformer, 2 — high voltage
tube, 3 — grounded -electrode, transformer, 3 — reactor, 4 — high voltage probe,
4 — high voltage electrode, 5 — current probe, 6 — oscilloscope, A — ammeter,
5 — discharge gap, 6 — gas outlet V — voltmeter, W — wattmeter

7 - thermocouple, 8 — heater.

Parameters and definitions

Wo[CH,], Wo[O;]; [mmol/h] — methane and oxygen flow rates at the inlet

W[CH4], W[O,], W[CO], W[CO,], W[H,], W[H,0], W[C,H,] W[C,,H,,+;OH]; [mmol/h] — methane,
oxygen, carbon dioxide, carbon dioxide, hydrogen, water, C,,H, hydrocarbons and alcohols flow rates,
respectively at the outlet

Cy — unidentified volatile (higher than C4) and non-volatile products. The amount of unidentified
volatile (higher than C4) and non-volatile products, mainly soot, was calculated from the carbon
balance.

1. Overall methane conversion: X[CH,]= W,[CH, |- WI[CH,]
W,[CH,]
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2. Overall oxygen conversion:

3. Methane conversion to higher than C, and non-volatile products:

4. Methane conversion to C,H,:

5. Methane conversion to CO:

6. Methane conversion to alcohols

7. Methane conversion to CO,:

8. Methane conversion to H, :

9. Methane conversion to H,O :

3. Results

The conversion of methane in homogeneous system was studied in gases containing 50% or 25% of
argon. In all experiments molar ratio of methane to oxygen was 3:1 and gas flow rate was 2 or 1 Nl/h.
The effect of the presence of a catalysts in discharge gap on the electrical parameters was not
observed. The effect of temperature (power 19 W) on overall methane conversion and its conversion
to hydrocarbons was observed. The overall conversion and conversion of methane to hydrocarbons
generally increased with the increase of temperature (Figs. 3 and 4). The obtained results have shown
that the CH,4 conversions to methanol strongly decreased with the increase of temperature from 150 to

340°C (Fig. 4).

100

80

60

40+

Conversion, %

20+

S o~ o X R L
&> & N L ® ©
2 2 A
O o
[0 Gas temperature 150°C B Gas temperature 340°C

Fig. 3. Effect of temperature on overall
conversion of methane and oxygen and
conversion of methane to H,, CO, CO,, and
H,O. Power — 19 W, initial argon concentration
50%. Gas flow rate 2 Nl/h.

The effect of gas flow rate on overall methane conversion and its conversion to hydrocarbons was
observed (Figs. 5, 6). The conversion of methane to all hydrocarbons increased with the decrease of
the gas flow rate. Conversion of methane to methanol decreased when gas flow rate decreased (Fig. 6).
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Similar effect of temperature on conversion of methane, oxygen and conversion of methane to
hydrocarbons and alcohols for power of 15 W and argon initial concentration of 25% ([CH4]:[O,]=3)
was observed (Figs. 7, 8). The conversion of methane to other hydrocarbons is not presented on Fig. 8.
The amount of methanol strongly decreased with the increase of temperature from 110 to 340°C.
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Fig. 7. Effect of temperature on overall Fig. 8. Effect of temperature on methane
conversion of methane (2) and oxygen (1) and conversion to hydrocarbons (1- C,Hg, 2- propane, 3
conversion of methane to CO (3), H, (4), H,O (5) — n-butane, 4 — i-butane, 5 — 2-butene) and
and CO, (6). Molar ratio [CHy4]: [O,]=3, Power — methanol (6). Molar ratio [CH,4]: [O,]=3:1, Power

15 W, argon conc. 25%. Gas flow rate 2 Nl/h.

— 15 W, argon conc. 25%. Gas flow rate 2 Nl/h.

The gaseous products obtained at 110°C in homogeneous system and in HPCS with Al,O; and
Fe/Al,O; was different in studied systems (Figs. 9, 10). With Al,O; and Fe/Al,O; the conversion of
methane to methanol was lower than that obtained in homogeneous system. In HPCS with Fe/Al,O3
the conversion of oxygen was below 50% and in outlet gas mixture CO was not observed.

Generally with Fe/Al,O3 the conversion of methane occurs to C,H,/C,H4 and the conversion of
methane to other hydrocarbons do not exceed 0.5% (Fig. 10)
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4. Conclusions

The highest amount of methanol was obtained in the system without packing at 110°C. In the
homogeneous system the increase of the temperature decreases the conversion of methane to
methanol. The presence of Fe/Al,O; increased the methane conversion to C,H,/C,H,; and
decreased the amount of the others hydrocarbons. The highest conversion of methane to
C,H,/C,H, reached 2.6%.
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Bio-decontamination and chemical effects induced by plasma in water upon electro-spraying
through cold atmospheric pressure plasma of DC-driven positive transient spark discharge in air
were investigated. Inactivation of Escherichia coli in plasma treated water was determined in
dependence on the solution pH (controlled by buffers) and correlated with chemical changes
induced in water. Productions of H,O,, nitrites, nitrates, peroxynitrites and pH changes were
determined. The degree of inactivation and oxidative damage of bacteria increased with increasing
acidity of the solution. Acidified nitrites interacting with H,O, were determined as the most
important bactericidal ROS/RNS agents in water treated by air plasma.

1. Introduction
Nowadays it is evident that cold atmospheric pressure plasmas can efficiently kill various microbes,
even highly resistant forms such as bacterial spores and biofilms, and foster interesting phenomena in
the cells of higher organisms leading to various therapeutic effects. The mechanisms of plasma-cell
interaction are not fully understood yet, although a great research effort has been dedicated to
elucidate the respective roles of various plasma agents in the interaction with live cells, such as
charged particles, neutral reactive species, UV radiation, electric field and heat [1]. The most studies
agree on that the bactericidal effects of atmospheric pressure cold plasmas are dominantly due to
reactive neutral species (mostly radicals) and perhaps some ions, such as superoxide anion O,".
Plasmas generated in air in contact with water are of the great interest because they produce large
quantities of reactive oxygen species (ROS) and reactive nitrogen species (RNS) and seem to be the
most efficient in bio-decontamination [2-8]. Even He or Ar plasma jets perform the strongest
bactericidal efficacy with O, or air admixtures or when the rare gas plasma entrains air components
[2]. Air plasma treatment of water and aqueous solutions typically leads to acidification [2-3, 9-15]
which can normally be explained by dissolution of NOy species formed in the air plasma in water [2,
9-13]. Some authors report acidification by other mechanisms, even in pure O, plasma by the action of
O, anions [14]. Acid environment itself, despite being crucial in bactericidal effect of plasma treated
water, did not prove to be the main antibacterial agent. Several authors reported that addition of
various acids resulting in the same pH as in the plasma treated solutions (usually 2.5-4.8) does not lead
to the same bactericidal efficacy. It is acid environment in synergy with plasma agents leads to the
bacterial inactivation [2, 9-10]. However, it is not clear enough yet, which plasma agents and which
ROS/RNS have dominant roles in water decontamination and what is the associated plasma-induced
water chemistry. Hydrogen peroxide, nitrate and nitrite anions, as well as other species such as
peroxynitrites, have been identified in plasma-activated water [2-3, 7-10, 16].
In this work we investigated the chemical effects induced in water electro-sprayed through DC-driven
positive transient spark discharge. We measured formations of hydrogen peroxide (H,0,), nitrites
(NOy) and nitrates (NOj5’) and peroxynitrites (ONOO") in plasma treated water. Production of these
chemical species was correlated with the pH changes and with bactericidal effects observed on
Escherichia coli, suspended in plasma treated solutions. This work follows our previous studies of bio-
decontamination of electro-sprayed water in the transient spark [17-18].
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2. Methodology

The experimental setup for DC-driven transient spark in point-to-plane geometry, with a high voltage
(HV) hypodermic hollow needle electrode enabling water flowing through the discharge zone and a
mesh electrode is depicted in Fig. 1. The inter-electrode spacing was usually kept at 10 mm. A positive
DC high voltage was applied through the ballast resistor R (5-10 MQ). The discharge voltage was
measured by a high voltage probe Tektronix P6015A. The discharge current was measured: on a 1 Q
resistor or by a current monitor Pearson 2877. The current and voltage signals were processed by a
digitizing 200 MHz oscilloscope Tektronix TDS 2024. The contaminated water flowed directly
through the high voltage hollow needle electrode. The effect of electrostatic spraying occurred when
the high voltage was applied on the needle electrode [17-19]. The typical discharge visual appearance
is shown in the photograph in Fig. 2.

DC HV power supply syringe pump

BIO ANALYSIS
counter plate method
TBARS analysis

CHEM ANALYSIS

= UVNVIS/fluorescence Fig. 2. Photograph of the transient spark with
IC/HPLC system electro-spray of water in 1 cm needle-mesh
conductivity/pH

- . gap, water flow rate 0.5 mL/min, 14 kV.
Fig. 1. The experimental setup

Measurements of hydrogen peroxide and peroxynitrite formed in plasma treated water were performed

by colorimetric methods using UV/VIS spectrophotometer Unicam Helios Gamma and UV/VIS/

Fluorescence microplate reader Thermo VarioScan Flash, respectively. The concentration of hydrogen

peroxide was determined by the reaction of H,O, with titanyl ions with the absorbance measurements

at 407 nm. The concentration of peroxynitrite was determined by the reaction with 2,7-

dichlorodihydrofluorescein diacetate (DCF-DA) with absorbance measurements at 500 nm and with

fluorescence measurements using excitation and emission wavelengths of 502 and 523 nm,
respectively (PerkinElmer LS 45, 50 Hz) [20, 21]. The concentrations of nitrites and nitrates were
measured by ion chromatography using a HPLC system Shimadzu LC-10Avp with UV (210 nm) and
suppressed conductivity detection. Analyses were made by means of a 7-um Allsep Al anion
exchange column (10 cm x 4.6 mm) with 0.85 mmol L' NaHCO4/0.9 mmol L Na,COs as the eluent

(flow rate of 1.2 mL min™"). Changes of pH and electrolytic conductivity in plasma treated water were

measured by pH and conductivity probes (WTW, Adwa).

Aqueous solutions of various initial pH and conductivities ¢ used for plasma treatment experiments

were prepared by addition of different salts to deionized water (6= 1 uS/cm, pH=5.5):

e NaH,PO, solutions (6=0.6 mS/cm, pH=5.5) mimic the natural conductivity of tap water
(~0.6 mS/cm). NaH,POj, salt has similar chemical composition with the phosphate buffer described
below but no buffering activity. In this work we designated these non-buffered solutions as ‘water’.

e Na,HPO,/KH,PO, phosphate buffered (PB) solutions (6=0.6 mS/cm, pH=6.9), designated as ‘PB’.

e physiological NaCl (saline) solutions (NaCl concentration 0.85% vol., 6= 6.35 mS/cm, pH=6.7),
non-buffered, designated as ‘saline’. Saline solution is a natural cell environment.

e physiological NaCl (saline) solutions (concentration 0.85% vol., 6= 6.0 mS/cm, pH=6.9) with
Na,HPO,/KH,PO, phosphate buffer, designated ‘PBS’.
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Bio-decontamination effects were tested on Gram-negative Escherichia coli (CCM3954) in water with
initial populations from 10° to 10° colony forming units per mL (CFU/mL). Cultivated bacteria in the
liquid nutrient were centrifuged several times and diluted in water/saline solution to obtain desired
concentrations. Alternatively, bacteria pre-cultivated on gel discs were directly dissolved in the desired
solution under study. The plasma experiments with bacteria suspensions were performed with positive
transient spark and repeated 10-15 times. The number of bacteria cells in the solution was assayed by
counting colony forming units cultivated on agar plates (MFC, HiMedia, Mumbai, India; Biolab).

3. Results and discussion
3.1. Transient spark discharge (TS)
Electrical parameters and emission spectra of transient spark discharge (TS) operating in atmospheric
air with water spray were documented in detail in our previous works [22-23]. The typical voltage and
current waveforms of positive TS discharges in 10 mm gap (with electro-spray of water) are shown in
Fig. 3. The TS plasma cannot reach equilibrium conditions and remains relatively cold. With water
electro-spray through TS, a great care was taken to keep the constant electrical parameters throughout
each experiment since the water spray substantially perturbs the discharge regularity (especially jitters
the pulse frequency). In order to keep the constant power dissipated into the discharge, the pulse
frequency was controlled at ~1 kHz. The typical applied power used in this work was 1-2 W, with
energy 1-2 mJ per pulse. The water was sprayed through the high voltage hollow needle electrode
under a constant flow rate of 0.5 mL/min.
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Fig. 3. Typical voltage and current waveforms of TS discharge with electro-spray of water in (a) ns
time scale — one pulse, and (b) ms time scale — several pulses, 10 mm gap.

3.2. Bactericidal effects of plasma treated water

Bacterial suspensions of E. coli in aqueous solutions were electro-sprayed through the discharge. The
bactericidal efficiency expressed as log reduction reached up to 7 logs for both non-buffered water and
saline, directly after plasma treatment. A slight enhancement of the bactericidal effect was observed
when bacteria were left in the plasma treated water or saline for 4-5 h longer. This indicates ongoing
biochemical processes in the plasma activated water post treatment, also reported in [3-4, 10, 14, 15].
The bactericidal effect of plasma treated water and saline was always accompanied with the decrease
of pH (down to pH ~3) and the increase in the solution conductivity (water 0.6 — ~1.04 mS/cm, saline
solution ~6.35 — ~6.85 mS/cm). However, additional tests (not shown) performed to evaluate whether
low pH is the main bactericidal agent showed that the nitric or hydrochloric acid solution of the same
pH did not lead to the same biocidal effects. In agreement with [2, 9, 10, 15], we confirm that rather
acid environment in synergy with plasma agents leads to the bacterial inactivation.

To elucidate the role of pH in the plasma induced bactericidal effects, we performed experiments with
phosphate buffered solutions (PB and PBS) of sufficient buffer capacity (pH=6.9 remained fairly
constant upon treatment or decreased very little). As a consequence, the bactericidal effect was
strongly reduced in PB and PBS with respect to non-buffered solutions, but not completely stopped
(about 1-log). Fig. 4 compares the bactericidal effect of water vs. PB, and saline vs. PBS obtained
immediately after plasma treatment and 5 h later. Interestingly, the decontamination in plasma treated
PB and PBS increased substantially after 5 h, without further pH change.
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Fig. 4. E. coli inactivation of log reduction after plasma treatment and 5 h later obtained in: (a) water
(pH~3.3 after plasma and ~3.4 5h later, respectively) and PB solutions (pH~6.2 and ~5.8,
respectively); (b) saline solution (pH~2.8 after plasma and ~2.9 5h later, respectively) and PBS
(pH~5.6). Medians with error bars showing 25 and 75 percentiles.

3.3. Chemical effects induced in water by plasma

In order to evaluate the mechanisms participating in bacterial inactivation, the chemical effects
induced in water sprayed through the transient spark discharge were studied in more detail. Since the
discharge operates in atmospheric humid air, we focused mainly on the formation of ROS and RNS:
hydrogen peroxide (H,0,), nitrites (NO;") and nitrates (NO5') and peroxynitrites (ONOO").
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Fig. 6. Bactericidal effect (log reduction) of water and PB solutions related to (a) NO,” and NO;™ and
(b) NO;" and H,0, concentrations. Medians with error bars showing 25 and 75 percentiles.
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Fig. 7. Bactericidal effect (log reduction) of (a) water and PB solutions, and (b) saline and PBS,
after plasma treatment correlated with the relative ONOO™ concentrations (fluorescence emission at
523 nm with reference subtracted). Medians with error bars showing 25 and 75 percentiles.

Fig. 5 shows the concentrations of nitrites, nitrates and hydrogen peroxide obtained in water and PB

solutions after spraying through the discharge. Fig. 5 shows that non-acidic environment of PB buffers
resulted in much higher concentrations of nitrites (~0.6 mmol/L) and slightly lower concentrations of
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H,0; (~0.4 mmol/L) and nitrates (~0.9 mmol/L) compared to that for non-buffered solutions, in which
the concentrations of H,O, were ~ 0.7 mmol/L, nitrites ~ 0.2 mmol/L and nitrates ~ 1 mmol/L.

Such a significant pH effect on the concentrations of nitrites is result of disproportionation of nitrites
into nitrates occurring under acidic conditions:

3NO, +3H" — 2NO + NO; + H;0" (Eq. 1)

This route is greatly accelerated at pH below ~ 3.5 which correlates with acid-base properties of
nitrites (pK, = 3.3). Since the only difference between buffered and non-buffered solutions was pH, it
is reasonable to assume that the initial production rates of nitrites and nitrates by the discharge were
the same under both conditions. The mechanism of their formation in water is the result of dissolution
of NO, formed in air plasma by gas-phase reactions of dissociated N, and O,. Along with formation of
NO, and NOj in the plasma treated water, dissolution of NO, in water leads to the decrease of pH:

N02 + N02 + Hzo — NOz_ + NO3_ +2H' (Eq 2)
NO + NO, + H,0 —» 2NO, +2 H" (Eq. 3)

The difference in the concentrations of NO, and NO; measured in both solutions is then a result of
subsequent post-discharge reactions leading to disproportionation of nitrites into nitrates (Eq. 1).

The formation of nitrates may also proceed via the liquid-phase reaction of NO, with OH radical to
form peroxinitrous acid (ONOOH) or its conjugate base peroxynitrite (O=NOO"), which subsequently
decay into NOj". Or in the presence of hydrogen peroxide, peroxynitrite can be also formed by the
reaction of nitrite anion with H,O,.

NOz_ + H202 — O=NOO" +H20 (Eq 4)

This route occurs under acidic conditions and might be responsible for lower concentrations of
hydrogen peroxide determined in non-buffered water. Peroxynitrites are relatively strong oxidants
with a large bactericidal effect and they may significantly contribute to inactivation process induced
by air plasma in water. Under acidic conditions their bactericidal effect is determined mainly by OH
radicals formed by the decomposition reaction of peroxynitrous acid [8]. It is likely that with the
decreasing pH, the contribution of ONOQO" to bactericidal effects of plasma increased. The attempt was
made to correlate the concentrations of nitrites and H,O, with the concentrations of ONOO™ formed in
plasma treated water. Since ONOO' are highly reactive under acidic conditions, their lifetime is very
short and their detection in plasma treated water was possible only qualitative with concentrations
estimated in the order of tens of umol/L. Nevertheless, Fig. 7 shows that the relative amounts of
ONOO" measured by fluorescence spectroscopy correlate directly with the bactericidal effect. These
qualitative measurements indicate an important role of ONOO' in bio-decontamination.

At the same time, the antimicrobial properties of nitrites under acidic conditions have to be considered.
These so-called “acidified nitrites” are capable of great effect on bacteria [3, 16]. In fact, it seems
more reasonable to assume that acidified nitrites are more important route of bactericidal effects then
through their reaction with H,O, upon formation of peroxynitrites (Eq. 4).

4. Conclusions

We investigated the treatment of water or saline non-buffered and buffered solutions contaminated
with E. coli bacteria electro-sprayed through the cold air plasma of transient spark. The treatment lead
to acidification and the production of nitrites, nitrates, peroxides and peroxynitrites. At lowered pH,
nitrites are quickly oxidized to nitrates with H,O, and this is associated with the strong bactericidal
effect. At neutral pH in buffered solutions, nitrites are less oxidized and the biocidal effect is weaker.
The bactericidal effect correlates with the relative amount of the formed peroxynitrites. The estimated
concentrations of peroxynitrites are, however, too low compared to the measured nitrites and H,O, to
consider the reaction (Eq. 4) as the main mechanism of their formation and consider peroxynitrites as
the key bactericidal agent. It rather seems that synergistic effects of nitrites and peroxides in acidic
conditions are the most responsible for bactericidal properties of water sprayed through air plasma.
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Atmospheric pressure low-temperature microwave microplasma source (MmPS) was used in
experimental investigations for decontamination of different types of microorganisms like bacteria
(Escherichia coli, Bacillus subtilis) and fungus (Aspergillus niger). The influence of the
microorganism type, oxygen concentration, absorbed microwave power, microplasma treatment
time and MmPS distance from the treated sample on the microorganism decontamination
efficiency was investigated.

1. Introduction

Recently, there is a growing interest in the low-temperature microplasmas used in the biomedical
applications such as sterilization of medical instruments, high-precision surgery, cells treatment and
deactivation of bacteria and viruses [1-4]. Sterilization is a physical or chemical process that impairs
or eliminates, especially microorganisms like bacteria. In a plasma the sterilization is achieved due to
the reactive species in the plasma (electrons, ions, radicals, reactive molecules), UV light, etc. [5, 6].
Due to many plasma sterilization systems like low pressure [7] or atmospheric pressure [8], DBD [9],
RF [10], we designed, built and tested experimentally a small atmospheric pressure low-temperature
microwave microplasma source (MmPS). It has structure of a coaxial line, formed by an inner
conductor, made of a brass rod with a tungsten rod top, and outer conductor in the form of a brass
cylinder. The MmPS is operated at standard microwave frequency of 2.45 GHz. The generated by
MmPS plasma has the form of a microflame forming at the tip of the inner conductor. The main
advantages of our MmPs are atmospheric pressure operation, low microplasma temperature, simplicity
and low cost. Using it we performed experimental investigations concerning microorganisms
deactivation by atmospheric pressure low-temperature microplasma. The investigations involved Ar
and Ar/O, microwave microplasma treatment of two types of bacteria (Escherichia coli, Bacillus
subtilis) and one fungus (4Aspergillus niger) samples.

2. Microwave microplasma source (MmPS) and experimental set-up

A number of various designs of the microplasma sources have been developed. Supply through a
waveguide [11, 12], consisting of coaxial line [13, 14] or stripline structures [15, 16] are known.
Waveguide based structures, in contrast to coaxial line and stripline structures, have much bigger size
and allow to operate with higher microwave powers. The sketch and photo of our MmPS is presented
in Fig. 1. It is based, as it was previously described in [17-20], on a coaxial line, formed by the inner
conductor, made of a brass rod with a tungsten rod top, and outer conductor in the form of a brass
cylinder. The inner conductor is fixed inside the outer conductor tightly with a PTFE centering disc.

The MmPS is supplied from the microwave generator at standard frequency of 2.45 GHz through a
50 Q coaxial line using an N-type connector. The operating gas is introduced through a duct between
the inner and outer conductors. The microplasma was generated by the MmPS in the form of a tiny
candle-like flame (in Ar, Ar/O, at low absorbed powers) or a plasma jet (in Ar/O, at high absorbed
powers) above the inner conductor top. The length and diameter ranged from 5 -25mm and
0.5 - 2 mm, respectively for Ar microplasma and from 2 - 30 mm and 2 - 16 mm, respectively for
Ar/O,, depending on the operating parameters. Optionally, the MMS could be operated with
MACOR ' ceramic tip. This tip played three functions: it formed a kind of nozzle that increased the
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velocity of argon in plasma forming zone, it prevented breakdowns between the inner and outer
conductors, specially in case operating in the Ar, and it covered the hotter part of the microplasma
column, thus exposing only the lowest temperature microplasma (i.e. its tip). Fig. 2 shows photos of

the microwave microplasma for various operating conditions. The operation of MMS is described in
detail in [20].

a) b)
Gas outlet
Ceramic tip R \ Ceramic tip
Tungsten rod top
Inner conductor . Gas
Outer conductor > %
PTFE i Gas inlet
L] N-type connector
N-type connector q ]

Coaxial cable '
Microwave Coaxial cable -/

Fig. 1. Sketch (a) and photo (b) of the coaxial-line based MmPS.
3. Results

The experimental investigations concerning microorganisms deactivation by our MmPS took place in
the microbiological laboratory of Innovation Enterprise "IMPULS" which carries out the researches
defining microbiological purity, an active concentrations of antiseptic and fungicidal preparations. We
performed quality as well as quantity tests. The influence of the microorganism type, O, concentration,
microwave power level, treatment time and microplasma distance from the treated sample on the
microorganisms deactivation efficiency were investigated. The following type of microorganisms were
treated by the microplasma: bacteria (Escherichia coli, Bacillus subtilis), fungus (4Aspergillus niger).
The test was performed for Ar microplasma and Ar/O, microplasma with up to 2% of O,. Absorbed

microwave power P, was up to 50 W. The Ar flow rate was up to 10 I/min. The sample treatment time
was up to 240 s.

Ceramic tip

<«— Slides

Microplasma—é;\
Mieroorganism

sample

Fig. 2. Microwave microplasma sample treatment
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In Fig. 2 a photo of the microwave microplasma processing of the microorganism sample is shown.
The MmPS placed perpendicularly to the treated sample can be seen. The microorganism sample in
the form of droplet was placed on the rectangular sterile laboratory slides. The sample droplet volume
and the initial sample number of colony forming units were choose individually for each kind of test.
The distance between the MmPS and the sample during the treatment microplasma was fixed. The
slides was manually moved below the microplasma to scan the sample full area. Depending on the
treatment time the different sample treatment speed was was applied.

The tests of the influence of the additive O, concentration on the biocidal microplasma effect were
performed with Escherichia coli for Ar, and Ar/O, microplasma. The sample treatment time was 45 s,
the incident microwave power 72 W, the reflected microwave power 42 W. The Ar flow rate was
10 I/min. Fig. 3a presents results of tests under above described conditions. Fig. 3b relates two sets of
tests. First one concerns the case with the initial number of colony forming units was 2.87x10” per
sample droplet volume of 20 pl. The incident microwave power 68 W, the reflected microwave power
41 W. In the second case the initial number of colony forming units was 4.41x10” per sample droplet
volume of 50 pl. The incident microwave power was equal 72 W and the reflected microwave power
was 42 W. As it can be seen, the result indicated reduction of bacteria population for all treated
samples. The reduction seemed to be grater for Ar/O,(0.5%) than for Ar/O,(1%), Ar/O,(2%), and pure
Ar microplasma.
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Fig. 3. The influence of the O, admixture (a) and treatment time (b) on the FEscherichia coli
deactivation. Ar flow rate of 10 I/min. In (b) the admixture of O, 0.5 %. (®) The initial number of
colony forming units was 2.87x10" per sample droplet volume of 20 pl. The incident microwave
power 68 W, the reflected microwave power 41 W. (m) The initial number of colony forming units
was 4.41x10 per sample droplet volume of 50 pl. The incident microwave power 72 W, the reflected
microwave power 42 W.

The results of the influence of the treatment time on the Escherichia coli deactivation are presented in
Fig. 3b. As in the case of Fig. 3a, Fig. 3b relates two sets of tests. First one concerns the case with the
initial number of colony forming units was 2.87x10’ per sample droplet volume of 20 pl. The incident
microwave power 68 W, the reflected microwave power 41 W. In the second case the initial number of
colony forming units was 4.41x10" per sample droplet volume of 50 pl. The incident microwave
power was equal 72 W and the reflected microwave power was 42 W. For both tests the Ar flow rate
was 10 I/min and the admixture of O, was 0.5 %. Generally, the results show that the increasing of the
microplasma treatment time resulted in the higher deactivation efficiency. For microplasma treatment
time higher then 120 s the deactivation efficiency was reduced by more then three order of magnitude.
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The visualization of the influence of the microwave microplasma treatment time on the fungus
deactivation can be seen in Fig. 4. Fig. 4a shows the Aspergillus niger fungal on the sample not treated
by microplasma. In that case almost 150 fungal centers can be seen. The fungus on the sample treated
by microplasma over 15 s are shown in Fig. 4b. Fig. 4c shows the fungus on the sample treated by
microplasma over 45 s. Fig. 4d shows the results of microplasma treating sample over 60 s. In the case
of 15s and 60 s treating time, the are 6 and 5 fungal centers, respectively. The photos were taken
seven days after microplasma sample treatment. The microplasma operating conditions were as
follows: Ar flow rate of 10 1/min, the admixture of O, 0.5 %, the incident microwave power 58 W, the
reflected microwave power 33 W.

a) b) c) d)

Fig. 4. The photos of the fungal reflecting the influence of the treatment time on the Aspergillus niger
deactivation: a) sample not treated by microplasma, b) sample treated time 15 s, ¢) sample treated time
45 s, d) sample treated time 60 s. Ar flow rate of 10 I/min, the admixture of O, 0.5 %. The incident
microwave power 58 W, the reflected microwave power 33 W.

4. Summary and conclusions
Using the low-temperature Ar and Ar/O, microplasma generated by coaxial microwave microplasma
source (MmPS) the deactivation of the microorganisms (Escherichia coli, Bacillus subtilis,
Aspergillus nigeri) was studied experimentally. The unquestioned merits of such a microplasma are
small size (from pm to several mm), portability of the source, easy to use, low investment and
operation costs.

The influence of the O, concentration, absorbed microwave power, microplasma treatment time and
microplasma distance from the treated microorganism sample on the deactivation efficiency were
investigated. Our experiments showed the possibility of microorganism colony reduction by even a
few order of magnitude of the initial number of colony forming units. The reduction effect seemed to
be grater for Ar microplasma with the 0.5 % admixture of O, than for Ar/O,(1%), Ar/O,(2%) and pure
Ar microplasma. The increasing of the treatment time resulted in the higher deactivation efficiency.

The presented in this paper experimental results allows to conclude that our MmPS is a promising
device for the biomedical applications thus further test are under preparation.
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Decomposition of volatile pollutants emission is a very important problem, especially for the
industrial profile countries. The aim of the investigations was to develop a plasma-catalytic
system for removal of volatile chlorinated hydrocarbons from waste industrial gases and
exhaust gases from incineration plants. Plasma - catalyst with stationary bed systems were
investigated. Measurements were performed for characterizing the catalysts, and to determine
the optimal process conditions for removal of the model pollutant — CCl,. The highest
obtained overall CCl, conversion was 0.79 in homogeneous system, and 0.97 in plasma
catalytic system

1. Introduction

Nowadays, the task of hazardous VOC gas abatement is performed in different ways. High
temperature or catalytic processes is being the most commonly used. In recent years an attempts
have been made for decomposition of volatile organic compounds by the use of non-equilibrium
plasma [1]. In non-equilibrium plasmas most of the energy supplied is not consumed for the
heating of the gas mixture, but for initiating of chemical reactions. The non-equilibrium plasma of
gliding discharge (GD) has been used for the initiation of chemical reactions at atmospheric
pressure. Usually the bulk gas temperature in this type of discharge does not exceed 1000 K.

A number of experiments was performed with different types of GD reactors applied for
processing of miscellaneous gases and other materials. These processes were found to be efficient
for destroying chemically stable pollutants occurring in the industrial waste gases, e.g. volatile
organic substances, nitrogen oxides, hydrogen sulphide [1-3]. The GD techniques were also used
for other processes, assistant to the environment protection, e.g. decomposition of
chlorofluorocarbons and a number of other chlorine organic compounds [4-7]. In non-equilibrium
plasmas, through the action of energized electrons, a number of chemical reactions may be
initiated. The formation of active species (excited molecules and radicals) is a starting stage which
usually opens a chain of consecutive reactions. It seems, however, possible to increase the yield
(and/or selectivity) of plasma processes using a catalyst. Therefore, a number of solid materials,
expected catalysts, have been tested in coupled plasma-catalytic processes [8].

2. Experimental
The homogeneous system (GD) and the reactor with stationary bed (GDS) (Fig 1) of
vanadium oxide catalysts were used for decomposition of CCl,. Reactor was provided with a conic
reaction chamber with ceramic lining and two vertical diverging stainless steel electrodes. The
reactor was powered by a 50 Hz system with the supplied active power measured for the low
voltage (primary) circuit by means of the energy meters Pafal MOD AS5. The discharge power was
150 — 460 W. The temperature was measured by a thermocouple at the vessel axis over the upper

ends of electrodes. The gas temperatures was 250 - 500 °C. The gas mixture composition was
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oxygen and air (1:2) and the gas flow rate was 200 or 300 NI/h controlled by mass flow controllers.
The initial concentration of CCl, in the gas was 0.1 or 0.5 vol.%. The CCly concentration was
controlled by CEM system by Bronkhorst (Fig. 2).
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Fig. 1. Gliding discharge reactor for ~ Fig. 2. Setup for CCl,; decomposition. 1, 2 - high
CCl; decomposition with stationary  voltage transformers, 3 — energy meter, 4 — CEM system
bed. 1 — gas inlet, 2 — nozzle, for CCl; supply, 5 — gliding discharge reactor, 6 —
3 — ceramic body, 4 — electrodes,  voltage probe, 7 — current probe, 8 — oscilloscope,
5 — catalyst bed, 6 — thermocouple, 9 - scrubber with KI, 10 — point for gas sample for
7 — gas outlet. chromatography, 11 — valve.

The vanadium oxide catalysts containing about 7 wt.% of V,0Os was supported on ceramic carrier.
The catalysts, were obtained by impregnation of ceramic carrier with aqueous solutions of VOSOy,
and K,SO,, dried and calcined in ambient air at 600°C for 4 h. Two kinds of catalysts were
prepared. First V,05 + K,O supported on diatomite, second V,05 + K,O supported on honeycomb
structure cordierite. Catalysts were packed into the reactor without additional pretreatment. The
BET absorption isotherm was used for carrier and catalysts surface determination. Measurements
were performed using Micromeritics 2020 apparatus by absorption of N, at liquid nitrogen
temperature, with the p/p, ratio in the range 0.05-0.3 (Table 1).

Tab. 1. Surface of catalysts for CCl, decomposition.

Packing Sper /g
cordierite 0.28
V,05+K,0/cordierite 0.15
V,05+K,0/diatomite 7.52

The catalyst particles or honeycomb was placed to the reactor in a single batch of 10 ml. Products
of the plasma decomposition of CCl, were analyzed using gas chromatography (Agilent 6890) with
an FID detector and packed column with 5% Fluorocol on 60/80 Carbopack B. Cl, and COCIl, were
determinated by the titrate method. Outlet gases were periodically passed by two bubblers with KI
solution. In this solution Cl, react with KI to I, and KCI. COCl, react with H,O to HCI and CO,.
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The solution was titrated first with a 0.05 M Na,S,0; solution to determine the amount of I, and
second with 0.1 M NaOH to determine the HCI. The overall CCl, conversion (X) was calculated
according to formula:
L mlec)-wiccy)

- e
W [CCly] - CCly flow rate at the inlet gas, mol/h
W[CCl,] - CCl, flow rate at the outlet gas, mol/h

3. Results and Discussion
The main product of CCl; decomposition was chlorine. However chlorine present in the
outlet gas caused corrosion of the electrodes and elements of the reactor made of brass. That
might be the reason of loses in chlorine balance. In homogeneous system when 0.1 initial CCly
concentration was used traces of fosgen were observed. In outlet gas any other chlorohydrocarbons
than nonreacted CCl, had not been detected (Table 2.).
Tab. 2. Effect of catalysts on CCl, conversion. Gas flow rate 300 Nl/h.

CCly concentration 0.1%
Gas flow rate, N1/h 300
Catalyst homogeneous VOS04+K,S0,/ VOSO0.#K,504/ cordierite
diatomite cordierite
Power, W 163 253 214 401 267 457 227 421
overall 0.44 0.51 0.67 0.89 0.72 0.82 0.69 0.95
ccl into Cl, 0.23 0.23 0.54 0.35 0.40 0.45 0.46 0.63
4 ;
conv. [1058inChi o 6 | 619 | 013 054 | 032 | 037 | 023 0.32
balance
into
Cocl, 0.05 0.09 0 0 0 0 0 0
CCl, concentration 0.5%
Gas flow rate, Nl/h 300
Catalyst homogeneous VOSO,KSO/ | VOSO4#K,SOy cordierite
diatomite cordierite
Power, W 199 330 218 369 267 446 268 424
overall 0.58 0.71 0.63 0.83 0.85 0.93 0.63 0.94
ccl into Cl, | 0.36 0.47 0.47 0.51 0.42 0.64 0.63 0.65
4 .
conv |15 CL 020 | 024 | 0.16 | 032 | 043 | 029 0 0.29
alance
into
Cocl, 0 0 0 0 0 0 0 0

In a homogeneous and plasma catalytic system the rise of the discharge power increases in
the overall CCl, conversion. Higher conversions were obtained at 200 NI/h than at 300 NI/h when
both CCly concentrations were used. The rise of the CCly concentration increased overall CCly
conversion at a flow rate of 300 NI/h. When 200 Nl/h gas flow rate was used this effect was
negligible. Higher conversion of CCly was obtained for the concentration of 0.5 %. The highest
overall CCly conversion was obtained for 200 NI/h and 0.5 % concentration. In plasma catalytic
system initial gas concentration did not affect on overall CCl, conversion. The highest obtained
overall CCly conversion was 0.79 in homogeneous system, and 0.97 in plasma catalytic system
(Fig. 3 A, B).
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Fig. 3. Effect of gas flow and CCl, concentration on overall CCl, conversion. A — homogeneous
system, B - plasma catalytic system with V,0s+K,0O/diatomite.

Increase of discharge power in homogeneous system had increased the conversion of CCl,
to Cl, for majority of experiments. When gas flow rate was 300 Nl/h and CCl, concentration was
0.1% the conversion of CCl to Cl, was stable (0.25) and did not rise with discharge power
(Fig. 4A). When plasma - catalytic system was used conversion of CCl, to Cl, decreased with the
rise of discharge power. The effect was more distinct when 200 NI/h gas flow rate and 0.5 % CCl,4
concentration was used (Fig. 4B). However, the disadvantage of the gas flow 200 NI/h was
instability of the gliding discharge, especially for the 0.5 initial CCl,4 concentration.
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Fig. 4. Effect of gas flow rate and CCl; concentration on conversion of CCly into Cl,. A —
homogeneous system, B - plasma catalytic system with V,05 /diatomite.

Both catalysts containing V,0s were active in plasma catalytic CCl, decomposition. Overall CCly
conversion was higher when catalyst were used for both initial CCl, concentration (0.1 and 0.5 %).
For initial CCl4 concentration of 0.1% overall CCl, conversion was similar to that plasma catalytic
system and did not exceed 0.80. CCl, conversion to Cl, was higher in plasma catalytic system than
in homogeneous one. Applying cordierite in discharge zone of GD plasma CCl, conversion to Cl,
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reached more than 0.50. When 0.5% initial CCl, concentration was used overall CCl, conversion

reached 0.85 with V,05 + K,O/ cordierite (Fig. 5).
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Fig. 5. Effect of catalysts on CCly decomposition. Gas flow 300 NI/h, discharge power 300W.

4. Conclusions

CCl; can be effectively decomposed in gliding discharge reactor. The highest overall CCly
conversion (0.97) was achieved when 200NI/h gas flow was used in plasma catalytic system. The

chlorinated hydrocarbons compounds were not produced by gliding discharge from CCl, in gas

mixtures with argon and oxygen. In plasma catalytic system fosgen was not observed.
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The modular device for the waste utilization, using the pyrolitic-plasma method consists of, among
others, the plasma reactor operating on the gliding discharge principles. The reactor is applied to
oxidize hydrocarbons that are produced in the process of the waste pyrolysis. Thus, the plasma
reactor operation influences significantly the qualitative and quantitative composition of the output
gases. Finding the most advantageous construction of the plasma reactor and the process
parameters ensures full and complete oxidation of hydrocarbons. The aim of the study was to
determine the most useful method of gas introduction into the plasma reactor with the use of the
numerical calculations and the experimental verification of the calculations results.

1. Introduction
A nonequlibrium plasma is generated at the atmospheric pressure in the gliding discharge supplied
from a DC or AC source. The plasma is characterized by the electron energy about 1eV and a neutral
gas temperature of 1500-2000 K, depending on the power applied [1,2]. The properties of
the generated plasma and a relatively easy way of the discharge generation cause that a practical
application for this discharge is investigated [3,4]. The gliding discharge is applied, among the others,
in a plasma reactor, which may be a part of the waste utilisation device. The utilization process in this
device consists of: 1- the pyrolysis of waste without the air access; 2 -the oxidation of the pyrolysis
products in gliding discharge and 3- the purification of the process gases.
The oxidation process has a cardinal influence on the quality of gases leaving the device. For this
the plasma reactor should enable the efficient oxidation of hydrocarbons, which are the main products
of the waste pyrolysis. An important structural element of the reactor is the system of feeding
the reactants to the plasma rector. The system consists of two individually designed coaxial nozzles.
One of them is used for transporting the pyrolysis gases by means of the argon agent into the plasma
reactor. The second nozzle is used to add up oxygen. It is very important that both streams are exactly
mixed before they enter into the zone of electric discharge.
The resultant stream of mixed gases should have a shape enabling the generation of discharge in
the whole stream volume. The proper design of nozzles having the correct shape required several
theoretical studies and their practical verification. The aim of this project was to determine
the methods of gases introduction into the plasma reactor for the designed nozzle system. Two
methods have been verified. The first consisted in introducing hydrocarbons and argon through
the central nozzle and oxygen through the outer one. The second method consisted in introducing
oxygen through the central nozzle and mixture of argon and hydrocarbons through the outer one.
Methane was used as a test gas for the research.

2. Theoretical calculations
Assumptions
The plasma reactor is a part of apparatus for waste utilisation. Its principle of operation can be
described as follows. The waste is pyrolysed in the atmosphere of argon. The hydrocarbons generated
in the process are introduced into the plasma reactor in the stream of argon. Oxygen is introduced into
the reactor separately. The process of hydrocarbons oxidation takes place in the plasma reactor.
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The hypothetical reactor consisted of a reaction chamber in a form of a cylinder of 200 mm diameter
and a length of 500 mm, which was equipped with a set of two coaxial nozzles at one end and was
open at the other. The shape of nozzles facilitated the process of mixing of both gas streams (Fig. 1.)

500 mm . -

Fig. 1 The plasma reactor and the system of nozzles applying in calculations.

It was assumed that the 1.5 kg of waste that contained 90% of elemental carbon was fully decomposed
to methane during 1 hour the process of pyrolysis. Methane was mixed with argon and fed into the
plasma reactor through one of the two nozzles. Oxygen was introduced through the second nozzle.
Calculations were performed for the following mass flow rates: methane - 4.9 « 10 kg/s, argon - 9.8 «
10™ kg/s; oxygen - 1.9 « 10~ kg/s. The flow rate of oxygen was calculated including the stoichiometry
of the reaction of methane oxidation into carbon dioxide. The mixture temperature of methane with
argon was 1100 K and the temperature of oxygen was 273 K. The gases were mixed in the plasma
reactor. The stream of the mixed gases should reach the stoichiometric composition before
the zone of discharge. The shape of the mixed gases stream should facilitate the generation of
discharge in the whole volume of the stream.

Calculations

Calculations were performed for two cases. In the first case the composition of gases in the stream was
calculated ignoring the reaction of methane oxidation. Only the process of gas streams mixing was
taken into account. In the second case, apart from the streams mixing, the reaction of methane
oxidation was considered. For each case two methods of gas introducing into the reactor were taken
into account. The first method consisted in introducing into the reactor the mixture of argon and
methane through the central nozzle and oxygen through the outer one. In the second method oxygen
was introduced through the central nozzle and the mixture of argon and methane through the outer
one.

A computer simulation of gas streams supplying the plasma reactor was performed using
a computational fluid dynamics commercial program (CFC) FLUENT.

In the domain representing the chamber the following boundary conditions were used: 1- zero gas
velocity at the wall, 2 - condition representing the outflow to an area of constant pressure, 3-axis
condition in axially-symmetric system. Navier-Stokes equations for steady flow of compressible,
viscous, multi-component fluid have been solved using a coupled solver (density -based formulation).
We used two models of turbulence: the model of Spalart-Allmaras and k-epsilon model. The robust
S-A model was used at the initial steps of investigation and was later replaced by the k-epsilon model
required in some simulations of methane oxidation process. The Arrhenius’ equation was used for
calculation of methane oxidation reaction. The heat transferred by radiation was calculated using
the Rosseland’s model of radiation.

Results of calculations

The runs of streamlines in the reactor chamber (Fig. 2) showed that the gas flow calculated without
the oxidation process was stable and regular. For the methane oxidation in the plasma reactor
the distribution of the weight ratio of methane to oxygen along the reactor axis plays an important role.
The ratio should be 0.26, because then the composition of gas stream corresponds to the stoichiometric
composition of methane and oxygen in the reaction of complete methane oxidation. The distribution of
mass ratio of methane to oxygen along the axis of reactor was calculated at a distance of 2 and 4 mm
from the axis. The distance of 2 mm was selected because it is the smallest distance between the
reactor electrodes. The distance of 4 mm was chosen for calculations because the distance between
electrodes increases with the length of electrodes. The calculations showed that the stoichiometric
composition of methane and oxygen in the stream of gases was achieved when the mixture of argon
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and methane was introduced into the reactor through the central nozzle and oxygen through the outer
one, irrespectively of the distance from the reactor axis (Fig. 3). For both distances the stoichiometric
composition of the stream was achieved at a distance of 60 mm from the face of the nozzles.

In the further calculations the methane oxidation process was taken into account. The distribution of
shear stress was more uniform when the methane entered the reactor through the central nozzle
(Fig. 4). In such a case the values of shear stress were larger than those for the gases introduced into
the reactor using the second method. It means that the mixing of gases was more intensive when
the first method was used.

«2 mm from the axis
+4 mm from the axis

|
+ 2 mm from the axis
«4 mm from the axis

0 0oz 004 008 008 0.1 0 noz2 004 006 008 07
Position along the axis [m]

Mass ratio of methane to oxygen
Mass ratio of methane to oxygen

Position along the axis [m]

Fig.3 The variation of mass ratio of methane to oxygen along the axis of the reactor calculated
numerically in the distance from the axis of reactor of 2 mm and 4 mm. The methane was introduced
into the reactor applying: a- the second method, b — the first method (methane oxidation was not
considered).

The results of oxidation can be best assessed by the concentration of methane at the chamber outlet
that has not reacted in the process. The largest methane mass fraction was 0.005 when methane was
introduced into the reactor by the first method but when the second method was used the mass fraction
was 0.008 (Fig. 5).

The results of calculation showed that the first method of feeding methane into the reactor is better
than the second one, regardless of whether the methane oxidation is taken into account or not.

3. Experimental part
Experimntal set-up
The verification the correctness of the conclusions drawn from the calculations required designing and
building a plasma reactor of dimensions corresponding to the one used for the calculation. The reactor
was equipped with a set of two coaxial nozzles, which was a slightly modified in comparison with that
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shown in Fig. 1. The central nozzle was simultancously a mixing nozzle. It had six slots breaking
the gas stream into six smaller jets that facilitated the process of mixing. The outer nozzle was plain.
The reactor had three knife-shaped electrodes of the size and shape selected on the basis of numerical
calculations and was supplied with a high voltage 50 Hz AC source. The reactor supply power was
calculated on the basis of electric energy measured on the transformer primary winding supplying
the reactor.
The reactor was surrounded with the systems of argon, methane and oxygen feeding. The gas input
flow was measured with the BRONKHORST mass flow meters, and the post-reaction gas flow was
measured with a gas meter. A heat cooler was placed behind the reactor to cool down the post reaction
gases. The samples of gases were collected from behind the cooler.
Process parameters:
e The total conversion of methane (X):

X =WVocus—Vicus)/ Vocus (1)
where: Vocrs - methane flow at the reactor inlet [Nm®/h]; Vicr. - methane flow at the outlet of the
heat exchanger [Nm®/h].

e The conversion of methane into carbon dioxide (XCO,):
XCO2=Vico:/Voc. )

where: k€02 _flow of carbon dioxide at the outlet of the heat exchanger [Nm’/h]
e The conversion of methane into carbon oxide (XCO):

XCO =Vico!Vocus 3)
e The specific energy (Ey):

22.4
E,=P-60-=—=—  [kl/mol] (4)

wej
where: P- power [kW], V. —the total inlet flow rate (the sum of flow rates of argon, methane and
oxygen at the the reactor inlet [Nm’/h]); 22.4 [Ndm®/mol] the volume of one mol of ideal gas in
normal conditions.
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Fig.4 The distribution of shear stresses in the stream of gases in the plane of symmetry. The mixture
of methane and argon was introduced into the reactor using: a - the first method, b — the second
method (methane oxidation was considered).

Results

Experiments were made for three total inlet flow rates of gases 3.45; 5.38 and 7.50 Nm’/h for each of
the two methods of the gas introduction into the reactor. The supplied power changed in the range of

92



1.7+2.4 kW. Methane concentration in the total inlet flow was 3.15 £ 0.09 vol%. The ratio of oxygen
to methane molar flow rates was 3.46+0.06. Results of experiments are presented in Fig. 6.

Results of experiments confirmed the conclusion drawn on the basis of calculations. The first method
of gas introduction into the reactor was better than the second one. When gases were introduced by
the first method X and XCO, were higher and XCO was lower than the respective parameters for
the gases introduced by the second method.
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Fig.5 The distribution of methane mass fraction at the outlet of reactor calculated numerically
including the methane oxidation: a) — methane was introduced through the outer nozzle; b) — methane
was introduced through the central mixing nozzle.

0.80 Fig 6. Methane conversion vs. specific energy of

0.70 ——— —"— | the total flow of all gases introduced into
£ 0.60 = m— the reactor for two methods of the mixture of
2 050 " methane and argon introduction into the reactor:
E — —#metlad 1202 1- through the mixing nozzle; 2- through the outer
o 0.40 method 2 - %002 |— . =
@ -8-metiod 1- 0 nozzle. The experiments conditions were as
S 030 —C-metiod2-¥00 || o R .
& mnetion - follows: 1- an initial concentration of methane in
E0.20 s the mixture of input gases was 3.15 + 0.09 vol.%

0.10 s . and 2- the total flow of input gases was

0.00 : : : : 3.45+7.50 Nm’/h.

200 250 300 350 00 450
Specific eneriy [KJimol]

4. Summary

The application of plasma reactor to the oxidation of hydrocarbons in the device for the waste disposal
required the theoretical work-out and the experimental verification of the methods of gas feeding by
means of two nozzles. The calculations made with the CFC Fluent program led to the conclusion that
the most effective oxidation of hydrocarbons in the plasma reactor takes place when the stream of
argon and hydrocarbons is introduced into the reactor through the central nozzle and oxygen through
the outer one. Methane was used as a test hydrocarbon. The results of experiments confirmed
the correctness of conclusion drawn from the calculations.
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We succeed in generating an Atmospheric Pressure Townsend Discharge (APTD) in air by using a
simple DBD device consists of alumna barriers and plane electrodes. So far, we applied the APTD
to an ozonizer and found that the ozone generation efficiency was higher by the APTD mode than
by the conventional DBD mode in larger specific input energy region. It is well known that an
operation under an optimized high gas pressure is advantageous for efficient ozone generation
from air. In this paper, we investigated whether the Townsend Discharge (TD) in dry air in the
pressure range of 0.1 and 0.17 MPa can be generated or not. From the observation results of
current waveforms and discharge photographs, we found that (1) the current flows continuously
and has only one peak in a half cycle in all gas pressure tested and (2) filamentary discharges are
not recognized between barriers in all gas pressure tested. These features completely agree with
the features of the APTD we reported. Therefore, we concluded that our TD can be generated even
in dry air in the pressure range of 0.1 and 0.17 MPa.

1. Introduction

The Dielectric Barrier Discharge (DBD) is composed of many Filamentary Discharges (FDs), and
it can be applied to ozone generation [1], gaseous pollution control [2], surface treatment [3] and so on.
Regarding ozone generation and gaseous pollution control, various methods have been studied to
improve the energy efficiency. In our laboratory, we investigated efficient cleaning methods of diesel
exhaust gas by DBD [2]. One of the investigations was a numerical simulation of chemical reactions.
The conclusion was that the efficiency was governed by the diffusion process of radicals, which were
generated in the very thin micro-discharge column [4]. Therefore, a homogeneous DBD was expected
to improve the efficiency of pollution control and also that of ozone generation. Up to now, we
succeed in generating an Atmospheric Pressure Townsend Discharge (APTD) in air by using a simple
DBD device consists of alumna barriers (purity of Al,Os : 92%) and plane electrodes [5]. This
discharge is homogeneous between barriers. So far, we set up two ozonizers with different discharge
modes of FD and APTD, and compared the ozone generation efficiency [6]. The experimental results
showed that the efficiency was higher by the FD mode than by the APTD mode in smaller specific
input energy region. However in the region that the specific input energy is larger than 420 J/L, the
APTD mode showed higher efficiency than FD mode. In the literature [7], an operation under short
discharge gap and optimized high gas pressure is advantageous for efficient ozone generation from air.
Therefore, we considered if a High Pressure Townsend Discharge (HPTD) is available, ozone
generation performance by the Townsend Discharge (TD) may increase further. In this paper, we
investigated whether the TD in dry air in the pressure range of 0.1 MPa and 0.17 MPa can be
generated or not.

2. Experimental setup

Fig. 1 shows experimental setup for APTD generation. In this system, dry air was supplied to
a discharge chamber. This system consists of a HV power source, a measurement system of electrical
characteristics, a DBD device and a digital camera. AC high voltage was applied to the DBD device
by a step-up transformer. The maximum applied voltage was 27.2 kVp. The applied voltage (V) and
the current were measured by an oscilloscope (Tektronix 2024B, 200 MHz, 2.0 GS/s) using a HV
probe (Pulse Electronic Engineering, EP-50K, 1/2000) and a differential probe (Yokogawa Electric
Corporation, 700924, 100MHz) respectively. An integral of the current (charge g) was measured from
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Fig. 1. Experimental setup. Fig. 2. DBD device.

the voltage drop across a integral capacitor. Besides, the discharge power was calculated by
multiplying the area of V' - ¢ lissajous figure by power frequency. Discharge photographs were taken
by the digital camera. The exposure time and the apparature of the lens were 10 sand F5.6
respectively. Gas pressure in the chamber were changed from 0.1 to 0.17 MPa.

Fig. 2 shows the DBD device. The gap length was fixed to 2 mm. The barrier material is alumina
(purity of Al,O5: 92%, Kyocera Corp., Type: A473), and its size and thickness are 100 cm® and 2 mm
respectively. The electrode material is tungsten, and its size and thickness are 62 cm® and 0.01 mm,
respectively. The electrode was implanted into alumina barrier in order to avoid a generation of
abnormal discharge and increase a stable working domain of APTD [8]. Therefore, the barrier
thickness from tungsten film electrode surface and discharge area is 1 mm.

3. Results

Fig. 3 (a) shows waveforms of the applied voltage, gap voltage and current at 0.1 MPa. The
discharge started at around 2 and 12 ms, and the current flowed continuously and had no pulse in a
half cycle. This current waveform was completely different from the high pulse current observed in
typical DBD. Once a discharge generates in the gap, the gap voltage was maintained to almost a
constant value of 8.5 kV. These waveforms are very much like the waveforms of current and gap
voltage of our APTD in air [5]. Next, a gas pressure was increased from 0.13 to 0.17 by 0.01 MPa step.
Fig. 3. (b) - (f) show the waveforms of the applied voltage, gap voltage and current. Despite high gas
pressure, the current flowed continuously and had no pulse in a half cycle in all gas pressure tested.
Under the 12.3 kVp applied voltage experiments, we found that peak current value decreased with the
increase of gas pressure and it attained to 0.2 mA at 0.17 MPa. On the other hand, the maximum gap
voltage increased with the increase of gas pressure and it attained to 10.6 kV at 0.17 MPa.

Fig. 4 (a) shows a discharge photograph of a discharge at 0.1 MPa. FDs are not recognized
between barriers and the discharge is homogeneous. Next, a gas pressure was increased from 0.13 to
0.17 by 0.01 MPa step. Fig. 4 (b) - (f) show the discharge photographs. As it is seen, FDs are not
recognized between barriers as well. From the observation results of current waveforms and discharge
photographs, we concluded that High Pressure Townsend Discharges (HPTDs) were generated even in
dry air in the pressure range of 0.1 and 0.17 MPa.

Fig. 5 shows V - ¢ lissajous figures at different gas pressures. All of the figures show a
parallelogram shape. However, the amount of the charge during discharge (4g) decreased with the
increase of gas pressure, because the discharge current decreased with the increase of gas pressure. Fig.
6 shows the relation between the power dissipated in the DBD device and the gas pressure. The power
decreased with the increase of gas pressure and it attained to 0.26 W at 0.17 MPa.

Fig. 7 shows the reduced electric field and the average electron density at a constant applied
voltage. The reduced electric field £/n (Td) was calculated from the following equation:

V, 1 V,kT 1
= o 107~ 107 )
where Vj is the discharge sustaining voltage (V), which was measured by V' - g lissajous figure, d is the
gap length (cm),  is the number density of gas (cm™), k is the Boltzmann constant (1.3806 x 107
J/K), T is the gas temperature (300 K) and P is the gas pressure (Pa).
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Fig. 3. Applied voltage, gap voltage and current waveforms.
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The average electron density 7, in the HPTD can be calculated using the formula [9]
J

e-v,

n,=

~

2)

where j and e is the current density (A/cm?®) and electron charge (1.6 x 10™° C). v, is the drift velocity,
which can be calculated as a function of E/n [10]. The current density in the APTD is calculated by
dividing the peak current value by the cross section of the APTD, which is assumed to be 62 cm’.
Under the same applied voltage and frequency experiments, the reduced electric field decreased with
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the increase of gas pressure and it attained to 129 Td. On the other hand, average electron density also
decreased with the increase of gas pressure and it attained to 1.5 x 10° cm™.

Fig. 8 shows reduced electric field and average electron density. In this experiment, gas pressures
were fixed to 0.1 and 0.17 MPa respectively. The power was changed by increasing the applied
voltage. As for reduced electric field, in case of 0.1 MPa, it increased with the increase of power, and
it attained to 170 Td. On the other hand, in case of 0.17 MPa, it increased slightly with the increase of
power, and it attained to 134 Td. As for average electron density, in the both cases, it increased with
the increase of power, and it attained to 1.8 x 10" cm™ at 8.1 W. Therefore, we can say that the reduced
electric field decreases with the increase of gas pressure, and the average electron density does not
change by changing gas pressure.

4. Discussions

Here, we discuss why HPTDs in dry air were generated even in the pressure range of 0.1 and 0.17
MPa. In the leterture [11], it is reported that nitrogen metastabeles play an important role for suplying
seed electrons, however, O atoms quench nitrogen metastables. On the other hand, in the literture [12],
it is reported that low gas pressure enhances the radial diffusion of electron avalache. However in our
experiment, since HPTD was generated even in pressurized dry air. Therefore, the existence of
nitrogen metastables and radial diffusion process of electron avalanche are not a cause of the
generation of HPTD.

Next, we consider a model of HPTD in dry air, which neglects the contribution of nitrogen
metastable and radial diffusion process of electron avalanche. After the generation of HPTD, many
electrons are absorbed on the barrierr surface on the anode. Under this condition, when the polarity of
applied voltage is reversed, homogeneous electron desorption from the barrier surface over the
cathode occurs and the uniform electric field is formed in the gap. This uniform elecrtric field ensures
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a homogeneous slow breakdown in the gap and it enables homogeneous ion bombardments to the
barrier surface on the cathode. If a distribution of the secondary emission of electrons over our
alumina barrier plate is homogeneous and high, the secondary electrons can generate HPTD. Therefore,
we are now thinking that an electron desorption and secondary emission from barrier is very important
for the generation of HPTD. Further study on the desorption of electrons and secondary emission from
barrier material is necessary.

5. Conclusions

The effect of gas pressure on the stable generation of Townsend discharge in dry air was
investigated. The conclusions are as follows;
(1) The current flows continuously and has only one peak in a half cycle, and FDs are not recognized
between barriers in all gas pressure tested. These features completely agree with the features of the
APTD we reported.
(2) As for 0.1 MPa, the reduced electric field increased with the increase of power, and it attained to
170 Td. On the other hand, average electron density increased with the increase of power, and it
attained to 1.8 x 10" cm™at 8.1 W.
(3) As for 0.17 MPa, the reduced electric field increased slightly with the increase of power, and it
attained to 134 Td. On the other hand, average electron density increased with the increase of power,
and it attained to 1.8 x 10" cm™at 8.1 W.
(4) In summary, our HPTD can be generated in dry air in the pressure range of 0.1 and 0.17 MPa, and
it was found that the reduced electric field decreased with the increase of gas pressure, and the average
electron density does not change by changing gas pressure.

6. Acknowledgements

This work was supported by a MEXT (Ministry of Education, Culture, Sports, Science and
Technology) - Supported Program for the Strategic Research Foundation at Private Universities, 2011-
2016 and a Grant-in-Aid for Young Scientists (B), (23760270).

The authors thank Kyocera Corporation for providing A473 alumina barrier plate and thank
Professor K. Takaki of Iwate University for valuable comments of a calculation method about the
average electron density.

7. References

[1] Eliasson B and Kogelschatz U, 1991, IEEE Trans. on Plasma Sci., Vol. 19, No. 6, 1063-1077.

[2] Yoshioka Y, 2007, Int. J. Plasma Environmental Sci. and Technol., Vol. 1, No. 2, 110-122.

[3] Caquineau H, Enache I, Gherardi N, Naud¢ N and Massines F, 2009 J. Phys. D: Appl. Phys., 42,
125201

[4] Yoshioka Y and Shoyama T, 2004, Proc. of the 9th Int. Symp. on High Pressure and Low
Temperature Chemistry (HAKONE 9).

[5] Osawa N and Yoshioka Y, 2012, I[EEE Trans on Plasma Sci., Vol. 40, No. 1, 2-8.

[6] Osawa N, Kaga H, Fukuda Y, Harada S, Yoshioka Y and Hanaoka R, 2011, Eur. Phys. J. Appl.
Phys., 55, 13802.

[7] Kitayama J and Kuzumoto M, 1999, J. Phys. D: Appl. Phys, 32, 3032-3040.

[8] Nakai Y, Kabeya T, Ninoyuu K, Osawa N, Yoshioka Y and Hanaoka R, 2011, Annual Conf.
Recored of Fundamentals and Materials Society IEE Japan, P-14.

[9] Takaki K, Kirihara H, Noda C, Mukaigawa S and Fujiwara T, 2006, Plasma Process. Polym., 3,
734-742.

[10] Urquijo J D, Yousfi M, Juarez A M, Bekstein A, Basurto E, Benhenni M, Henrandez-Avila J L,
Eichwald O, Merbahi N, 2009, Proc. of the 29th Int. Conf. on Phenomena in lonized Gases.

[11] Massines F, Gherardi N, Naudé N and Ségur P, 2009, Eur. Phys. J. Appl. Phys, 47, 22805.

[12] Kogoma M, 2006, Science and Technology Co, Ltd., first press, Tokyo, pp. 23-24.

98



Lightning as a natural tool for air cleaning from an environmentally
harmful impurities by low-temperature plasma

A.Z Ponizovsky., S.G. Gosteyev
FMKB "Horizon" Russia horizontl56 @rambler.ru

Lightning is a natural generator of low-temperature non-equilibrium plasma during both the
leader and return-stroke stages. It efficiently clears air of both the fine particles and gaseous
impurities. As a long spark is an analog for lightning, the possibility of using a long spark as a
tool for the-cleaning air of harmful admixtures in large population centers is discussed.

Everyone knows that the air feels much cleaner after a lightning storm than
after a similarly-intense rain storm. This is due to the fact that lightning is a natural
generator of low-temperature, non-equilibrium plasma (LTP). LTP is an effective
form of air treatment to remove gaseous polluting substances and fine aerosols [1-
3].

In our LTP units, [1] nanosecond pulsed streamers in corona discharges are
used as a substitute source of lightning. The movement of streamers represents a
so-called wave of ionization. According to existing representations [4], befere the
front of a wave is preceded by an avalanche of ionized molecules of gas. Electrons,
moving toward a positive electrode, i.e. against the wave movement, leave the area
occupied with positive ions that permits avalanches to be formed again. As a result,
this process occurs with a positive charge quasi -movement with velocities of the
order of 10° cm/s. The ionization front is followed by a low-temperature quasi
equilibrium positive and negative ions plasma.

Gaseous admixtures are successfully treated when flue gas passes through a
zone of LTP, producing highly active intermediate particles that react with the
contaminating molecules. As a result the harmful gaseous admixtures are
transformed into harmless gaseous substances or aerosols. For example, sulfur
dioxide or nitrogen oxide convert to sulfuric or nitric acid respectively. Gaseous
organic admixtures as a rule convert into primary substances such as CO, or H,O
and in some cases, aerosols of lower organic acids.

On an industrial scale, this process is implemented in a coaxial reactor
chamber (RC), with a central multicusp electrode fed from a HF HV Fitch pulse
generator [1]. The removal of converted products and original dust is-dusting—off
on the external RC wall due to a constantly applied HVDC electrostatic field.
Simultaneously, the inner wall of the RC is continuously washed by circulating
water. As a result the installation works both as a LTP generator and a wet
precipitator.

In nature, the above processes take place during the development of
lightning. In the industrial case, a channel of a lightning operates as the HV
electrode and rain drops as the contamination collector.

In this paper we consider only continuous positive lightning, reaching the
ground from a positive charge cloud. Despite the fact that the overwhelming
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number of lightning strikes are negative, the process of cleaning the-air by negative
lightning does not differ substantially from positive lightning.

As 1s well known the development of lightning is due to the so-called leader
process [4]. The essence of this process involves the inter-action of a thin high-
temperature equilibrium plasma channel between the cloud and the ground. The
development of the channel is due to the current generated by streamers, starting
from the starting point of the channel, called the head of the leader. The ensemble
of streamers is called the streamer zone. It has been shown, both theoretically and
experimentally, that a space charge is located on the front of the streamer zone. For
this reason the leader channel is covered by a so-called sheath. The second, visible
part of the lightning is called the return-stroke. It is a transient phenomenon. In it, a
discharge takes place through a sheath covering the leader channel on the ground.

Since the voltage drop along the channel leader is small, then the estimates
the size of the streamer zone and the channel cover can be assumed that the
potential leader channel, as well as the potential lightning heads U, is
approximately equal to potential of the cloud and = 50 MW [4] The average field
strengths in streamer zone (Ey) is SkV/cm. The length of a average lightning is L =
4000m. [4]. The radius of the streamer zone (Ry,) can be calculated from the
equation # 1 but the radius of sheath (R.) —on equation # 2(Table 1).

Fig. 1 shows the calculated dependences Rc and R, from the potential of
head of leader. Top value of 50MV refers to the lightning, bottom - SMV to the
long spark generated by modern GIN.
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Fig.1 The calculated dependences Ry, (1) and Rc (2) from the potential of head.
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During of the leader stage air treatment occurs at the wave of front the
streamer zone. On the U= 50 MV Ry, equal 300 m (fig.1) and L,=4000 m. It means
that the one lightning stroke would be treated about 10° m’ of air. In fact, due to
the amount of branching of the lightning leader the processed gas by
approximately ten time larger. As speed of lightning leader is = 4 10° m/s [5] time
of leader stages is 0.01c. If the average leader current is 100 — 200 A, U, = 50 MV
that energy injected into the gas is W; ~ 10° J, introduced volume charge - Q ~ 1-
2 CI [5]. On the time return-stroke LTP is generated by the corona sheath. If
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duration of the return-stroke ~ 10™*s and average current is 50 kA that energy
introduced into the air is ~ 2.5-10° J. For multi component lightning W, may be
estimate ~ 10°J. Then the specific energy expended has an order of W, = 10> J/m’.

If the area of middle storms is =10 km® that volume of air is ~10'° m’. The
number of lightning is assessed as 20 for a storm duration of one hour [5]. It
means that lightings will be processed by the volume of air about 10° m’. Thus
only directly for the LTP lightning storm can treat about 10% the total volume of
air. Indirectly, these estimates are confirmed by available after the storm ozone. It
is known that the person feels ozone (O;) with a concentration of 0.015 mg/m3.
This means that for the appearance of the smell of O; during storm must be
executed ~0.15-10° g. Experimental studies show that in pulsed power ozone
generators energy consumption for the formation of O; in the order of 10* J/g. In
this manner during a lightning storm in the air must implement the order of 10'J,
that is consistent with the estimates given above.

Naturally, in the zone of LTP is intense charge as airborne dust particles and
water drops. The drops are uncharged dust collectors, as well as charged dust
settles on the uncharged drops. The equations allow calculating the efficiency of
air cleaning of uncharged dust drops of rain, dust from the uncharged charged
uncharged droplets and droplet charged dust are shown in Table 1.

Table. 1  The equations for calculation dimension streamer zone and
sheath of lightning and efficiency of air cleaning of uncharged dust drops of rain,
dust from the uncharged charged uncharged droplets and droplet charged dust

# | The title The formula The designation Ref.
1 | The radius of the streamer [4]
zone RSZ, Rsz=3-Ul/2-Est
2 | Dimensions of sheath Rc,m | Est-Rc-(1+In(2-H/Rsc))= U, H-Distance to | [5]
earth
3 | Limit charge of water drop | Qim= 107-n~so~D2 D- O of water drop | [6]
Qiim and dust qjim qlim= 107'71:'80'(12 d - O of dust
4 | Stoks’s criterion St St=v-d*p-/18-uD - dynamic | [6]
viscosity
5 | The efficiency of air | = St/(0.125+St)” (6]

cleaning of uncharged dust
drops of rain

6 | The efficiency of air nCD:(qlim2/2-so-n-p,-d-v)o'4+ NN | v-velocity of | [6]
cleaning charged dust and water drop
uncharged droplets

7 | The efficiency of air 11CH=(K~Q1im‘d/22-e»:ovva‘V)O‘4 e- permittivity of | [6]
cleaning charged droplets | K=e-1/e+2 dust
and uncharged dust

Figure 2 shows the calculated from equations (3-7) of degree of air cleaning
at different combinations of charged droplets and dust. That a charging is
considerably increase efficiency of purification of air, especially for a fine dust.
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Figure 2 Dependence of air cleaning degree from dust (1) at the size of dust (d) for
different charged combinations of the water drops (D = 5mm) and dust

I - uncharged dust and drops (rain)

2 — charged dust and uncharged drops (storm)

3 -charged drops and uncharged dust (storm)

On the other hand, a high field strength near the front of ionization of leader
stage and a sheath corona of the return-stroke should make conversion of impurity
as it takes place in LTP installations. The experimental results received on
purification of atmospheric air and flue gases from gaseous and fine aerosol
pollution by means of LTP [1-3] show that energy consumption on the is average
300 J/m’mg for gas pollution and 8 J/m’-mg for dust pollution.

In such a manner that W, =100 J/m3 in time of storm air could be purified =
0.3 mg/m’ of gas pollution and ~ 10 mg of a dust.

In table 2 are submitted data on concentration of pollution (mg/m’) from the
environmental survey station located on a building of the Moscow State University
to, during time and after a storm.

Table 2 Data on concentration of pollution from the environmental survey station

The period of time | CO S02 0; NO2 NO PM10

to storm 0,7 0,0048 0,038 0,072 0,04 0,025
Storm 0,35 0,0047 0,061 0,052 0.001 0,006
After storm 0,45 0,0037 0,015 0,056 0,012 0,016

Table 2 generally confirms made above the assumption of a lightning, as
devices for purification of air of ecologically harmful substances especially
nitrogen oxides and dust and O;.genarated.

All aforesaid gives an approach to a creation problem without the electrode
clearing LTP installations using as sources of LTP long sparks, and as a collector —
the sprayed water. In the present HV pulses generators of available generate pulses
with amplitude 5-10° and duration ~ 5 ms which is created electrical discharges
more than 200 meters with current = 3A [4]. According to fig. 1 Ry, is =15 m. It
means one long spark can be processed air volume 6*10° > with Wspz20J/m3. At
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pulses frequency 1 Hz the volume 2*10” m’ could be treat for an hour. Now
installations for generation of long sparks of hundreds meters successfully
function for the research purposes. As an example on fig. 3 the photo of the dischar
in length of 200 m received on installation VNITZ VEI (Istra) is presented

Fig. 3 The photo of the discharges in length of 200 m received on installation
VNITZ VEI (Istra) (Photo from site of VNITZ VEI (Istra)).

Of course such installations can not used for cleaning flue gases of
industrial processes but can be potentially possible for cleaning air in mega polis.

In this case will be realized idea of Nicola Tesla [7]. “Many municipal
improvements based on the use of electricity are soon to be introduced. There will
be smoke annihilators, dust absorbers, ozonizers, sterilizers of water, air, food, and
clothing, and accident preventers on streets, elevated roads, and in subways. It will
become next to impossible to contract diseases from germs or get hurt in the city.
Country folk will go to town to rest and get well.”
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Abstract—Waste oils can be found in all power generating plants since they use a wide range of
petroleum based products in their systems. The management and treatment of this waste is complicated
and expensive. Low temperature plasma technology can be an alternative solution to this problem. In this
work, gliding arc discharge has been used as a source of low temperature atmospheric plasma to
investigate the treatment of n-dodecane (Cj;H,s) as an example of common spent hydrocarbon oil.
Dodecane gliding arc plasma degradation mechanism is studied separately in the gas and liquid phase
under different carrier gases, using FTIR and OES spectroscopy for quantitative and qualitative analysis .

1. Introduction

Petroleum-based products, ranging from fuel oil and hydraulic fluid to lubricating greases and oils, can
be found in all power generating plants. Specifically in nuclear plants, hydrocarbon oils are also used
in spent fuel reprocessing plants leading to a large amount of waste oils, normally with low level
radioactivity (LLW). This type of waste is more challenging compared to the aqueous waste since it
cannot be easily treated and disposed to the environment, resulting in complicating management and
expensive treatment methods [1]. Non-thermal plasma technology could be a promising method for
the treatment of this waste as it can essentially provide the same outcome as incineration but at low
temperatures, thus providing advantages such as lower process cost and construction simplification. In
addition, plasma systems could be produced in almost any scale for waste treatment, giving the
potential of portable plasma devices for on-site or spillages treatment.

Gliding-arc discharge (GAD) is considered as non-thermal plasma but it can also be described as
preserving the dual character of thermal and non-thermal plasma which makes its interactions with
matter the same as those of quenched plasma [2]. Its characteristics make it an attractive tool for both
scientists and industry [3] and it was initially developed for gas treatment applications, but it has also
recently been developed for liquid treatment [4].

In this work, a gliding arc discharge has been used as a source of low temperature atmospheric plasma
for the investigation of waste oil treatment. The plasma-liquid clean-up process in its different forms
initially involves reaction at an interface between the gaseous plasma (which contains the reactive
species) and the target liquid. Reaction takes place either as a gas-surface process or by diffusion of
the reactive species into the bulk of the liquid. Thus, it was considered important as a first step to
study the gliding arc discharge degradation of the oil in the gas phase, as a key for the second step, the
study of the degradation mechanism in the liquid phase.

2. Methodology

Low temperature atmospheric plasma was generated using an AC gliding arc discharge reactor as
illustrated in Figure 1.The plasma degradation of n-dodecane (C,,Hy) as simulant target oil has been
investigated under different gas compositions such as dry or humid Ar, N, and air. The decomposition
efficiency and distribution of end-products is investigated quantitatively and qualitatively by FTIR
spectroscopy. Optical Emission Spectroscopy (OES) was used to identify reactive species in the
plasma under the different conditions.

The GAD reactor mainly consists of two stainless steel diverging electrodes, with a minimum gap of
3mm, located under a feeding gas nozzle of i.d. 1.5 mm. Reactions are performed in a double walled
jacketed Pyrex glass vessel of 1 L capacity with water cooling at 25 °C . An AC neon sign power
supply provided a high voltage up to 20 kV,, at a frequency of 50 Hz. For the experiments in the gas
phase, the carrier gases used were N, synthetic air (80% N,, 20% O,) and Ar (99.998% purity) in dry
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or humid conditions. For the humid conditions, the inlet gas relative humidity was RH=65%+2%, t=24
°C, measured with a HTD-625 thermo-hygrometer. The total flow was 5 L min™' passing through a
bubbler filled with dodecane to create a vapour of initial concentration 90 ppm. For the experiments in
liquid phase 5 ml of dodecane were placed underneath the gliding arc plasma plume as a plasma-liquid
surface treatment. On-line FTIR spectroscopy (Shimadzu 8300) with a long path IR cell (5 m) at
resolution 1 cm™ was used for the identification and concentration determination of the gaseous
products. Optical emission spectroscopy measurements occurred in the integration of the whole
plasma plume using a multi-mode quartz optical fiber connected to a CCD Princeton Instrument 320PI
spectrograph with a 2400, 1200 or 600 g/mm grating (0.03—0.13 nm resolution) and in the range 200-
800 nm.
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C;;H
H,0 12H26 5 optical fibre
t T
water cooling |~ = 1A D
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Fig 1. Schematic diagram of experimental configuration for experiments A) in the gas phase and B) in
the liquid phase: 1) mass flow controller, 2) bubbler with water, 3)bubbler with dodecane, 4)AC GAD
reactor, 5)Optical emission spectrograph,6) liquid N, cold trap, 7) gas FTIR sample inlet

The results obtained for the dodecane (C;,H,6) conversion were expressed as follows:

% C,Hys Conversion = (C-C,)/C; x100 (1)
where C; and C, are the input and output dodecane concentrations, respectively.

% Product Selectivity = (C ,roaquet X100)/ (12 X Cpod converted) )

% IC Selectivity = (Cucy+Cco+ Ccoz) X 100/(12 X Cpod convertea ) 3)

% OC Selectivity= (Ccpg+Ceonst Ceonz) X 100/(12 X Cpog converted ) 4

where IC Selectivity is the selectivity of dodecane conversion to inorganic carbon products such as
HCN, CO, or CO, and OC is the selectivity towards the major organic products measured, such as
methane (CH,) and the unsaturated hydrocarbons ethylene (C,H,) and acetylene (C,H,). Existence of
ethane (C,Hg) is possible but could not be confirmed by FTIR, as ethane absorption frequencies
overlap with those of dodecane.

For the experiments in the liquid phase, the same reactor was used but this time 5 ml of dodecane was
placed underneath the GAD plasma plume for the plasma-liquid treatment. A cold trap of liquid N,
was used at the outlet of the reactor to trap excess vapour.

3. Comparison between the intermediate species and end-products
formation in dry and humid GAD gas compositions

The GAD degradation of dodecane in the gas phase was studied using Ar, N, and air in dry or humid
(RH=65%, 24 °C) conditions in order to investigate the effect of the different carrier gas composition
on the conversion efficiency and end-products distribution.
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Changing the carrier gas causes observable changes in the plasma plume characteristics such as length,
colour and carbon deposition. These changes are an indication of the different plasma chemistry
occurring under the different carrier gases. Table 1 summarises the reactive intermediate species that
were identified by optical emission spectroscopy measurements together with the decomposition
gaseous end-products observed by FTIR spectroscopy between the different gas composed plasmas.

Table 1 Summary of the intermediate species observed by OES and the end-products observed by
FTIR. The input power of the reactor is maximum achievable in each case. The dodecane

concentration is 90 ppm.
GAD
Plasma

FTIR
end-products

N, N, CI1u-B’IIg 315.9,337.1,353.6,357.7
200w N,' B u-X’2"g 391.4
No/Cy, N, CIT-B’I1g 315.9,337.1,353.6,357.7 HCN, CH,
C, d317g-a317u 516.4 C,H,, C;H,
185W CNBE-XE 386.1,387.1,388.3 (CO)
NH,
N,/C1,/H,0 N, CIT-B’ITg 315.9,337.1,353.6,357.7 CO, CO,,
N,* B’X*u-X’L'g 391.4 HCN,CH,,
190W C, d3ng.a317u 516.4 C2H4, C,H,
CNBEZ-XE 386.1,387.1,388.3 NO
OH A’Xu-XIlg 309
Ar Ar numerous -
105W
Ar/Cy, Ar numerous CH,4
C, & rig-a’ [u 516.4 C:H,, C;H,
105W CH AA-X2IT 431.1 (CO)
Ar/C»/H,O Ar numerous
C, &’ Mg-o’ ITu 516.4 C0,C0;
120W OH AZZM-XZHg 309 C2H4, C:H,
CH A%A4-X2IT 431.1 *oxygenated products
Ha (n=3-2) 656.3
O (5p-55) 71
Air N, C 1B’ ITg 315.9,337.1,353.6,357.7 NO,
N,* B’ u-X’L'g 3914 NO,
200W O (5p-5s) 777 N,O,4
*oxygenated products
Air/Cp, N, C B’ 1Tz 315.9,337.1,353.6,357.7 C0,CO,, HCN
N,' B u-X2"g 391.4 CH,, C:H,
200W O (5p-5s) 777 NO, NO,
OH A’Xu-X’IIg 309.01 HNO;, N,O,
*oxygenated products
Air/C1,/H,0 N, CIT-B’ITg 315.9,337.1,353.6,357.7 C0,C0O,, HCN
N,* B’X*u-X’L'g 391.4 CH,, C:H,
200W O (5p-5s) 777 NO, NO,
OH A’Xu-XITg 309 HNO; N0,

*oxygenated products

*Other oxygenated products are observed, such as aldehydes or ketones (RCHO, RCO) but cannot be
specified.

It can be seen that different gas mixtures lead to different electronically-excited reactive species which
can be related to particular end-products. In case of argon GAD, strong emission of the C, Swan and
CH band agrees with the strong selectivity towards the C, hydrocarbons C,H, (~949 cm’l), CH, (~
3341,730 cm™) and CH, (~3016, 1303 cm™), but also some CO is observed resulting from oxygen
impurities in the carrier gas and some solid carbon was deposited on the electrodes. In N, GAD, the
N,* metastable seems to play an important role to the dodecane degradation, since the second positive
nitrogen emission is weaker and first negative is not detectable. Among major end-products is HCN
(~712 cm™) which is correlated with the strong CN emission, but there is also a high concentration of
CH, and C,H; and a smaller amount of C,H,, and some solid carbon deposited on the electrodes. A
small concentration of NH;3 (~966 cm™) and CO is also observed. In air GAD the oxygen and nitrogen
reactive species have many reactions pathways in dodecane to produce a wider range of products. The
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major mineralisation products observed are CO, CO, (~2370 cm'l) and HCN, while the organics
identified were only lower concentrations of C,H, and C,H, and no CH,. Nevertheless, indication of
other organic oxygenated products exists at the regions of 1715-1680 cm™ and 1550-1500 cm™ being
the characteristic carbonyl group stretching of saturated aldehydes or ketones (RCHO, RCO) and the
asymmetrical stretching of NO in nitroso compounds (RNO) respectively. Other inorganic products
formed include NO (~1900 cm™), NO, (~1629 cm™) N,O, (~1740 cm™) and HNO, (~1263 cm™),
which are common in air discharges due to the rapid recombination of N and O radicals, but no N,O
and HNOj; were observed. The introduction of water to argon and nitrogen plasma produces O and OH
intermediate reactive species from the dissociation of water , while C, and CN signals weakens. That
agrees with the additional formation of CO, CO, and oxygenated products, while hydrocarbons are
produced in lower concentrations and there is no soot formation. The humidity does not create a big
impact to the air GAD, where N,*, N," and O emission is dominant and OH is observed in both dry
and humid air /dodecane plasma processing.

4. Gas effect on the GAD oil vapour conversion and products selectivity

Dodecane degradation in vapour phase was studied using dry and humid Ar, N, and air gliding arc
discharge with the maximum achievable input voltage for each gas. Figure 2 illustrates the conversion

efficiencies in each case.
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Fig 2. Dodecane conversion in dry and humid (RH=65%) argon, nitrogen and air gliding arc discharge

In dry conditions, the maximum conversion is observed in air plasma at 43% for an input power of
200W. N, plasma was less efficient at 32% in 185W. The maximum input power achieved in Ar
gliding arc plasma was only 105 W and resulted in lower conversion of 12%. The injection of
humidity to the non-oxidative environment of argon and nitrogen plasma produces OH and O reactive
radicals which enhance the dodecane conversion significantly to 42% and 51%, respectively. In case
of the oxidative air plasma, the water causes no effect to the power and the conversion.

Figure 3 illustrates the gas effect to dodecane conversion end-products selectivity expressed as
inorganic carbon (/C) such as CO, CO, and HCN in case and organic carbon products (OC), such as
CH,, C,H,, and C,H,. The selectivity towards the inorganic and organic products observed, differs in
any case.
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Fig 3. Dry and humid gas effect to the selectivity of inorganic (IC) and organic carbon (OC) end-
products

In the non-oxidative dry argon gliding arc plasma, dodecane degradation leads to methane, ethylene
and acetylene with a selectivity C,H,> CH,>C,H,, while there is also low selectivity to CO due to the
oxygen impurities. Similarly in dry nitrogen plasma dodecane degradation has a higher selectivity
towards the organic hydrocarbons rather the inorganic products of HCN and the overall sequence in
selectivity is HCN>C,H,>C,H,>CH,. In the case of air, a low selectivity occurs towards the specified
organic hydrocarbon products, since the reactive O radical oxidises them to CO and CO,. The addition
of water in argon and nitrogen plasma is seen in Figure 2 that enhances significantly the dodecane
degradation. Nevertheless, Figure 3 shows the selectivity towards the organic products is very much
decreased, as the O and OH leads to CO, CO, and other oxygenated products such as aldehydes or
ketones (RCHO, RCO). Humidity in air plasma causes no effect to the dodecane degradation and
products selectivity, probably because the reactive O and OH species are already sufficient enough in
the dry plasma.

5. Gliding arc plasma degradation of liquid dodecane

Gliding arc discharge has been used for the treatment of liquid dodecane with the experimental
configuration as given previously, in Figure 1B. In this work, gliding arc discharge was generated with
51 min™ nitrogen in 200 W input power to treat 5 ml of dodecane. Because of the excess vaporisation
and gaseous products during the treatment, a liquid nitrogen cold trap was used to avoid the signal loss
in the IR cell. After 4 min of treatment only 1 ml of dodecane was left in the reaction cell and was
collected for future liquid analysis.

Figure 4 shows the degradation products of the gliding arc treatment of liquid dodecane compared to
those in the vapour phase as measured by FTIR. Overall, the major end-products that were observed in
the nitrogen plasma treatment of dodecane vapour, such as HCN, C,H,, C,H4, CH, and some CO, were
the same as in the case of nitrogen plasma-liquid treatment, but in higher concentration levels.
Nevertheless, there are some new peaks observed in the case of the plasma-liquid treatment that could
be an evidence of potential organic intermediates. The peak at the region of 1240-1230 cm™ could be
correlated with the C-O ether stretching (R-O-R) as a possible intermediate due to the oxygen
impurities in the nitrogen gas. The peak at ~ 627cm’' could be the C-H deformation vibrations of other
potential gaseous organic intermediates formed during the plasma-liquid treatment of the oil.
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Fig 4.Comparison between the FTIR absorption spectra of the gaseous products after nitrogen gliding
arc plasma treatment of dodecane in vapour and liquid phase in maximum achievable input power,
P=185W and P=200W respectively. The spectra resolution is 1 cm™.

During nitrogen gliding arc plasma-liquid treatment of dodecane some conversion of the liquid
dodecane into gaseous end-products is expected and Figure 5 shows how the concentration of the
gaseous products changes during the 4 min of treatment. All product concentrations are increasing
with time, apart from CO which seems to remain quite stable. Although the gaseous products observed
are the same as in case of the dodecane vapour treatment, it is interesting that the selectivity differs. In
the liquid case, there is greater selectivity to C, unsaturated hydrocarbons (C,H, and C,H,), rather than
HCN as observed in the vapour phase (Figure 3). Furthermore, HCN and CH, formation have slower
increases compared to the C, hydrocarbons.
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Fig 5.Gaseous products distribution during nitrogen gliding arc plasma-liquid treatment of dodecane

6. Conclusions

The gas effect to plasma degradation of vapour dodecane has been investigated as an essential step
before the plasma-liquid treatment using OES and FTIR spectroscopy for the plasma intermediate and
end-products investigation.

Changing the carrier gas between argon, nitrogen and air causes changes in the colour of the plasma
plume, degradation conversion and end-products. In dry conditions, the maximum dodecane
conversion achieved was 43% with air plasma, then 32% in nitrogen plasma and only 12% in case of
argon. Dodecane processing in argon plasma is controlled by the primary steps of electron impact
dissociation and electron-induced excitation creating metastable Ar~ which lead to high selectivity of
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CH,, CH,, C,H, organic products which is correlated with the excited C2* and CH* observed by
OES. Similarly in nitrogen, plasma metastable N, seem to play an important role to dodecane
degradation leading to hydrocarbons, but also N radicals lead to a high selectivity of HCN which is
correlated with the strong signal of CN* seen in OES. In air plasma, formation of atomic oxygen
initiates the dodecane destruction, and can create OH radical by hydrogen abstraction leading finally to
oxygenated products, but also forms NOx.

In humid conditions, dodecane conversion is enhanced in the argon and nitrogen plasmas by the OH
radicals whose presence is confirmed by OES. In these cases, the reactive O, OH radicals lead to a
domination of CO/CO, and other oxygenated products such as aldehydes or ketones (RCHO, RCO),
but low selectivity towards the hydrocarbons. In case of air plasma, humidity has no effect to the
destruction efficiency or products selectivity.

In the plasma-liquid treatment using nitrogen gliding arc discharge a high degree of vaporisation and
gaseous products is observed. The same gaseous products as in vapour phase treatment are identified
such as HCN, C,H,, CH; CH, and some CO, although with a higher selectivity towards C2
unsaturated hydrocarbons in this case. Also, in difference to the vapour phase treatment, the FTIR
analysis indicates ethers (ROR’) could be possible organic end-products.

On going future work includes use of dry /humid argon and air to treat dodecane as well as the post-
plasma treatment liquid analysis in order to correlate the degradation mechanism in the vapour and
liquid phase.
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Measured profiles of barrier surface structures by means of a laser scanning microscope are used
to calculate the electric field distribution in air in the vicinity of the barrier surface. The local
electric field near the surface is shown to have strong dependence on the surface profile elements
(highness of juts, curvature radii of their peaks and the distance between neighbour juts). It is
shown that the values of local fields are sufficient for ionization processes in air and it is supposed
that such additional ionization is one of the main factors to change the discharge behaviour.
Possible effect of the films of different chemical composition on the charge accumulation on the
surface is analysed.

1. Introduction

Recent experiments [1] have shown that there is distinct dependence of the surface microdischarge
structure and electric characteristics of the discharge on the structure of the dielectric barrier surface
and its material. In a range of works [2, 3] a marked influence of the roughness of the dielectric barrier
surface on the secondary electron emission from dielectric coated electrodes has been shown. But it is
difficult to explain only by secondary electron emission the change in the microdischarge structure and
intensity when an additional dielectric layer is deposited on the barrier. The aim of the present work
was to analyse a possibility of additional ionization processes in gas near the dielectric barrier surface
due to electric field created by protrusions (or juts) on the surface of the barrier and to connect the
change in the surface discharge characteristics with a change in the barrier surface structure.

2. Experimental results used in the analysis

Barriers used in [1] were in a form of Alumina or Pyroceramics (glass ceramic composite - polycrystal
silicium oxide) plates 1.1 mm of thickness with different surface roughness and covered by films of
Si0,, TiO,, Barium-Strontium Titanate (BST) or Al,O;. The films were deposited on the barrier
surface by a radio-frequency ion-plasma sputtering method. The thickness of the films was about (70-
100) nm. High voltage up to 3 kV, its frequency 14 kHz, was used to initiate surface discharge from
the edges of the surface grounded electrode, while the HV electrode was at the reverse side of the plate.
Photos of the surface discharge made with a Panasonic LUMIX DMC-FS3 camera are given in Fig.1
and show distinct change in the structure of microdischarges and in their intensity for different films.
To explain the results presented in [1] careful measurements of all barrier surface structures by means
of a laser scanning microscope LEXT OLS3100 were carried out. An example of the surface profile
for Alumina barrier is given in fig. 2 where all main parameters of the profile used in the analysis are
indicated. Values of H; were measured relative a middle line of the profile m. Each value in table 1 is a
mean one for at least 5 different profiles measured for a given surface. Besides, two significant
characteristics of the profile that are connected with the roughness of the surface were estimated using
the measured profiles: the mean value H,,.,, of the height of the juts relative the middle line of the
profile and the mean radius of the curvature of the jut tip 7. It must be noted that there was registered a
big variety of profiles for each surface. So each value in table 1 is a mean one that correspond to a unit
region of the surface equal to 250 x 250 um. The parameters of the measured profiles show strong
dependence on the roughness of the barrier surface and on the type of the film that is additionally
deposited on the surface.

111



Fig. 1. Images of discharge across barriers with films of Alumina (left) and rough Pyroceramics (right).
A - without a film, B — BST film, C — TiO, film, D — Al,O; film, E — SiO, film.

1 N NN Lm

Fig. 2. An example of measured Alumina barrier surface profile and its main parameters.

Tab. 1. Characteristics of surface structure of barriers.

Material of the barrier surface H,eon , UM r, um S

Alumina without a film 0.8 1.8 13.5
Al,O5; on Alumina 1.0 0.25 8.0

BST on Alumina 0.8 2.1 11.0

TiO, on Alumina 1.4 1.5 11.5

Si0, on Alumina 1.0 1.2 12.0
Pyroceramics without a film 1.5 6.3 32
Al,O; on Pyroceramics 1.5 5.1 34
Si0O, on Pyroceramics 1.4 8.8 36

3. Discussion

Elucidation of the role of surface structure in the discharge behaviour is based on an assumption that
there is an additional ionization in air in the vicinity of the barrier due to the barrier surface roughness.
The possibility of such process requires an analysis of electric field distribution in the air gap above
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the barrier surface for the electrode arrangement used in present work. The procedure used to evaluate
the field strength values (£) near barrier surface included two steps. The first step was to calculate the
electric field distribution created by the electrode in the gas above the barrier and to evaluate its
normal component. The second step was to analyse the local fields near tips of single juts. The
superposition of these two fields permits to evaluate the field near the surface protrusions. A detailed
description of the 2D model and the procedure used to calculate the electrostatic field distribution near
the electrode edge and the model to calculate the field near the jut tips are given in [4, 5]. We produce
here only the main results of the calculations based on the above models and done for measured
profiles of the used barrier surfaces.

The main force lines of the electric field formed by the electrode edge near an Alumina barrier
for applied voltage U=2.5 kV are given in fig. 3a, whereas in fig. 3b the normal component of £ at the
barrier surface for different force lines is presented. The surface roughness is not taken into account.
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a) b)
Fig. 3. Distribution of the applied electric field force lines (a) and normal component values £, at the
barrier surface. The electrode thickness is 10 pm.

Pictures of the calculated electrostatic field distribution near juts on the rough surface of Pyroceramics
and Alumina barriers without a film are presented in fig. 4 as an example. The light regions in fig. 4
are for higher values of the field and show that only relatively high juts on the surface (“significant”
juts) create high field near their peaks whereas small juts and the juts in the hollows are screened by
high juts. In the following analysis only significant juts were taken into consideration to compare the
situation near the surface of different barriers. So the values H,,.., in table 1 correspond to mean values
of all “significant” jut heights H; above the middle line of the profile. As a “significant” height H; >
0.5 H,. was taken where H,,, is the maximal height value for juts in a given profile. The values in
table 1 of radii of curvature of the jut peaks » and the mean distance between them S,, are also for
“significan” juts.
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Fig. 4. An example of calculated electrostatic field distribution near surface of Alumina (left) and
rough surface of Pyroceramics (right) without a film.

The calculated field distribution near barrier surface was used to analyse the field near single juts as a

function of distance ¢ from the jut peak away into the gap along a line perpendicular to the barrier
(fig.5). The parameters of each jut are as in table 1.
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The values of the electrostatic field £ *=E/Egas are normalized to the field value E, that
corresponds to the field in the air gap away from the barrier surface where the field is not influenced
by the barrier structure. E,,, corresponds to data shown in fig. 3. The E * . values near the peaks of the
juts can be up to 4.6 times higher than the mean value of the field E,, and fall down practically
exponentially with 7 (fig. 5). Calculations show that £°=f{t) curves depend on three factors: the whole
surface profile of the analysed barrier, the height of the jut in view (fig. 6), on the radius of its peak
and, to some extent, on the distance between neighbour juts.
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Fig.5. Field distribution neat a single jut as a
function of the distance from the jut tip.
1- rough Pyroceramics, 2 — Alumina, 3 — smooth
Pyroceramics
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Fig.6. Maximum values of E” as a function of the
jut height for smooth (1) and rough (2)
Piroceramics barriers

When a film is placed on the barrier surface the surface structure is changed and it leads to a change in
E*(t) curves but this change is seen only near the jut tip (fig. 7).
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Calculations show that there is a certain influence of the dielectric constant ¢ of the film on the field
distribution near the jut tip. The £, values and £ values at a distance 0.1 pm from the jut tip are
given in table 2 for different layers on the Pyroceramics barrier.

Table 2. Influence of layer characteristics on the field neat a jut tip.

¢ of the layer material €=500 =80 e=4 without layer (e=9)
E s 4 3.8 2.95 2.35
E" at 0.1 um from jut tip 1.45 1.4 1.2 1.3
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In a whole the electric field that governs the microdischarge appearance near the electrode edge and
the microdischarge development across the barrier surface is a superposition of three fields: the
applied field at the electrode edge, the field of charges left on the barrier during the previous half-
cycles of the applied voltage and the field created by juts on the barrier surface. It is possible to
compare the field along a certain force line calculated in the present work (without the surface charges
taken into account) and the one given in [5] for the charges on the surface being taken into account.
The comparison shows that the difference is not more than 30% and corresponds to the regions on the
barrier surface where the charge density on the surface is maximal.

If all components of the summary field near the jut tips are summarized using values from
fig.3b and fig.5 than the values of the reduced field £/N where N is the number of the molecules in the
gas for normal conditions p = 760 mm Hg and ¢ = 293K, permit to evaluate the values of ionization
coefficient a/N using well known dependence of o/N = f(E/N). The next step is to evaluate the number
of ion pairs created by ionization according to the equation

n= exp[J:2 a(E)- dt),

where ¢, corresponds to the jut tip and #, corresponds to a point where the value of the field £* = 1.01
E’,.ax. The results of such calculations for juts at different distances from the electrode edge along the
barrier surface are given in fig. 8 and are for one single jut. It is seen that at least one new electron can
be created in the field near the jut. As the development of the microdischarge channel goes over a
surface with many juts the number of charges created by ionization depends on the number of juts on a
surface which in its turn is defined by the distance S between neighbour juts. A very rough estimation
shows that summary values of charges that can be created in gas above barrier surface area with
dimensions 1 mm x 30 pm (along the electrode edge) are in the range 280 for Alumina barrier and 712
for the same barrier with an Al,O; film on its surface. As the additional charges in the gas where the
microdischarge channel develops can influence the discharge [6], the intensity of this influence
depends on the characteristics of the barrier surface.

4. Conclusion

The role of the surface structure of the barrier and its chemical composition in the microdischarge
behaviour is proposed to be connected with the production of additional charges in ionization
processes that go on in high electric field near juts on the barrier surface, the values of this summary
field being dependent on the parameters of the surface layer. The other factor to change the discharge
behaviour is the chemical composition of the barrier surface layer. As the memory effect of the surface
charge left on the barrier surface defines the position of microdischarge channels relative the barrier
surface it can concluded that films of different chemical composition create different conditions for the
charge accumulation on the surface which leads to a change in the electric field near surface juts.
Calculations show a possibility of such influence.
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The present work proposes to study the efficiency of a corona discharge working in a pulsed
regime to eliminate 1000 ppmC of an equimolar mixture of acetylene (C,H,) and acetaldehyde
(CH;CHO) present in a N, gas stream containing 5% of oxygen. In these experimental conditions,
a specific input energy around 200 J/L has been sufficient to remove 99% of the initial
acetaldehyde and 66% of the initial acetylene. The simulations performed by using a quasi-
homogenous model have showed that acetaldehyde is mainly removed by short lived excited
species generated during the pulse time, while acetylene is mainly destroyed by oxygenated
species (O, OH) during the post-discharge time.

1. Motivation

Among the air and industrial exhaust gas possible treatments, atmospheric plasma processes have been
the subject of many studies for the last two decades and have demonstrated their good efficiency for
the removal pollutant molecules diluted alone in N,/O, gas flows [1]. Concerning the removal of a
mixture of pollutants by atmospheric discharges, even if some studies have been proposed since a
decade [2-5], few of them have concerned processes at ambient temperature and atmospheric
conditions [6-7]. In this context, this work have been focused on the efficiency of an atmospheric
pulsed discharge to remove 1000 ppmC of acetaldehyde and acetylene, two representative molecules
of volatile organic compounds emitted in the exhaust gas [8-9].

2. Experimental part

The experimental setup is described briefly here. For more details see [10-12].

The reactor used in the present work consists in a 100 um diameter tungsten wire anode placed in a
20 mm diameter cylindrical steel cell (Figure 1). The pulsed atmospheric discharge is generated by a
Marx generator delivering 20-30 kV voltage on the cathode. The typical current rise time is around 5
ns. The mean pulse duration is around 200 ns. The discharge repetition rate can be varied between 1
and 20 pulses per second. Mean electrical energy provided in the discharge at each pulse vary between
15 mJ and 20 mlJ.

The gas inlet is mainly composed by a 1000 ppmC of acetylene and/or acetaldehyde mixture diluted in
a N, flow containing 5% of O..

In the outlet flow, residual pollutants and other oxidation end products are identified via a Shimadzu
GC-2110 Gas chromatography device. The continuous monitoring of CO and CO, concentrations is
done by a multi-gas analyser provided by Environnement S.A.

Process efficiency is evaluated by measuring the pollutants residual concentrations and the CO+CO,
global selectivity as a function of the specific input energy which corresponds to the energy deposited
per unit volume of gas flow treated in the discharge cell. It is obtained from the discharge pulse
frequency in Hertz, the energy deposited per pulse in J and the gas flow rate in L per second using the
following expression:

Pulse energy (J)x Frequency (Hz)

SIE (J.0Y)= 1
Flow rate (L.s™")
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Fig. 1. Experimental set-up for investigation of mixture oxidation in WTC corona discharge.

3. Experimental results

One of the main objectives of this work was to evaluate the efficiency of the discharge to remove
simultaneously equivalent amount of two different pollutants. First experimental results obtained in
our plasma configuration are reported on figure 2 which represents the residual amounts of both
pollutants when 500 ppmc of acetaldehyde and 500 ppmC of acetylene are initially alone and in
mixture in the gas flow inlet. According to this figure, when pollutants are both diluted in the initial
N,/O, gas flow, the discharge is globally more efficient to remove acetaldehyde than acetylene. Thus,
at a specific energy of 150 J/L, 96% of initial acetaldehyde is removed, whereas for a specific energy
0f 200 J/L only 65% of the initial acetylene present in the flow has been removed.

100 CoH, in Mixture 500ppMC/500ppmC
< CoHo(500ppmC)
k=
£ 10 CH,CHO
=] ] in ]
_8_ ] 3 /
= 500ppmC/500ppmC
=]
kel
x CH3CHO (500ppmC)
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0 50 100 150 200
SIE (J/L)

Fig. 2. Comparison of degradation of 500 ppmC of acetaldehyde and 500 ppmC of acetylene alone and
in mixture in a 94.5% N,/5%0, gas flow.

The figure 3 represents the influence of the initial concentration of each pollutant, injected as a single
molecule. We observe that, whatever the studied pollutant, doubling the initial amount of carbon to
convert leads to a depletion of plasma efficiency. This means that, at constant energy deposited in the
discharge, concentration of active species are not high enough to oxidise with the same efficiency
500 ppmC and 1000 ppmC of pollutant.

117



Nevertheless one exception must be noticed, since, according to figure 2, the plasma allows removing
500 ppmC of acetaldehyde with the same efficiency whether alone or mixed with acetylene into the

initial gas flow.
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Fig. 3. Comparison of the degradation of both pollutants when individually dilute in a 94.5% N,/5%0,
gas flow for two different initial concentrations (500 and 1000 ppmC).

To understand this difference of reactivity, a modelling study of the process has been achieved.

4. Modelling part

To improve our knowledge of the chemical phenomena occurring in the discharge, a modelling study
has been achieved with a quasi-homogeneous 0D chemical model [10-12] taking into account 90

species involved in 460 reactions.
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Fig. 4. Comparison between simulations and experiments for a mixture containing 500 ppmC of

CH;CHO and 500 ppmC of C,H..
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This model has been validated by the good accuracy observed between simulations and experiments
for the pollutants removal results (see figure 4).

The reliability of this model has allowed us to use it to compute the consumption flow of the two
pollutants in a streamer area (figure 5 and 6) during one period between two successive pulses
generation.
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Fig. 5. Computed consumption flow of acetaldehyde for an initial mixture containing 500 ppmC of
acetaldehyde and 500 ppmC of acetylene in a 94.5% N,/5%0, gas flow
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Fig. 6. Computed consumption flow of acetylene for an initial mixture containing 500 ppmC of
acetaldehyde and 500 ppmC of acetylene in a 94.5% N,/5%0, gas flow

The analysis of the computed consumption profiles represented figure 5 and figure 6 indicates that
both pollutants are consumed during the discharge and the post-discharge time. But around 60% of
acetaldehyde initially present in the streamer area is consumed during the discharge phase by reactions
with short live active species (mainly electron and N, metastable state), whereas only 30% of initial
acetylene is consumed during this period with a consumption flow one order of magnitude lower than
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for acetaldehyde. Consequently acetylene is mainly consumed during the post discharge time by
reaction with O and OH, but theses processes are directly in competition with acetaldehyde
consumption reactions with the same radicals. In addition, according to kinetic parameters (see
table 1) for these processes, reactions with acetaldehyde are respectively 100 and 3 times more rapid
than the one with acetylene. Consequently for each pulse acetaldehyde is three times more consumed
than acetylene.

Tab. 1. Kinetics data for main pathways of pollutants decomposition.

Reaction ka0 (cm3.molecule.s'l) Reference
C,H, + O => products 1.45x10™" [13]
CH,CHO + O — products 4.5x10™" [13]
C,H, + OH => products 1.07x10™" [14]
CH;CHO + OH — products 1.62x10™" [15]

5. Conclusion

This study shows the possibility of eliminating simultaneously two representative molecules of
pollutants by an oxygenated pulsed corona discharge. As for individual removal of each pollutant, in
mixture conditions, acetaldehyde is more efficiently removed than acetylene by the discharge.
Concerning individual chemical behaviour of each pollutant, mixing has better benefit for
acetaldehyde which is decomposed more rapidly than acetylene, consuming the radicals which could
react with acetylene. This behaviour has been observed by Wang and al. [6] for mixtures of BTX
where xylene decomposition kinetics is slowed down by the presence of benzene and toluene. The
analyses from our kinetic model suggest that differences observed between pollutant decomposition
kinetic is due to the fact that acetaldehyde is decomposed rapidly during the pulse period and reacts
with O and OH two times more rapidly than acetylene during the post discharge period. The
competition between the two pollutants for reacting with these radical being in favour of acetaldehyde,
this could explain why acetylene is less converting in a mixture.
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The optimization of sonication process was studied for saturated fatty acids degradation. The saturated fatty acids are the
most hard-degradable compounds of the fats, oils and greases (FOG) from the grease trap device. The influence of the
various parameters, especially immersion level of the ultrasound probe into the liquid and simultaneous bubbling of various
gases (Ar, O,, air, O3) on the sonochemical and energy efficiency of the sonication process were investigated. Finally, the
best parameters were selected to decompose hydrophobic compounds such as saturated free fatty acids. Treatment results of
fatty acids were analyzed by GC/MS. The most effective degradation treatment method for saturated free fatty acids, as it
turned out, was a sonication simultaneously with low flow rate of argon bubbles and with ultrasound probe deep immersion
level into the liquid under controlled temperature process.

Keywords: sonication, grease trap, free fatty acids degradation, hydrophobic compounds, argon, ozonation

1. Introduction
The presence of hardened and insoluble fats, oils and greases (FOG) that deposit in sewerage is a main cause of
pipes blockages. To resolve this problem, grease trap devices based on various treatment methods, e.g. physical
gravity separation or application of microbial cultures and enzymes is used.
Recent studies discovered that saponification reaction between free fatty acids and metal ions was response of
FOG deposit formation [1]. To prevent this phenomenon, the free fatty acids, which are the major and the most
hard-degradable components of FOG, must be removed or degraded. The conventional type of grease trap based
on physical gravity separation is inefficient in removing oil droplets less than 10 um diameter in fine oil-in-water
colloidal suspension and less than 20 um diameter in the wastewater containing surfactants. The biological
treatment (biodegradation rate with microbes) is satisfactory but it is time dependent, and is the best degradation
method only if a large space is available and the investment timeframe is sufficiently long as well. Therefore, the
common methods such as physical gravity separation and biological treatment grease trap do not give a perfect
solution for FOG removal/degradation. An alternative such as carried out in this paper needs to be invented to
tackle this unsolved problem.
Various studies and patents have addressed the sonication removal methods of oil-in-water colloidal suspension
of wastewater, based on separation of FOG phase from water phase due to hydrophobic character of FOG [2-3].
The best removal method is sonoelectrocoagulation, based on sonication simultaneous with electrolysis, which
give 100 % removing of FOG from grease trap [4]. However, while a large number of studies have been referred
to sonication removal methods, very few work has been done on the evaluation of sonication grease trap
treatment method based on FOG degradation and lack of data. Previous research [5] was proven that hybrid AOP
sonication/ozonation was a suitable treatment degradation method using only electric power for the effective
degradation of free fatty acids in the water medium. However, low mass degradation efficiency of saturated free
fatty acids was contributed to the development of grease trap purification by sonication such as carried out in the
present work.

2. Experimental setup and methods

2.1 Ultrasonic device and reaction system

The ultrasonic power supply converts 50/60 Hz voltage to high frequency electrical energy at constant value of
20 kHz and controls the ultrasound amplitude { at the probe. Electrical power delivered to the transducer Ppr was
measured by the Ultrasonic Processor and data were collected by Graphtec midi Logger GL200A.

Reaction system shown in Fig.1 was made up of glass tubular reactor (22 ¢m length, @ 3.3 c¢m). In the central,
from the top of the reactor, the ultrasonic probe connected with the reactor by silicon tube was placed. In the
bottom of the reactor in the blank silicon plug, the temperature probe (K type thermocouple connected with
Graphtec midi Logger GL200A) and stainless cylindrical gas filter (Flowell, Japan, & 1.2 ¢m with 2 um pore
size) was installed. In the experiments with simultaneous bubbling, small gas bubbles (air, oxygen, argon and
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ozone) were generated by 2 um pore in the stainless
filter under constant flow rate 0.1 //min. The gas -~
outlet was introduced from the top of silicon tube et

through the condenser. Water in the condenser was

kept at 5 °C, which removed vapor from the gas U“Lﬁ;‘;[;m;»
phase and turned back to the reactor. The reactor was

located in the tubular cooling water bath (25 cm

length, & 12 c¢m) with cooling water at 20 °C.

~— condenser

2.2 Materials o siicon tube
A 0.1 M potassium iodide aqueous solution was .
purchased from Kanto Chemical (Japan). Two T - ._._. >
saturated fatty acids (palmitic acid C16:0, stearic acid cooling BEER liqud level
C18:0) were used in this study and were purchased bath =% in reactor
from Wako Pure Chemical Industries (Japan).
Derivatization agent hydrogen chloride — methanol A R e
(1.4 N, HCl: 5~10 %) was purchased from Tokyo reacter o
Chemical Industry (Japan). Analytical standards emperature gas filter
F.AM.E. mix RM-6 (Supelco), nonadecanoic acid, probe  —| —
hexan, luminol (3-aminophthalhydrazide) and sodium — o gas nlet
carbonate monohydrate were purchased from Sigma =__ [ v

Aldrich  (USA). Purified water (class A2,
conductivity < 0.1 mS/m) purchased from Takasugi-
Seivaku (Japan) was used for all experiments.

Figure 1: Reaction system setup (with high immersion level
of the ultrasound probe into the liquid).

In the experiment with ozonation process, ozone was generated by dielectric-barrier discharge ozone generator
Sensui AS-500SS (Ohnit, Japan) from mixture gas (N,:O, 4:1 w/w) with 2.5 I/min flow rate (controlled by digital
mass flow controller, Yamatake CMQ, Japan) under atmospheric pressure. The ozone gas concentration was
measured by ozone UV monitors (Ebara Jitsugyo, model-600, G6SHE-T, Japan connected with Graphtec Midi
Logger GL200A for collecting data) on the inlet and the outlet of reaction system. Residual ozone was
decomposed by the ozone destructor.

2.3 Experimental parameters and Measurement methods
Optimization of sonication process was investigated under various procedures and parameters:
- ultrasound amplitude, { (70 % and 90 %, where {990, = 124 um)
- with/without temperature process control (by cooling water bath at 20 °C)
- process time, ¢ (10, 20, 30 minutes)
- procedure with simultaneous bubbling of argon, oxygen, air (N,:0, 4:1 w/w) and ozone
- immersion level of the ultrasound probe into the liquid ( low 2.5 cm and high 10 ¢m)

2.4 Sonochemical and Energy efficiency

Standard methods (calorimetry and KI dosimetry [13]) are used to obtain sonochemical and energy efficiency of
reaction system. The ultrasonic power dissipated into liquid Py (W) is calculated by the following equation.

Pys=mC,[dT/dt] ()
Where, m is the mass of water (g), C, is the heat capacity of water (4.2 J/g K), dT/dt is the temperature slope of
water per unit of sonication time (K/s). In this work, the sample volume is 0.1 /. The initial temperature is
measured using a thermocouple (K type) and the average value is 20 + 0.5 °C. Measurement is carried out at first
minute of sonication process. To convert Pyg and Ppyr to power density D (W/I), the power is divided by the
sample volume V (/).

Dys= Pys! V (2) Dpr=Ppr!V (3)
The energy efficiency #p is calculated from ultrasonic power density dissipated into liquid Dyg and electrical
power density delivered to the transducer Dpr at first minute of sonication process, it is shown by the following
equation.

np=Duys /! Dpr 4)
The KI dosimetry method is one of the measurement methods of sonochemical efficiency of sonication process
by calculation of triiodide ion concentration C;. When ultrasound is irradiated into aqueous KI solution, I ™ jons

are oxidized to give I,. When excess I™ jons are present in solution, I, reacts with the excess I™ jons to form 13_
ion.
‘OH+1 - OH +1 %) I+ —>1y (6)
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212_—> 12 + 21_ (7) 12 + I_—> IE_ (8)

Hydroxyl radicals are considered to be the main oxidizing species generated during the sonolysis of aqueous
solution. Nevertheless, when KI solution is under ultrasound irradiation and simultaneously with ozonation, the
pathway of I, creation is determined by the following directly ozone reaction.

0;+2I' +H,0 -0, +OH + 1, 9)

The absorbance 4 of I3 ion is measured at 355 nm (¢ = 26.303 //mol c¢m) by using spectrophotometer (Hach,

DR/4000U, USA) and concentration of triiodide ion C;(mol/]) is calculated by the following equation.
Cr=A4/(eb) (10)
Where A is the absorbance of I3, ¢ is a molar absorption coefficient of I3 ion and b is path length of the

spectrophotometer (measurement cell b = 1 cm).
The total efficiency of sonication process 7, (mol/J) is described by the following equation.
Mot = C1/ (Dprt) (1)
Where ¢ is the sonication time.
After optimization of sonication process, the best conditions were chosen to run degradation treatment of
saturated free fatty acids.

2.5.2 Sonochemiluminescence (SCL), Sample preparation and Sample analysis

The sonochemically active zone in the reactor was imaged by SCL method. The immersion level of the
ultrasound probe into a liquid was at 10 ¢m and 2.5 cm under various processes such as sonication only,
sonication simultaneously with argon bubbles, sonication simultaneously with ozone bubbles and ozone
bubbling only. Experiment was run under constant amplitude { 79.,= 86.8 um, constant gas flow rate 0.1 //min,
and ozone concentration 1.1 g/ N m’. A luminol solution containing 0.1 g/l luminol and 0.5 g/l sodium carbonate
in purified water was used.

Under ultrasound irradiation, luminol molecules react with *OH radicals generated from sonolysis of water
molecules, transform to excited-state fluorescing 3-aminophthalate (3-APA), and then stabilize as 3-APA
through emitting visible light called SCL. Because this reaction is related to OH radicals or other oxidizing
radicals species generated by ultrasonic cavitation phenomena or ozone itself, the brighter regions indicate the
active zones.

Samples were prepared in glass jar (1 /) with 1 / purified water and adding about 5 g of fatty acid, which is
adequate concentration of the FOG in the wastewater from the restaurant cooking area. Palmitic and stearic acids
have high melting points (62.9 °C, 69.6 °C, respectively) and under this temperature, fatty acids are in solid
phase (granulated product). For saturated fatty acids, homogenization process started when temperature rose
higher than 65 °C, as in the preview study was observed. To get fine oil-in-water colloidal suspension for
saturated free fatty acids, it is necessary to run process above saturated fatty acids melting point. Hence, the glass
jar with sample was heated in water-bath up to 75 °C and when temperature was stabled, homogenization
process was run under “low” sonication conditions (3 minutes sonication time with 1 cm ultrasound probe
immersion into the sample, Ppr= 65 W) to minimized degradation effect. Afterward, sample was cooled down
under magnetic stirring. After cooling down to the room temperature (below to the saturated fatty acids melting
point), emulsion (liquid-liquid colloidal suspension) was changed to sol (solid-liquid colloidal suspension).
However, the colloidal suspension breaking was not achieved. Homogenization process was run without any
homogenization agent and samples had to be kept under continuously magnetic stirring to prevent the samples
from colloidal suspension breaking. Colloidal suspension stability was proven by viscosity measurement
(Rheometer, Anton Paar MCR Physica 101, Austria). For the fine colloidal suspension, where water is continues
phase (dispersion medium), the viscosity accepts the continuous phase viscosity. The viscosity of the saturated
fatty acid sol at 20 °C was 1.273 + 0.090 cP (viscosity of water at 20 °C is 1.002 ¢P) and stability of the
colloidal suspension was proven.

Samples were prepared in the following way to eliminate energy spend on emulsification process during the
treatment process. Each fatty acid was prepared separately and then was used to treatment process with samples
volume of 100 m/ each. After each treatment procedures, 0.5 m/ samples were collected immediately in 4 ml
vials and stored under -20 °C until GC/MS analysis. Zero samples were collected in the same way before each
treatment processes. All samples were collected double. Every treatment procedure was repeated and analyzed
for three times and average percent of fatty acids mass degradation rate was estimated by compared results to the
zero samples.

3. Experimental results and discussion
3.1 Simultaneous bubbling of various gases
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As was described in previews paper, under sonication process simultaneously with gas bubbles high flow rate
1.5 I/min, the high cavitation phenomena disruption was observed by reduction of one-third energy efficiency,
and the higher energy was delivered to transducer instead of lower temperature process[S]. Generated relatively
small bubbles by the stainless gas filter with flow rate at 0.1 //min in the sonicated liquid (see Figure 1), was not
influenced on the shock waves released while the acoustic impedance was reduced, and in consequence, the
power delivered to transducer Ppr was slightly reduced, especially at 10 ¢m immersion level of the ultrasound
probe. The energy efficiency #p was not changed at 2.5 c¢m immersion level of the ultrasound probe but at 10 cm
immersion level of the ultrasound probe was reduced from 77,= 0.61 to #p= 0.56.

The presence of gas bubbles such as argon, oxygen or ozone, during sonication will promote a number of
reactions within the bubbles (cavities). The thermolysis of water to form *OH radicals and *H radicals is one of
the most prevalent reactions during sonication process. The *OH radicals is assumed to play the most significant
role in sonochemical reactions, although other free radicals may be important oxidants.

Under oxygen saturation, low temperature pyrolysis would play a significant role because of oxygen’s relatively
low Cp/Cv ratio of 1.39. Sonolytic reactions of oxygen lead to *OH, *OOH and *O radicals that provide other
reaction. The sonochemical efficiency is similar under oxygen as under air due to similar heat capacities of these
gases. With delivered oxygen and air, production of *OH radicals were not slightly changed.

Based on the higher Cp/Cv ratio of Ar over O,, a larger amount of hydroxyl radicals are expected to form in Ar
saturation. However, it was found that a larger amount of H,O, was formed from O, saturation rather than Ar
saturation from the ultrasonic irradiation to pure water. Kima et al. found that the degradation of methyl tert-
butyl ether (MTBE) in argon saturated solution shows similar rate compared to that in oxygen saturation but
shows significantly different formations of products because of effective pyrolytic degradation under high
temperatures and high pressures but restricted formations of peroxyl radicals [6]. Argon is less soluble in water
than oxygen or ozone, and at 20 kHz the greatest intensity of sonoluminescence spectra has obtained in Ar.
sonoluminescence is known to originate from the gas phase and not from the interface or bulk solution. Gases
with low thermal conductivities (O, vs. Ar, 48.1 vs. 30.6 mW/mK) will lead to more intense conditions within a
collapsing bubble because less heat is dissipated to the surrounding aqueous solution during the rapid explosion.
Therefore, the bubble implosion in the presence of Ar favors a higher overall temperature. Hence, under argon
saturation, high temperature pyrolysis would play a significant role.

The sonochemical efficiency was the greatest under argon bubbling, except results of ozone bubbling where

sonochemical efficiency was disrupted by directly ozone reaction with I ions shown in Eq. (9). It is difficult to

verify. However, the sonication under ozone bubbling can be also a high potential source of *OH radicals. Hence,
all further experiments in this work were carried out with argon and ozone bubbles.

3.2 Saturated fatty acids degradation rate
The following sonication conditions were chosen: 20 kHz ultrasound frequency, { 79, = 86.8 um ultrasound
amplitude, procedure with temperature process control by cooling water bath at 20 °C, 10 ¢m immersion level of
the ultrasound probe.
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Figure 2: Percent of palmitic acid (a) and stearic acid (b) mass degradation rate under various
treatment procedure: sonication only (US), sonication simultaneously with argon bubbles (US + Ar)
and sonication simultaneously with ozone bubbles (US + O3).

Treatment of saturated free fatty acids was run under three different procedures such as sonication only,
sonication simultaneously with argon bubbles and sonication simultaneously with ozone bubbles. The percent of
palmitic and stearic acid mass degradation rate is shown in Figure 2. The organic contaminants, under the
ultrasound may be destroyed by the combined effects of pyrolytic decomposition and oxidative degradation. As
demonstrated in Figure 2 the saturated free fatty acids mass degradation rate were achieved around 25 % for both
fatty acids.
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The treatment mechanism can be explained by similarity of pyrolytical degradation process to enzymes
oxidation mechanism. The initial attack on FOG by microorganisms is the ester bonds by enzymes (lipases)
which remove the fatty acids from glycerol molecules of the triglycerides. The main pathway for the oxidation of
fatty acids involves repetition of a sequence of reactions, which results in the removal of two carbon atoms as
acetylo-CoA with each repetition of the sequence: beta-oxidation, such as in the digestive system.
Sonication treatment was also achieved through the production of hydroxyl radicals, which are among the
strongest oxidizing species. Due to absence of double carbon-carbon bonds at the carbon long chain of saturated
fatty acids, only hydroxyl radicals can break down the single carbon-carbon bonds into carbon dioxide and water.
This process is also familiar to enzymes oxidation mechanism.
At low ultrasound frequency (20 kHz), the hydrogen and hydroxyl radicals had more time to recombine to form
water or other radicals inside the bubbles. However, with the concentration of organic substances the number of
available hydroxyl radicals for the recombination is reduced. Due to hydrophobic saturated free fatty acids have
a strong tendency to diffuse into the gaseous bubble interior, the hydroxyl radicals played the main role in the
saturated fatty acids oxidative degradation.
In the sol (solid-liquid) colloidal suspension, disruption of the solid contaminants by the jetting phenomenon
associated with the collapse of cavitation bubbles is taken place, especially at low frequency. Moreover, these
nano-scale solid contaminants (RH) could be injected inside the bubbles by an asymmetrical collapse and react
with *OH radicals or directly destroy by collisions with Ar.

RH + *OH — *R + H,0O (12)

RH + Ar — *R; + *R, + fragments (13)
This mechanism play crucial role in the sonication simultaneously with argon bubble treatment procedure and a
high degradation rate was observed, as reported in Figure 2.
In the hybrid AOP method sonication/ozonation for a degradation of unsaturated fatty acids, the main roll was
played by ozonation process, due to the direct reaction of ozone with carbon-carbon double bonds in long carbon
chain of fatty acids, as was presented in previous paper [5]. Due to the absence of double bond in the chemical
structure of saturated fatty acids, stearic and palmitic acids cannot react directly with ozone. To consider that fact,
ozone can be only as a source of *OH radicals under saturated fatty acids degradation treatment procedure. As it
shown in Figure 10, degradation rate is almost twice higher than sonication process alone, which suggest of a
high efficiency of ozone transformation to hydroxyl radicals under ultrasound irradiation.

4. Conclusions

The results of optimization of sonication treatment process demonstrated about some important parameters for

the hydrophobic contaminants degradation. However, many parameters depend on each type of sonication

system and a few general conclusions are noticed as follows.

- The low ultrasound frequency is effective method for hydrophobic contaminants degradation.

- The deep level of the ultrasound probe immersion into the liquid is highly effective with sonication
simultaneously with relatively small gas bubbles.

- In the treatment of saturated free fatty acids with three different procedures, the mass degradation rate
obtained with the sonication simultaneously with argon bubbles was higher than that obtained with
sonication only and sonication simultaneously with ozone bubbles.

Due to insoluble properties in water and hard degradable character of saturated free fatty acids, a high
degradation rate by sonication simultancously with argon bubbles was improved. These results can be used to
pro ecological method in grease trap purification and be applied effectively as well as biological method and
gravity separation method in grease trap devices. Moreover, the investigation about grease trap purification is
ecasy to hold at the same time with laboratory scale and industrial scale such as being carried out in this study.
The treatment contaminants concentration and the reactor size were carried on the industrial scale. In addition,
cooling system is easy to apply by use the cold tap water. Hence, only investigation on the flow-reactor type
must be done to the full-scale industrial application.
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Barrier discharges in helium were studied by temporally and phase resolved surface charge
measurements, cross-correlation emission spectroscopy and electrical measurements. Depending
on the discharge cell configuration, e.g. the gap distance, kind of dielectric surfaces and shape of
the applied voltage, the diffuse discharge can operate either in the Townsend-like or in the glow-
like mode. In small gaps (distance of | mm) with a sinusoidal feeding voltage, only the Townsend-
like mode was investigated. But, for a rectangle voltage shape, the discharge operates in the glow-
like mode, probably due to the fast rise and fall time of the applied voltage. Using a sawtooth
voltage, both modes appear separately over one period. The presented results show clearly the
correlation between the deposited surface charge and transported charge as well as the optical
radiation with maxima near the anode or the cathode, respectively.

1. Introduction
The atmospheric pressure dielectric barrier discharges (BDs) have found many applications, e.g.
polymer surface treatments, thin film coatings, sterilization and gas flow control [1, 2]. They have still
a high technological potential. This study is focused on the homogeneous BD in helium. It can be
distinguished between the so-called atmospheric pressure Townsend-like discharge (APTD) and
atmospheric pressure glow-like discharge (APGD). The occurrence of both depends on the feeding gas
mixture and flow rate, gas pressure, operation frequency and shape of the applied voltage, dielectric
barrier material and the gap spacing. Furthermore, the diffuse mode as well as filamentary one
depends on the ratio of secondary y coefficients at the electrodes to ionization in the volume. The

latter is connected with the Penning ionization and the « coefficient of the Townsend ionization. In
helium the APGD is usually observed. This mode appears when the « coefficient in dependence on
the reduced field strength E/n does not lead to a dramatic ion multiplication in the volume. In
contrast to that, the probability for the APTD rises with a higher the ratio of y coefficient to the

ionization in the volume. The APTD is typical for BDs operating in pure nitrogen, whereas in helium
the APGD usually occurs. Both diffuse discharge modes are quite different in their current densities
(APTD: j~0.1 mA/cm’, APGD: j~1 mA/cm?®). Their emission intensity maxima are located near the
anode (APTD) and in front of the cathode (APGD), respectively. In this paper the spectroscopic
investigations of the discharge development by the CCS commonly with the determination of the
surface charge density are presented. The experiments were performed in pure helium. Experimental
results of the discharge development and the surface charge density are discussed.

2. Experimental set-up
The set-up of the discharge cell is shown in fig. 1. Main component is the configuration of two parallel
dielectric electrodes. An electro-optic BSO crystal is mounted on top of a grounded aluminium mirror
allowing the surface charge measurement. The second dielectric electrode is a glass plate covered on
its top side with a optically transparent and electrically conductive ITO layer. The gap distance
between the dielectric materials is 1mm . Sidewise orientated orifices enable the direct gas flow in

between the gap. Also, it allows the application of the cross-correlation spectroscopy (CCS) to
measure the optical discharge development in the volume. The working gas is pure helium (< 10 ppm
nitrogen impurities) at a pressure of 500 mbar. Three waveforms of feeding voltage have been used,
namely sine wave, rectangle, and sawtooth at a frequency of 2 kHz. The applied voltage amplitude
was varied from about 0.35 kV to 0.9 kV depending on the shape of the feeding voltage. The
experimental set-up for the investigation of surface charges and the optical discharge evolution is
illustrated in fig. 2. Surface charges have been measured on the BSO surface under utilization of the
electro-optic Pockels effect [3]. The accordant detailed optical set-up is shown in fig. 2A. A Koehler
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Fig. 1. Side-view of the discharge cell configuration.

illumination (two lenses and apertures) enables the homogeneous illumination of the BSO crystal via a
red LED (A =634nm). A linear polarization filter placed in the Koehler illumination provides linearly

polarized light. The light is reflected onto the BSO crystal by a beam splitter. Afterwards it passes a
telescopic system which enlarges the beam diameter by the factor of five. A /8 wave plate is placed in
front of the upper lens of the telescopic system changing the linearly polarized light to elliptically
polarized light. Depending on the electrical field across the BSO crystal caused by the applied voltage
and deposited surface charges, the ellipticity is additionally modified. Because of the reflection on the
aluminium mirror, the beam passes the BSO crystal and A/8 wave plate twice. Hence, the ellipticity

A

high-speed
camera
Miro 4 ex

colored filter
polarization filter

[ lens

polarization A

filter
LED with f | ﬂ | ﬂ .
and xltierarI polarizing

cooling | U | | U beam splitter

lens lens

il
[\

lens

aperture aperture MB wave plate

lens

MAIN signal

B SYNC signal .

MEM

sjunod

Fig. 2. Experimental set-up for surface charge measurements (A) and spatio-temporally resolved
spectroscopic measurements in the volume (B). CCS set-up with PC pattern generator (PPG)
triggering: PM - photomultiplier, MC - monochromator, CFD - constant fraction discriminator, TAC -
time to amplitude converter, ADC - analogue-digital converter, PPG - pattern generator, MEM -
memory.
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changes again. After that, the light passes through a second linear polarization filter and a high speed
camera (exposure time 10 ps) detects the light. A coloured filter (transparent from 620 to 640 nm)
fades out the light emission of the BD. Hence, the camera detects only intensity changes of the
reflected light. The latter allows the recalculation of surface charge density (sign and value) by the
ratio of an image with surface charges to corresponding reference image taken without any surface
charges.

The spectrally, spatio-temporally and phase resolved optical emission development has been recorded
via the well-established cross-correlation spectroscopy (CCS). Details are shown in fig. 2B. Under the
experimental condition studied, the BD operates in the diffuse mode. Hence the CCS is triggered
electrically by a PC pattern generator (PPG) [4]. The CCS is based on the time-correlated single
photon counting from about 10° consecutive discharges. The emission signal is focused onto a
vertically moveable slit via a 1:-1 imaging. Afterwards, the image is focused with a second lens onto
an optical fibre connected with a monochromator. The spatial and spectral resolution is 0.05 mm and
0.1 nm, respectively. A single photon counting photomultiplier (PM) detects the spectrally resolved
signal and converts it into an electrical signal which is analyzed by a constant fraction discriminator
(CFD). Reaching a pre-defined voltage amplitude, a second voltage signal increases linearly by a time-
to-amplitude converter (TAC). An analogue-to-digital converter (ADC) enables the corresponding
correlation of this voltage in a time-depending channel memory device (MEM) resulting in a
temporally and phase resolved intensity distribution of the discharge emission development.

3. Results and discussion
BDs operating in pure helium (purity 99.999 %, <10 ppm nitrogen impurities) generally results in the
diffuse mode. The accordant overview spectrum recorded with a sinusoidal applied voltage is shown
in fig. 3. It is dominated by several bands of the second positive system (SPS) and first negative

system (FNS). The FNS emission of the exited N,(B*X}) ions results from the Penning ionization
between helium metastables and nitrogen in the ground state. The emission of the SPS is caused by
inelastic collisions of electrons with nitrogen in the ground state to the excited state N,(C’IT,)

followed by the de-excitation to N,(B°I1,).
The development of the SPS (A1=337nm ) and FNS (4=391nm ) emission as well as the most
intensive emission line of helium ( A = 706 nm ) have been investigated by varying the feeding voltage

shape, namely sine wave, rectangle and sawtooth. The latter will be presented in detail on the poster.
Besides this, the corresponding electrical characteristic and the surface charges have been recorded
phase resolved, respectively. Fig. 4 and 5 show the discharge characterization exemplarily for the sine
wave and rectangle voltage shape. Contrary to our expectations in the case of the sinusoidal feeding
voltage, the relatively weak emission intensity maximum was found near the anode and not near the
cathode, shown exemplarily for He at 2 =706 nm in fig 4. (bottom). Also, the FNS and SPS emission

are located in front of the anode, too. This indicates the appearance of an APTD. The phenomenon can
be understood looking on the electrical measurements and the discharge cell geometry. The
measurement of the applied voltage and the net current enables the recalculation of the voltage drop
over the discharge gap, as illustrated in fig. 4 top image (gray solid line). It shows clearly that the gap

— pure He, N; (<10 ppm), diffuse mode
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Fig. 3. Overview spectrum in pure helium, sinusoidal feeding voltage signal.
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Fig. 4. Sinusoidal feeding voltage shape in a Fig. 5. Rectangle feeding voltage shape in a
pure helium BD. Top: electrical characterization pure helium BD. Top: electrical characterization
including applied voltage, gap voltage and net including applied voltage, gap voltage and net
current. Centre: surface phase resolved charge current. Centre: surface phase resolved charge
measurement over one period. Bottom: emission measurement over one period. Bottom: emission
development of helium at A =706 nm . Intensity development of helium at A =706 nm . Intensity

maximum located in front of the anode. maximum in front of the cathode.
Voltage amplitude: 0.35 kV, pressure: 500 hPa, Voltage amplitude: 0.9 kV. pressure: 500 hPa,
frequency: 2 kHz. frequency: 2 kHz.

voltage drop at the discharge breakdown is small because of a low space charge production in the
volume [5]. Furthermore, the gap distance of 1 mm is too small to develop a cathode fall region.

Additionally, the small current density is ;j=0.06 mA/cm® with a duration time of several

microseconds (30 ps) being in good agreement to the weak emission intensity and relatively long
duration (fig. 4, top and bottom, respectively). The corresponding surface charge measurement is in
excellent agreement with the net current integration. In every half period, the surface charges changes
its sign and value. After a current pulse, it remains constantly on the BSO surface, details in [6]. The
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results recorded for the sinusoidal feeding voltage indicate the rare APTD operation mode in helium.
However, in pure helium the discharges usually operate in the glow-like mode with an emission
maximum near the cathode [7]. But in contrast to our discharge cell configuration, the used gap
distances of these investigations were in the range of 2 mm to 5 mm.

Nevertheless, the glow-like operation mode is possible by the application of a feeding voltage with a
much steeper edge than in the case of the sinusoidal voltage, e.g. a rectangle voltage signal, as
illustrated in fig. 5. The emission maximum is located in front of the cathode, shown in fig. 5
exemplarily for He at 4 =706 nm . FNS and SPS are also located near the cathode, in detail illustrated

on the poster. The higher grow rate of d//d¢ induces much stronger electrical field strengths in a short
time which results in a faster ionization and space charge build-up. Beside this, the emission is
obvious higher than in the case of the sinusoidal applied voltage. The electrical characteristic is in
comparison to the sine wave quite different. The current pulse duration is ten times shorter (~1pus ).

The net current density ( j =8 mA/cm?”) is more than 10 times higher than for the APTD. A strong gap

voltage drop in the moment of the current maximum implies the formation of a space charge sheath
near the cathode and a cathode fall region. The existence of the cathode fall region with a length in
order of 1 mm is predicted by models [5] and was confirmed by measurements [8]. The corresponding

surface charge measurement shows a similar behaviour as for the sinusoidal voltage shape. But, the
temporally net current integration results in a much higher transferred charge by current pulse, Hence,
the deposited surface charges are also higher than in the APTD. However, it can be seen that the
amount of deposited surface charges is not equal in both half periods. The reason is the asymmetric
discharge cell configuration, namely the different dielectric materials. Nevertheless, the temporally
integrated net current is in excellent agreement with the deposited charges.

4. Conclusion

A new discharge cell configuration was applied to enable the joint investigation of volume and surface
processes in the diffuse helium BD. The spatio-temporally and spectrally resolved discharge
development in the volume was studied by the cross-correlation spectroscopy. The temporally
resolved measurement of surface charges on the dielectric BSO was succeeded by the application of
the electro-optic Pockels effect in combination with a CCD camera. Surprisingly, in a discharge gap of
1 mm, the variation of the feeding voltage results in quite different discharge modes, namely the
unusual APTD (sine wave) and the well-known APGD (rectangle). Hence, the derivation of d}/d¢ has
a crucial influence on the ionization mechanism and discharge development. All diagnostics have
shown an excellent correlation between the discharge development, electrical characteristic (net
current and gap voltage) and surface charge measurements.
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The method of determination of the charge transferred through the gas gap of dielectric barrier
discharges (DBDs) is proposed. The method is based on the approach of a simple equivalent
circuit, which was critically reviewed. In contrast to the state-of-art the presented consideration
accurately accounts the displacement current, which allows significant reduction of experimental
errors, the verification of the classical electrical theory of ozonizers and the development of a
graphical determination of maximal charge from measured charge-voltage characteristics in the
case of pulsed excitation. The method is experimentally examined by means of previously
measured charge-voltage characteristics in pulsed driven DBD.

1. Introduction

Dielectric barrier discharges (DBDs) have been studied extensively due to numerous applications [1—
3]. The electrical theory of DBDs was extendedly developed for large-scale sinusoidal-voltage driven
industrial ozonizers [1-6]. In these reactors, measured charge-voltage characteristics (Q-V plots, also
referred to as Lissajous-figures) appear as a parallelogram. The maximum charge transferred through
the gas gap (qmax) can be easily deduced from a Q-V plot as the variation of measured charge during
the discharge period [5]. The form of Q-V plots for DBDs under short-pulse excitation is significantly
different from the classical parallelogram and has not been used for qu.x determination. The limited
applicability of the classical theory for miniature laboratory DBDs driven by fast pulsed voltages was
discussed in [7].

The simplest models of a DBD reactor by a lumped-element equivalent circuit have been
found to be useful for the electrical characterization in numerous numbers of works, see for example
[8—13]. This approach can be applied to pulsed-driven DBDs as well as for sinusoidal-voltage driven
DBDs to determine such instantaneous discharge characteristics as the gas gap voltage, Ug(t), and the
discharge current, jr(t), from voltage, V(t), and current, i(t), waveforms measured at the external
terminals of the reactor. The opportunity to deduce the charge transferred through the gas gap was
analyzed in [10, 13] where it was concluded that the charge transfer through the gas gap is larger than
the measured charge. This is in contradiction to [5].

The aim of the present work is to review the concept of the simplest equivalent circuit of a
DBD to resolve the apparent contradiction with classical theory, and to suggest an approach for the
determination of the gas gap charge transfer.

2. Equivalent circuit
All DBD reactors contain three main parts: metallic electrodes where the applied voltage, current and
charge can be measured; isolating barriers which prevent spark or arc discharge formation; and the gas
gap where the discharge takes place. The dielectric barriers are commonly treated as ideal capacitors.
In case of symmetric DBD arrangements the effective capacitance of both dielectrics Cq is considered
as a single lumped element equal to serial connection of two single layer capacitors. In [4] Manley
concludes that: “To treat the air space as an Ohmic resistance led to no useful result”. It is clear that
variable Ohmic resistance would not explain the change of the effective capacitance of the discharge
reactor. Variable capacitance is also not suitable, because it will not describe non-zero gas gap voltage
Uy(t) during the discharge ignition. The parallel connection of a variable resistor R and the gas gap
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capacitor C,, see figure 1, is the simplest equivalent circuit that can be used for the analysis of the
DBD electrical properties.

U
Cg g .
d
g “
c
i)
£
=
/R Jr
gap node O O dielectric node

V

Figure 1. Simplest equivalent circuit of a DBD.

The presentation of the gas gap as the parallel connection of R and C, was used also in [8, 11]. Zener
diodes [2] can be considered as a specific case of variable resistor with denoted rules. They provide
the simplest circuit model for a DBD reactor where the gas gap voltage is constant Uy(t)=U,, during
the active part of the discharge. For pulsed-driven DBDs the resistor rules are more complex. Variable
impedance [11] would be a most general consideration in particular for uniform DBDs, but the
importance of including capacitive and inductive properties is unclear. The introduction of a current
source [9, 10] conflicts with the fact, that a current source is an active element which deposit energy
into the electrical circuit. Nevertheless, the change from the current source to a variable resistor would
not make an influence on the considerations about uniform DBDs given in [9, 10]. Actually R in
figure 1 can be considered as a “black box”, whose properties are of interest.

3. Discharge current jr(t)
The values: applied voltage V(t), current i(t), charge Q(t) on the reactor electrodes, total capacitance
of the reactor cell C and capacitance of the dielectric barriers C4 can be measured in experiment [7].
Following the ideas presented in [8-11] expression for discharge current jr(t) can be obtained from the
equivalent circuit in figure 1 in the form suggested in [8, 9]:.

C dv(t)
i (t)=[1+=2i(t)-C,—= (1)
0= 1+ -, %

Lomaev [8] has assumed C,/Cyq << 1 and omitted the factor in brackets of equation (1).
Massines et al. [11] also have suggested the equation for jr(t) without this factor. Whereas Liu and
Neiger [9] intently noted that this factor is important. Our point of view is that the simplification in [8]
and [11] does not have general practical justification. In present work we suggest to write the equation
(1) as:

)= i(0)-c, | o

dt

— Cdcg
cell — Cd + Cg

where C. is the total capacitance of the reactror cell: C

)

The equation (2) expresses the discharge current through the values that can be directly measured in an
experiment, whereas equation (1) contained gas gap capacitance C,, which evaluation from Cq4 and
C.an values, see equation (3), would be associated with a significant increase of the experimental error.
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Furthermore, equation (2) indicates that the difference of the measured current and scaled voltage
derivative is proportional to the discharge current. The difference is easy to see when the measured
current and scaled voltage derivative are plotted together as in [7]. The displacement current
component CdV(t)/dt in equation (2) (in contrast to C,dV(t)/dt in equation (1)) can be measured
without discharge ignition for the same form of the applied voltage V(t) [13, 14] or can be intuitively
estimated especially in sinusoidal-voltage driven DBDs [15]. Nevertheless, it is necessary to account
the factor [1/(1 — C./Cq)], which was omitted in [13-15]. In a certain discharge geometry, the
disregard of the factor can bring a significant error. For example in [13] the ratio C../Cq4 is about 0.5
and thus the discharge current jr(t) would be underestimated by a factor of 2. The works [14, 15] do
not provide the capacitance values and therefore the error could not be estimated.

4. Charge transferred through the gas gap q(t)
Instantaneous charge transferred through the gas gap q(t) values can be obtained by the integration of
equation (2):

a(t)=—g—1l)-Cu V(D) +a,. @

Equation (4) express q(t) through the measured values of charge on the reactor electrodes Q(t),
applied voltage V(t) and capacitances C.q and Cq4. The integration constant qo can be found if q(t) is
known at zero time moment.

In [13, 15] the transferred charge q(t) was determined from the integral of the discharge
current. The discharge current was accounting the displacement component but disregarding the factor
[1/(1 = Cee/Cy)]. The authors [13] include this factor to the charge determination in contrast to [15].
The authors of [12] came to the same relation between jgr(t) and measurement parameters as shown in
equations (1) or (2) but neglect the term for the derivative of applied voltage. Thus they got to the
conclusion that the ratio q(t)/Q(t) is only a function of DBD reactor capacitance. Only if V(t) and qo
are set at zero in equation (4) the form suggested in [12] will be derived. Authors [10] come to the
same confusing conclusion that internal charge transfer is larger then external charge transfer by a
factor of [1/(1 — C./Cq)]. However, they modified a part of measured charge and expressed qmax
through the gas gap voltages in time moments of discharge ignition and extinction. How to determine
this time moments experimentally was not mentioned.

The equation (4) has principle peculiarities: a) it is written for instantaneous charge q(t) rather
then for qmax; b) is expresses the q(t) though measured parameters in one step; c) it accounts
accurately the displacement current and the DBD capacitance thus it does not requires any additional
assumptions except the equivalent circuit given in fig. 1 itself.

5. (max for ozonizer discharge
Equation (4) is used for the evaluation of the maximum charge transferred through the gas gap qmay in
case of classical Q-V plot from electrical theory of ozonizers [1-6] reproduced in fig. 2 and
verification of the conclusion given in [5]. Vertexes of the parallelogram A, B, C and D in fig. 2 define
moments at which discharge ignites or extinguish. The difference of the instantaneous transferred
charges q(t) in moments C and B can be expressed using equation (4):

[S—

q(C)-q(B)=—5—[Q(C)-Q(B) - C,,(V(C)- V(B))] )

The value C.(V(C)-V(B))=a is noted in fig. 2. The term [Q(C) — Q(B) — a] is denoted as Qy. in fig. 2.
Thus the value in the square brackets in equation (5) is Q. If equation (4) is written for the vertexes C
and a one got:

q(C)-q(A)=—F=—[Q(C)-Q(A)-C, 4, (V(C)-V(A))] (6)
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The term [C.a(V(C)-V(A))] is noted a section b in fig. 2 and obvoius the term in the square brackets
in equation (6) is again Q. Thus the charge transfered through the gas gap between moments A and B
or between moments A and C is the same, namely qmax Which can be expressed as:

Goer =(C)-a(B)=4(C) - q(A) = —— Q. )

=
S)

AT

Figure 2. Schematic presentation of Q-V plot from classical electrical theory of ozonizers

[«

Now the value qm.x can be denoted in in fig. 2 using the geometrical relations:

qmax — Cd and qmax — QO — C
C C

cell *

The result is in agreement with the statement of classical theory [5] that the variation of the measured
charge Q(t) during the full discharge period is equal to the maximum charge transferred through the
€as gap (max- It becomes obvious that the determination of qumax requires the quantitative knowledge
about Cq, see equation (4). The classical Q-V plot as shown in fig. 2 gives information about C4 and
thus qmax can be easily denoted graphically. In case of Q-V plots measured under pulsed excitation the
statement given in [5] fails. Equation (4) helps to clarify this question and to evaluate graphically the
(max Tor pulsed excited DBDs.

6. (max for pulsed driven DBD.
The equation (4) can be used as well for analysis of Q-V plot measured in pulsed-driven DBD. Fig. 3
shows the Q-V plot measured in work [7] in a coaxial DBD reactor in argon at
100 mbar driven by square voltage pulses with a rise time of 20 ns. Taking into account that Q(A)=0,
Q(C)=Qmax, V(A)=0 and V(C)=Vax the charge transferred through the gas gap between time
moments A and C can be written on the basis of equation (4):

1
Qs =4(C)=a(A) = —— Qs = Coan Ve ) ®
] — —eell

Cd
Equation (8) expresses (may through the measured parameters. For graphical presentation of
(max ON Q-V plot two straight lines should be drawn: i) through the point A with the slope of C.e and
ii) through the point C with the slope of Cq. The values Cee=(2.440.3)pF and C4=(15.7+0.4)pF were
determined in [7] and the corresponding lines are plotted in fig. 3. The dotted lines denote the
experimental error bar. The cross point between the C4- and Co-lines, point B, defines uax. The
value CeenVmax=b 1s marked in fig. 3 and the value corresponding to the square brackets of equation
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(8) can be defined as Qy by analogy with fig. 2 and equation (6). The variation of the applied voltage
between moments C and B is V(C)-V(B)=¢, a value which relates Qg and qmax through the equations
(6) and (7).
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Figure 3. Q-V plot measured under pulsed excitation (data taken from in [7]).

7. Conclusions
The method of graphical determination of the charge transferred through the gas gap of DBDs from
measured charge-voltage characteristics is proposed and examined by means of experimental data for
a pulsed driven reactor. The method is based on the approach of a simple equivalent circuit and
accurately accounts the role of the displacement current. It has been critically verified on the classical
electrical theory of ozonizers. We believe that our method can lead to much accurate results regarding
the electrical characterization of DBD reactors since it significantly reduces experimental errors.
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The treatment of water with a surface DBD under atmospheric pressure in air results in
acidification and generation of NO;", NO, and H,0,. Suspended microorganisms were inactivated
within a few minutes. Furthermore, O3, N,O, CO, and HNO3/ONOOH were detected by FT-IR in
the gas gap between the plasma and the liquid. To investigate the role of ozone a comparative
study has been performed. Using an ozoniser and a FT-IR spectrometer, different ozone
concentrations as reached during the direct plasma treatment were generated and the ozonized gas
was blown over the liquid surface. In 5 ml ozone treated water a pH decrease to 4.7 was found
after several minutes of plasma treatment. The concentration of H,O, was much lower as
compared to direct DBD treated water. To investigate the effect of stable DBD generated gas
species, the experiments were performed with the exhaust gas of the DBD. In this situation nearly
the same pH, NO; and NO, concentration, but no H,O, are measured in the water. In both
experiments weaker antimicrobial effects on suspended E. coli were found than in surface DBD
treated water. Ozone gassing is not as antimicrobial effective as plasma treatment and the
acidification is initiated by reactive nitrogen species mainly.

1. Introduction

The inactivation of bacteria in liquids by physical plasma is well known [1-3]. Many air plasmas
produce ozone, which is known for its antimicrobial effects [4, 5] but other active species from the
plasma are candidates for biological decontamination, too. The treatment of liquid with a surface
dielectric barrier discharge (DBD) under atmospheric pressure in air results in pH decrease and the
generation of nitrate (NOj’), nitrite (NO;") and hydrogen peroxide (H,O,) in water. Even, after the
plasma treatment antimicrobial effects on suspended microorganisms were investigated [1-3]. In order
to resolve the role of ozone and other plasma generated stable reactive species in the gas phase above
the liquid, comparing studies were performed. Therefore different gas compositions as reached during
direct plasma treatment of liquids were generated by means of an ozoniser or in a separate discharge
chamber (without liquid) and the ozonized/plasma-treated gas was blown over the liquid surface in a
downstream petri dish. The pH and the NO5', NO,’, and H,O, concentrations were estimated in DBD
exhaust gas and ozonised treated water, as well as, antimicrobial effects were investigated.

2. Materials and methods

Surface dielectric barrier discharge (DBD):

Plasma treatment of a 5 ml liquid volume was realized using a surface DBD arrangement based on an
electrode array consisting of a 1.5-mm-thick epoxy-glass fiber bulk material (50 mm diameter;
breakthrough voltage of 40 kV - cm™) coated with two 35-um-thick copper electrodes (Fig. 1). On the
one side, the high-voltage part of the DBD array had an etched line-like structure consisting of four
concentric 0.75-mm-wide ring-shaped electrodes (diameter of the outer ring: 35 mm; distances
between the ring-shaped electrodes: 3 mm). On the other side a 35-mm-diameter round non-structured
flat copper surface served as counter electrode at ground potential. This electrode array was mounted
into a special housing which was constructed in that way that it can be mounted on the lower shell of a
55-mm-petri dish forming a reaction chamber sealing off the outside. The distance between the high-
voltage electrode surface and the surface of a liquid in the lower shell of the petri dish was adjusted at
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5 mm. All experiments are performed at ambient air conditions (gas flow 0.5 slm) using a pulsed
sinusoidal voltage of 10 kV . (20 kHz) with a 0.413/1.223 s plasma-on/plasma-off time. Energy of
2.4 mJ was dissipated into the plasma in each cycle of high voltage [2, 3].

gas inlet

adaptor screws

gasket

casing

gasket

= gas outlet

counter

dielectric
liquid probe

lower shell of a petri dish

i
e
bottom view dielectric
high-voltage electrode

Fig. 1. Schematic drawing of the indirect surface DBD arrangement.

Ozone treatment:

For the ozone treatment the chamber of the DBD arrangement but without plasma in operation was
used. First the arrangement was rinsed with argon to exclude air components. Then ozone was
produced by an ozoniser from pure oxygen gas (Laborozonisator 300, Erwin Sander
Elektroapparatebau GmbH). Different ozone concentrations were set at ~ 145 ppm (so-called
condition A), ~380 ppm (B1), ~ 550 ppm (B2), 864 — 1020 ppm (C) up to 1695 — 1900 ppm (D).
They were monitored by Fourier transform infrared spectrometer (FT-IR, see below) as shown in fig.
2, left. After that the treatment chamber was flushed with the adjusted ozone concentration and blown
it over the liquid surface (0.5 slm, Fig. 2 right).

I o ” L o
e —| | |

Fig. 2: Left: Adjustment of the ozoniser produced ozone, monitored by FT-IR (valves 1, 2, 3 open);
Right: Gassing with adjusted O; concentration, monitored by FT-IR (valves 1, 4, 5 and 6 open).

DBD exhaust gas treatment:

For gassing the probe with DBD exhaust gas the DBD arrangement of Fig. 1 was used for plasma
ignition (chamber 1). Now the liquid probe was in a second chamber with the same dimensions. Both
chambers were connected with a 30 cm long tube through which the DBD exhaust gas was blown (air,
0.5 slm) in the chamber with the liquid sample (Fig. 3).

Physical methods:
FT-IR was performed with multicomponent gas analyser (Gasmet CR-2000, ANSYCO GmbH) with a
resolution of 8 cm™. For data analyzing the software CALCMET was used.

Chemical methods [1, 2]:

For all photometric measurements a UV/VIS Spectrophotometer SPECORD® S 600 (Analytic Jena
GmbH) was used. Nitrate as well as nitrite concentrations in plasma treated distilled water are
measured by photometric analysis using commercially available test kits (Spectroquant”, Merck).
Nitrate reaction with 2,6-dimethylphenol gives, after a reaction time of ten minutes
4-nitro-2,6-dimethylphenol, an orange colored product, whose absorption was measured at 340 nm.
Nitrite reacts with sulfanilic acid and N-(1-naphthyl)-ethylen diamine hydrochloride via azo sulfanilic
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acid to a magenta colored azo dye whose absorption at 525 nm was measured. The H,O, detection
based on the reaction of titanyl sulfate to yellow-colored peroxotitanyl sulfate, which was detected at
405 nm. For pH measurements, a semi-micro pH-electrode (SENTEK P13, Sentek Ltd.) was used.

_@_

0.5slm 30 cm tube

e — —

—
[ —

chamber 2 for
exhaust gas treatment
of the liquid probes

chamber 1 with
DBD arrangement

Fig. 3. Experimental setup of DBD exhaust gas treatment.

Biological methods [1, 2]:

As test microorganism overnight cultures of Escherichia coli NTCC 10538 (Institute of Hygiene and
Environmental Medicine, University of Greifswald) were diluted using physiological saline (NaCl
0.85 %; 8.5 g NaCl per 1000 ml water), respectively, to get concentrations of 10°-10® colony forming
units per milliliter (cfu ml™). The number of viable microorganisms was estimated by the surface
spread plate count method using aliquots of serial dilutions of microorganism suspensions according
to the European Pharmacopoeia. Detection limit of this procedure was 10 cfu ml”. The inactivation
kinetics of microorganisms is depicted in semi-logarithmic plots. If the number of microorganisms fell
below the detection limit, i.e. no viable microorganisms have been found, for clearness these values in
the graphs are set at 5 cfu ml™.

3. Results and discussion

Chemical analytics of the DBD plasma/gas phase by FT-IR resulted in predominant generation of
ozone O; (~ 150 ppm), dinitrogen oxide N,O, carbon dioxide CO,, and nitric acid/pernitrous acid
HNO3/HO-ONO. The chemical analysis of the liquid phase (5 ml water, 0.5 slm air) after DBD-
treatment resulted in acidification (down to pH ~ 2.7) and detection of nitrate NO; (up to 109 mg - 1™),
nitrite NO, (up to 1.0 mg ' 1""), and hydrogen peroxide H,O, (up to 4.9 mg - I'"). In physiological saline
suspended E. coli (5 ml) was completely inactivated after 7 min direct treatment by surface DBD.

Ozone treatment:

The ozone treatment of 5 ml water resulted in acidification (pH > 4.7) and the maximum H,0,
concentration was lower than 1 mg " I"". Neither nitrate nor nitrite were found. The pH decrease could
be explained as given in equation (1) and H,O, generation is a result of radical recombination as given
by equation (2) and (3) [5, 6]:

HOO* & H +0" (pKa = 4.8) 1)
2 HO® & H,O, (2)
2 HOO® < H202 + 02 (3)

The produced O; concentrations of the ozoniser and the DBD is shown in Fig. 4 (left) and its related
inactivation kinetics of E. coli are depicted in Fig. 4 (right). These results illustrate clearly that pure
oxygen and similar ozone concentrations as produced by the DBD have not such strong inactivating
effect on the microorganisms like the DBD treatment. Only about ten times higher O; concentration
resulted in an inactivation within 7 min comparable to DBD treatment. Consequently, ozone gassing is
NOT as effective as plasma treatment to inactivate E. coli suspended in liquid. Additionally, other
presumably nitrogen-based reactive species may play a role in the effects of plasma-liquid interaction.

DBD exhaust gas treatment:
To investigate if other presumably nitrogen-based reactive species may play a role in the effects of
plasma-liquid interaction liquids were fumigated with DBD exhaust gas and analyzed by chemical
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methods, as well as, antimicrobial effects were investigated. The DBD exhaust gas treatment resulted
in nearly the same acidification (down to pH ~ 2.7) compared to DBD treatment. The nitrate
concentration after 30 min fumigation (up to 80 mg - 1™") is slightly lower than after DBD treatment.
The nitrite concentration is higher (up to 1.4 mg - 1"") and the H,0, concentration much lower (up to
0.4 mg 1" than after DBD treatment of 5 ml water (Fig. 5). The higher nitrite concentration might be
a result of lower H,O, and NOj; concentrations since it may less oxidized by H,O, to NOj.
Additionally, the oxidation from nitrite to nitrate by self catalysis via NO5;™ was reduced, both resulting
in lower NOj™ concentrations. These results suggest that the acidification is initiated by reactive
nitrogen species (RNS) mainly. To confirm the results, experiments with argon as working gas instead
of air were performed. By direct DBD treatment in argon pH decrease and H,O,, but no NO;3™ and
nitrite NO,” were detected. The treatment with exhaust gas from DBD in argon resulted neither in
acidification nor in formation of H,O, (data not shown).
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Fig. 4: left: O3 concentrations in gas phase produced by ozoniser (A-D) and by surface DBD; right:
Inactivation of E. coli suspensions by different O; concentrations compared to effect of DBD.
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Fig. 5: Analytical results for pH (A), NO;3™ (B), NO, (C) and H,O, (D) in DBD treated water (-0-) or
DBD exhaust gas treated water (-0-) in air.

Figure 6 shows that the DBD exhaust gas treatment resulted in a delayed complete inactivation within
17.5 min (number of viable microorganisms below detection limit) in comparison to DBD treatment of
Sml suspended E. coli (7 min). Following, longer treatment times with DBD exhaust gas in
comparison with direct DBD treatment were needed for complete bacteria inactivation. In argon
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atmosphere, both, direct DBD treatment as well as treatment with exhaust gas from DBD resulted in
no significant inactivation of E. coli within 30 min treatment times (data not shown).
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Fig. 6: Inactivation kinetics of E. coli by direct DBD treatment (-0-) and by DBD exhaust gas
treatment (-0-) in air.

Following, H,O, formation is a result of short lived plasma species and maybe radiation. Both short
and long-lived reactive nitrogen and oxygen species are needed for fast and effective inactivation of
microorganisms.

4. Conclusion

In the ozone gassing experiments a pH decrease to 4.7, but lower generation of H,O, compared to
direct DBD treated water was found. Inactivating effects on the microorganisms are weaker in case of
O; gassing. Consequently, the observed effects of the DBD treatment were not dominated by Os. The
generation of acidic protons (H") and H,0,, as well as, the antimicrobial effects may result from
reactions of ozone with water. Presumably, HO® and HOO® radicals were produced and may cause the
inactivating effects of the microorganisms. Also the pH decrease could be explained. The H,O,
generation is a result of radical recombination. Additionally, other presumably nitrogen-based reactive
species may play a role in the effects of plasma-liquid interaction.

In DBD exhaust gas treated water nearly the same pH, nitrate and nitrite concentration were found
compared to direct DBD treatment of liquid but nearly no hydrogen peroxide. These results, and
additional experiments using argon instead of air as working gas, suggest that the acidification is
mainly initiated by reactive nitrogen species (RNS). The bactericidal effects on E. coli were reduced in
case of all experiments with DBD exhaust gases. Therefore, H,O, formation of liquids by means of
direct plasma treatment in argon and air is a result of short lived plasma species and maybe radiation.
In case of direct argon DBD treatment, acidification is not due to RNS but might be from short lived
species like OH radicals. Therefore, more investigations have to be done to get further insight into
mechanisms of plasma-liquid interaction and resulting biological effects.
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We have developed a portable ozone-mist sterilization system to exterminate pests ( harmful insects) in
agricultural field and the greenhouse. The system is composed of ozone generator, water spray ,and oxygen
small container. The ozone generator can supply high dense ozone using the surface dielectric barrier discharge.
Ozone-mist is produced using a developed nozzle. We studied the effects of ozone-mist spray sterilization on
insects and agricultural plants. The sterilization conditions are estimated by monitoring the behavior of aphids
and observing the damage of the plants. It was shown that aphids were exterminated in 30 sec without

noticeable damages of the plant leaves.

1. Introduction

Ozone sterilization in agriculture is one of promising technologies to secure safety of food processing.
Environmentally friendly alternatives to agricultural chemicals for plant fumigation have been required. The
recent interest in organic products has been heightened by consumers’ increased expectations regarding their
food and the environment. Organic agricultural methods are internationally regulated and legally enforced by

many nations. Biological pest control in organic farming includes herbicides, insecticides and fungicides.
Ozone (O;) is the strongest commercially available disinfectant and also is very effective at destroying

bacteria, viruses and odors. It has a very short half-life in air, water and soil, and decomposes in simple
diatomic oxygen or forms oxide matters.

We have studied the application of gaseous ozone to soil sterilization and the biological effect of gas phase
ozone on the DNA genome contained in bacteria and viruses [1-10]. We have developed the gaseous ozone
sterilization system for agricultural soil which ensures a secure agricultural production. The reaction of the
agricultural matter including air, water ,soil and plants with ozone causes complicated change in physical,

chemical and biological properties.

Here, we proposed a portable ozone-mist sterilization system to exterminate pests ( harmful insects) in
agricultural field and the greenhouse. The system is composed of ozone generator ,water spray ,and oxygen
small container. The ozone generator can supply high dense ozone of maximum concentration of 86 g/m’ at a
flow rate of 1 liter/min using the surface dielectric barrier discharge. Ozone-mist is produced using a developed
nozzle. We studied the effects of ozone-mist spray sterilization on insects and agricultural plants. Most of
pathogenic viruses like mosaic viruses are transmitted and spread by aphids and also by mechanical means.

The ozone-mist treatment conditions for aphid sterilization system were studied for practical use in agriculture.
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2.Experimental

Figure 1 is the picture of the ozone-mist sterilization for agriculture. High dense ozone was generated by
surface dielectric barrier discharge (1). The AC electric power to the high frequency generator was supplied
from the AC-DC inverter (2) connected to Li-ion battery(3).

Figure 2 shows ozone concentration (g/m’) as a function of oxygen gas flow rate. Maximum concentration
of 86 g/m’ was attained at a flow rate of 1 liter/min. Water mist was produced by supplying the water to the
specific nozzle. The pump in the water container(4) to generate the mist was powered by Li-ion battery. High
dense ozone was injected into the water mist through the gas nozzle. The ozone-mist generated near the nozzles
was sprayed on the samples such as insects and plants.

The sterilization conditions was estimated by monitoring the dynamic behavior of aphids and observing the
damage of agricultural plants ( leaves of tomato and eggplant) when the ozone-mist was sprayed at various
conditions of ozone concentration, mixture rate of ozone gas and water , their flow rates , spraying time and

treatment location.
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Fig.2 Ozone concentration characteristics of ozonizer.
Fig.1 Ozone-mist sterilization system

We carried out the ozone-mist treatment for several insects, viruses and plants listed in Table 1.

Table 1. Insects, viruses and agricultural plants treated by ozone-mist spraying.

Insect Virus Plant
Aphid . .
Red aphid(Uroleucon nigrotuberculatum) Tobacco  mosaic  virus | Tomato
Cotton aphid (Gossypii glover) ™V Eooplant
Crysanthermum aphid (Mocrosiphonella ( ) ggpia
Sanbolnl) Cucumber mosaic virus | Cucumber
Rose aphid (Sitobion ibarae)

(CMV) Tobacco

Tobacco worm: Lasioderma serricorne
( Fabricius)

Green rice leaf hopper

Caterpillar
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3. Results and Discussion

Figure 3 is a typical picture after ozone-mist treatment (30sec) for the red aphid (Uroleucon
nigrotuberculatum). The conditions were ozone concentration of 68g/m’ with a oxygen flow rate of 2 liter/min
and water flow rate of 300ml/min. We found 98% of the aphids died. The treatment was performed at the
distance (d) between the ozone ejection nozzle and the sample of 20mm. The survival rate(=survival account

/total account) rapidly decreased with the distance(d).

Fig.3 Photo of red aphids treated by ozone-mist

spraying for 30 sec.

Figure 4 and 5 show the survival rate as a function of the treatment time at the distance of 50mm. The rate
was about 8% at the short treatment time till 60 sec and then decreased rapidly with increasing time.

When ozone reacts with water-mist, highly unstable and rapid decomposition occurs.

The elementary reactions follow:

OH + O; —* HO, + *Oy (1)

*HO,=H" +* O, )
*Oy + 03 = O, +*0O5 3)
*0; + H" — HO; 4)
HO; — O, + *OH- (5)

0; + *OH— *HO, + O, (6)

Initial formation of the superoxide ion radical (*O;) and the hydroperoxide radical (*HO,) leads to the
generation of the highly reactive hydroxl radical (*OH). The ozonide radical ion (*O3’) is formed as an
intermediate reaction product [11]. The pH value defined by pH= - log;o[H'] is dependent on hydrogen
ion [H'] or hydroxide ion[OH]. A half-life time of ozone in aqueous solution was measured to be in the
range from 2 min to 165 min depending on the conditions such as temperature, pH value and gas
dynamics [11 ]. We observed increase of pH value of the mist water after the treatment. The ozone and
its derivative radicals such as *O,,*HO,, *OH, *Oj;  enter the respiratory system of the aphid and give
fetal damage to kill aphids .

The biological effects of ozone on plants have been studied under the air pollutant ozone and plants have
evolved a complex of defense response mechanisms to respond various environmental stresses triggered by

ozone. We studied the ozone-mist effect on tomato and eggplant.
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Fig.4 Survival rate of red aphid as a function of ozone-mist spraying time.
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Fig.5 Survival number of aphids at various spraying times.

Figure 6 shows the picture of tomato young seedling. The left leaves and the right leaves were sprayed
during 30 sec and 60 sec , respectively. We can notice remarkable damage on the leaves of young seeding. On
the other hand, large eggplant sprayed by the similar conditions did not show noticeable damage. The stoma of
plant is a pore in leaf and stem used for gaseous exchange. The microscopic measurement showed that the

ozone-mist treatment gives serious damage on the stomata.

4. Conclusions

We have developed ozone-mist sterilization system to exterminate harmful insects in agricultural
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management. Many kinds of aphids were tried for ozone-mist sterilization and biological effect on the sprayed
pants were inspected. It was found that ozone derivative radicals in the ozone-mist play effective role on

sterilization. Most of aphids were exterminated by 30 sec ozone-mist spraying.

Fig.6 Photo of tomato leaves treated
by ozone-mist during 30sec (left) and
60sec (right)
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Nanostructured coatings are widely requested by industry in order to achieve innovative
functionalities such as protective, antireflection, antibacterial and others. In this work we present a
new method for the fabrication of nanostructured coatings with improved photocatalytic properties,
in which titania dioxide nanoparticles are deposited and embedded in a ceramic film by mean of an
atmospheric pressure plasma jet deposition. Results concerning two different strategies to obtain
these coatings are here presented: a two-steps method in which titania nanoparticles are fixed after
a sol-gel deposition, and a one step method in which titania nanoparticles are fluxed in a plasma jet
together with a silica precursor.

1. Introduction

Nanostructured coatings are usually applied in industry thanks to their mechanical and functional
properties, such as abrasion resistance, UV shielding, photocatalytic effect [1-3]. These coatings are
defined by a nanoscale structure which cause a micro- and nanometer scale roughness and provide
innovative mechanical or functional properties. Nanostructured surfaces are often obtained via sol-gel
chemistry [4]: nanoparticles are dispersed in a liquid medium and deposited onto the surface by dip- or
spin-coating techniques. An alternative method for the fabrication of transparent nanostructured
antiscratch coatings was presented by our research group: a combined sol-gel/PECVD approach [5].
Sol-gel nanoparticles synthesises by a Stober technique were deposited on a surface and fixed in a
ceramic film by plasma-enhanced chemical vapour deposition. According to the nature of
nanoparticles, it is possible to obtain coatings with different properties: alumina and silica
nanoparticles are used to improve antiscratch properties [6], instead titania oxide nanoparticles can be
used in sol-gel coatings to fabricate UV-cutting coatings and to fabricate self-cleaning coatings. In fact,
the action of UV irradiation in TiO;leads to the generation of electron-hole pairs, which initiate the
formation of active OH" radicals capable of decomposing the majority of organic compounds [7, 8].
The latest challenge of our research group is to find a new route to embed nanoparticles on the surface.
In this work we present two methods for the fabrication of nanostructured coatings with improved
photocatalytic properties, in which titania dioxide nanoparticles are embedded in a ceramic film by
atmospheric plasma deposition [4]. The first is a two-steps method (sol-gel and APPJ): nanoparticles
are dispersed in a liquid medium and deposited onto surface by dip-coating techniques. After that, a
silica matrix is grown via APPJ deposition to fully cover the nanoparticles and to create a complete
bonding to the substrate. The second method (one-step) concerns only the deposition via atmospheric
pressure plasma jet: a TiO, nanoparticles aerosol solution is fed into the discharge zone, and, at the
same time the vapour silica precursor is fed in the same zone. The photocatalytic property of titanium
dioxide nanoparticles has been measured as a function of UV irradiation time: FT-IR spectroscopy has
been used to address the chemical changes in stearic acid films deposited on the photocatalytic surface
[10,11]. Finally, UV-filtering capabilities of our film were studied through UV spectrometer.

2. Experimental

2.1 Sol-gel nanoparticles deposition
The substrates chosen for this work were silicon wafers and borosilicate glasses. They were cleaned
with a solution of H,O,:NH; 1:1 for 2 minutes and then with deionised water. Titania nanoparticles
(VP Disp. W740X, Degussa) were dispersed in ethanol to obtain a 2% wt solution and sonicated for
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10 minutes. The nanoparticles were deposited on the silicon wafers by dip-coating at controlled speed
of 200 mm min" and relative humidity (RH<10%); on borosilicate glasses substrates samples are
prepared at three different speeds (15, 80 and 200 mm min™).

2.2 APPJsilica deposition

The silica coating films were obtained on silicon substrates by atmospheric plasma deposition
employing a jet system. The plasma is generated inside the nozzle by a discharge in the ionization gas
flux, at atmospheric pressure, using kilohertz excitation and expelling the gas from the discharge zone
through a circular orifice onto the substrate. Hexamethyldisiloxane (HMDSO, purity 98%, Fluka
Analytical) and 3-methacryloxypropyltrimethoxysilane (MEMO, purity 98%, Sigma Aldrich) has been
used as chemical precursors. HMDSO was vaporized at 125°C and introduced, at a rate of 15 g/hour,
at the exit of the nozzle by mean of a carrier gas, while MEMO was introduced as aerosol at the exit of
the nozzle (6 g/hour and nitrogen as carrier gas).

Tab. 1. Process condition to obtain HMDSO coatings.

Sample Plasma Power (VA) | Ionization gas N(()Iilzl;is:_f; d Nozzle height (mm) | Treatments
HMDSO_10 710 N, 80 12 4
HMDSO 11 1050 N, 80 12 4
HMDSO_12 1210 N, 80 12 4

Tab. 2. Process condition to obtain MEMO coatings.

Sample Plasma Power (VA) | Ionization gas N(Zjllen;[:ﬁ)ed Nozzle height (mm) Treatments
MEMO 6 710 N, 80 12 3
MEMO 7 1050 N, 80 12 3
MEMO 8 1210 N, 80 12 3

2.3 Two-steps composite preparation

Titania nanoparticles deposited onto the surface by dip-coating technique (as showed in §1.1) were
encapsulated in a ceramic coating via APPJ deposition. Process conditions were the same described in
Table 1 for HMDSO composite films and in Table 2 for MEMO composite films.

Borosilicate glasses substrates coated with nanoparticles were treated with different deposition
conditions:

Tab. 3. Process conditions to obtain two-steps HMDSO composite coatings on borosilicate glasses.

Sample Plasma Power (VA) | Ionization gas N(Zjlﬁl:f:ﬁ;d Nozzle height (mm) | Treatments
NP15_2stepsG_HMDSO 710 N, 10 10
NP80_2stepsG_HMDSO 710 N, 10 10

NP200_2stepsG_HMDSO 710 N, 10 10

2.4 One-step composite preparation
The second method concerns only the deposition via atmospheric pressure plasma jet: a TiO,
nanoparticles aerosol solution (solution amount 6 g/hour and nitrogen as carrier gas) is fed into the
discharge zone, where, at the same time, vapours of silica precursor are fed by a different carrier gas
channel.
Tab. 4. Process conditions for one-step composite on Si wafers.

Sample Plasma Power (VA) | Ionization gas Nozzle §p§ed Nozzle height | Treatment
(m min™) (mm) numbers
NP_1step_ HMDSO2 1050 N, 80 12 3

2.5 Characterizations techniques

Coatings thickness measurements were performed by mean of a stylus profiler (Alpha Test IQ from
KLA-Tencor) on the edge of the coatings obtained on silicon wafers.

Stearic acid degradation tests were carried out to characterize the photocatalytic activity. For this
purpose, 50 ul of stearic acid dissolved in methanol was applied on each sample; the surface was
rotated in a spin-coating apparatus for 30 seconds with a speed of 1500 rpm. All samples were
irradiated with a UV light (365 nm). Stearic acid (C,3H360,) degradation was monitored as a function
of the UV irradiation time by measuring the absorbance of C-H bonds within the range of 2750-3050
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ecm™ with a FTIR spectrometer (Perkin Elmer Spectrum One), performing 16 scans for each sample
and with a spectra resolution of 4 cm™.

The absorption spectra of the films deposited on borosilicate glasses were measured with a Lambda
UV-Vis spectrometer (Perkin-Elmer) within the range of 900-200 nm.

3. Results and discussion

3.1 SEM characterization
SEM images show that dip coated titania nanoparticles form a multilayer and homogeneous film,
which appears poor in adhesion with its silicon substrate (Fig. 1a). By applying a silica coating on the
dip-coated nanoparticles it is possible to notice a sort of nanoparticles embedding (Fig.1b). Finally,
SEM observations show that by working with the one-step method it is possible to deposit a
nanoparticles-silica composite, but the film is not homogenous and adherent to the silicon substrate. At
this operative conditions the obtained nanoparticles density is too low (Fig. 1c).

) mag HV | det |spot| [— Vet |5 spot|
9.9 mm | 1000002400 kv|LFD| 45 x|25.00 kv|LFD| 4.0 bSO 10

Fig. 1. SEM images of (a) dip coated NP200 sample, (b) two-steps comp051te coating obtained with
HMDSO, (c) NP_A sample: one-step composite coating.
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3.2 Nanoparticles photocatalytic activity
The photocatalytic activity studies of NP200 show that there is a clear differences in the C—H bond
absorbances of the FTIR spectra: titania nanoparticles are able to degrade stearic acid in only 30
minutes (Fig. 2a).
In order to understand if the plasma power can affect the nanoparticles photo-activity, the
nanoparticles coatings were treated with three different plasma powers:

Tab. 5. Process conditions of plasma treatment on nanoparticles coatings.

Sample | Plasma Power (VA) | Ionization gas | Nozzle speed (m min'l) Nozzle height (mm) | Treatment n
NP200 1 710 N, 80 12 3
NP200 2 1050 N, 80 12 3
NP200 3 1210 N, 80 12 3

——NP200_3

absorbance (a.u.)
absorbance (a.u.)

T T T T T 1
3050 3000 2950 2900 2850 2800 2750

T T T T T 1
3050 3000 2950 2900 2850 2800 2750 4

) wawenumber (cm™)
wawenumber (cm’)

Fig. 2. FTIR spectra of C—H bonds in stearic acid of NP200 at three different exposure times (a), and
the comparison of the photoactivity at 30 minutes of UV-light exposure, after three different plasma
treatments (b).
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The photocatalytic activity of titania nanoparticles coatings treated with lower power plasma
(NP200_1 and NP200 2) is quite the same of NP200, so the low power doesn’t affect the
nanoparticles. Instead more powerful plasma (NP200_3) seems to inactivate the photocatalytic activity
of nanoparticles film; this interesting fact needs to be further analyzed.

3.3 Silica film characterization
The silica coating films obtained on silicon substrates by atmospheric plasma deposition have three

different thickness. HMDSO precursor allows to obtain thinner and more homogeneous films than
MEMO precursor.

Tab. 6 and 7. Stylus profiler measurements of HMDSO coatings and MEMO coatings.

Sample Thickness (nm=+10%) Sample Thickness (nm=+20%)
HMDSO _10 20 MEMO_6 70
HMDSO_11 40 MEMO_7 150
HMDSO_12 50 MEMO_8 200

By comparing the two FT-IR spectra it is clear that the MEMO coating contain its original acrylic
functionalities.
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Fig. 3. Typical FT-IR spectra of HMDSO coating on the left (a) and MEMO coating on the right (b).

3.4 Composites characterization: photocatalytic activity and UV-filter properties
HMDSO composite coatings
The results of the stearic acid test show that NP200 2steps HMDSOI10 composite has a good
fotocatalytic activity: after three hours all the stearic acid is degraded. Instead the degradation of

stearic acid in samples NP200 2steps HMDSOI11 and NP200 2steps HMDSO12 is much slower
than untreated nanoparticles, maybe due to the higher thikness of the silica coating.
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Fig. 4. FTIR spectra of C—H bonds in stearic acid: NP200 2steps HMDSO10 on the left (a) and the
comparison between the three composite films at 60 minutes of UV-light exposure on the right (b).

As Figure 5 shows, UV absorption spectra of the films deposited are different from the untreated glass
one. At 300 nm wavelength the absorption rate of coated glasses is higher than borosilicate glass (see
Fig. 5 inset), thanks to the presence of titania nanoparticles and their UV-absorbing properties [7].
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Moreover the absorbance value is directly proportional to the quantity of nanoparticles on the surface:
NP200 shows the higher value because the higher velocity deposition leads to a thicker nanoparticles
film.

. —— GNP 200_2steps_HMDSO
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0,77
1,14

wawenumber (nm)

Fig. 5. The absorption spectra of the composite films deposited on borosilicate glass.

MEMO composite coatings

Figure 6 shows the C—H bond absorption bands in the FTIR spectra of stearic acid before and during
the UV light exposure of NP200 2steps MEMOG6. The clear difference between the absorbances
suggests that nanoparticles is still able to degrade stearic acid even if there is the silica film. For the
samples NP200 2steps. MEMO7 and NP200 2steps. MEMOS big changes of the absorbances could
not be seen (figure not shown): the degradation of stearic acid is much slower than untreated
nanoparticles. This could suggest that the silica film thickness influences the photocatalytic activity,
especially when it is higher than 100 nm. Moreover for the sample NP200 2steps MEMOS
nanoparticles film could be also affected by plasma power, as seen in §3.2.

Comparing the photocatalytic activity of the samples NP200 2step HMDSO10 and
NP200 2step MEMOG6 made with the low power plasma (Fig. 6b), it is possible to see that the second
sample presents a faster photocatalytic activity, despite the thickness is greater than the HMDSO
composite coating. This fact can be explained by considering the higher carbon content of the MEMO
coatings and its acrylic functionalities, which lead to a less compact silica coating. This precursor
could be considered better for the deposition of siliceous matrix in this type of application because it
does not affect so much the photocatalytic activity of the nanoparticles films.

—— NP200_2steps_HMDSO10
- - --NP200_2steps_ MEMO
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T T T T T
3050 3000 2950 2900 2850 2800 3050 3000 2050 2000 2850 2800 2750
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Fig.6. FTIR spectra of C—H bonds in stearic acid: NP200 2steps. MEMOG6 on the left (a), and the
comparison between NP200 2steps HMDSO10 and NP200 2steps. MEMOG6 at 120 minutes of UV-
light (b).

One-step composite coatings:

For this composite the measurements of the photocatalytic activity do not show any positive effect at
three hour of UV-light exposure, maybe due to the very low nanoparticles density (see Fig.1c). Also
the limit of the aerosol used in this work could be the reason of the low amount of the deposited
nanoparticles and we are working to find out the best process conditions.
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4. Conclusions

Nanostructured coatings (titania nanoparticles in a silica matrix) were prepared by an innovative
combined sol-gel/APPJ approach (two-steps method) and one step APPJ. In particular, by working
with the two-steps method a composite film has been obtained with measurable photocatalytic activity.
Silica matrix is obtained from HMDSO or MEMO precursors. They showed two different
photocatalytic behaviours: MEMO precursor could be considered better for this type of application
because it does not affect so much the photocatalytic activity of the nanoparticles films. The two-steps
method allowed also to obtain UV-filters, working on borosilicate glasses.

The one-step method has shown its applicability, but the aerosol nanoparticles deposition needs to be
operated with an higher throughput aerosol generator. In fact the limit of the aerosol used in this work
was the low amount of conveyed nanoparticles solution (solution amount 6 g/hour). Finally, the fact
that the titania nanoparticles treated under high plasma power conditions showed an inactivation of the
phocatalytic effect will be further analysed and studied.
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This document gives an overview of a power supply construction suitable for DBD reactor
excitation. The influence of temperature and voltage change on DBD reactor parameters is
discussed. A power electronic supply system topology allowing for continuous resonant frequency
tracking is proposed together with simulation and test stand results of operation. An additional
feature of proposed topology is also discussed making the alternation of output peak — to —peak
voltage possible only with the means of control pulse timing.

1. Introduction

Diesel engine exhaust treatment with low temperature plasma reactors [1-5] as well as other
environmental plasma technologies such as odour abatement or VOC removal often implement
dielectric barrier discharge (DBD) reactors as the main or additional source of oxidizing agents and
radicals. Proposed paper deals with the problem of DBD supply under variable conditions including
alternating reactor parameters. As a resonant topology is proposed, allowing for high supply system
efficiency, with the change of plasma reactor parameters also the natural resonant frequency of the
plasma source changes. Therefore a control system and/or power supply topology is beneficiary if it
allows for continuous natural frequency tracking. A power electronic supply system is discussed due
to the use of highly reliable and fully controllable solid state switches.

2. DBD reactor parameter change sensitivity
A laboratory DBD reactor was chosen for experiments. A modular, cylindrical type DBD reactor
consisting of 58 single rods was constructed with the low voltage electrode on the outer side of each
rod. Such reactors ore often implemented in ozone treatment facilities [6]. Electrodes were constructed
from the stainless steel mesh. Reactor construction during operation is depicted in Fig. 1.

Fig. 1. The laboratory DBD reactor construction used for experiments.

Reactor parameters, due to the change of electrode peak — to — peak voltage, gas composition and
humidity, temperature tend to change. Fig. 2 gives an overview of reactor’s Lissajous curves for
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different reactor power levels. As can be noticed the parallelograms are moved in the rotational axis
around the point 0,0.

x10°

Charge [C]

_ i | i i
—&000 -4000 -2000 0 2000 4000 6000
Upeak—to—peak [V]

Fig. 2. Lissajous curves for alternating reactor power levels.

The reactor power was measured using the Lissajous curve method in order to establish main reactor
parameters, to verify the temperature drift a cold (ambient temperature of 20 degrees Celsius) reactor
parameters were obtained and after 5 minutes of continuous operation with the power of about 40W
(5.79 kV peak, reactor temperature: 45 degrees Celsius), third measurement was done for lower
operating voltage (3.88 kV peak). A WIMA 1mF FKP capacitor was used as an additional
measurement element and is referred to as Cp. Cy represents the overall reactor capacity while Cp —
dielectric capacity and C; — gas gap capacity of the DBD reactor. Measured values are summarized in
the Table 1, below. As can be noticed there are some temperature related drifts in reactor parameters,
although the overall reactor capacitance does not change significantly. In contrast, reactor parameters
for different operating voltage shows significantly different values in all cases.

Table 1. Measured reactor parameters as a function of reactor temperature and operating voltage

Measurement Measured average Cr [nF] Cp[nF] Cq[nF]
number power [W]

1 —cold (20 4473 1.347 2.13 3.66
degrees Celsius)

2 — after 5 minutes 423 1.356 2.08 39
of operation (45
degrees Celsius)

3 —lower voltage 11.37 0.79 1.59 1.57

Variable reactor parameters increase the level of complexity of the power supply stage, most of all
using resonance based supplies has to ensure proper power supply operation under variable load
parameters.

3. Power electronic, resonant power supply topology
A series — parallel resonant inverter topology is proposed [7 ,8], where its operation is explained in
detail. Fig. 3 gives an overview of basic source construction. L; — Dz — connection represent an energy
recovery snubber increasing systems overall efficiency.
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Fig. 3. The topology of power electronic, resonant supply suitable for continuous resonant frequency
tracking.

Basic converter operation can be discussed as follows: energy delivery takes place between the serially
connected resonant circuit L, — Cp, in two stages. In order to simplify the analysis two theoretical
waveform set examples are given in Fig. 4. Initially in time span t, — t; transistor S; starts conducting
and resonantly recharges the capacitor C,, while its voltage, due to parallel C, — Ly, system resonance,
is below the DC link charging voltage of Uy. The amount of energy transferred from voltage source Uy
to the capacitor Cy, is a function of capacitors initial voltage and can therefore be controlled using
variable S; and S, timing with respect to C, voltage zero point crossing (Fig. 4b). In the second
recharge process (t, — t3) the transistor S, is switched on, while the voltage across C,, is decreasing. If
the voltage across C,, falls to zero D; diode starts conducting (t; — t4).

) a) ) b)
UGESlI_ . UGESJ_J ] |
t i %
Uats: i _l
% ‘ %

Uactsz I_l

~V
v

Uc | Ucr

+V
\

1 &
tot1 tatsta tot1 tat3
Fig. 4. Basic electrical waveforms during power supply system operation.

In consequence output voltage amplitude can be varied using transistor timing with respect to C,
capacitor voltage and the system automatically adjusts to parallel circuit natural resonance frequency
change. In addition the output voltage amplitude is controllable which is beneficiary for systems that
require power controllability.

The tracking functionality was experimentally verified; results are depicted in Fig. 5. As can be
noticed the system automatically adopted to a sudden resonant circuit parameter change.
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Fig. 5. The output voltage and current (primary high voltage transformer side) response to sudden
resonant circuit parameter change.

Power transistor control signals are synchronized with the resonant capacitor C, voltage. Time delay
between the natural resonance firing point (defined as delay electrical angle o) allows for output peak
— to — peak voltage adjustment without the necessity of DC — link voltage control. Fig. 6 gives an
overview of delay angle based controllability.
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w

%5 20 25 30 5 40 45 50

3
al)
Fig. 6. The output voltage — control pulse phase delay (with respect to Uc; zero point crossing)
dependency.

Output voltage controllability was experimentally examined. LeCroy Wave Runner 6100A digital
oscilloscope was used for measurements together with high voltage, Tektronix probe P6015A and
CPD31 current sensor. For efficiency measurements the input power was established using laboratory
power supply EA-HV 9000-600-2000 readings and the overall efficiency was measured using Norma
6000 power analyser. Typical voltage and current waveforms are given if Fig. 7.
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Fig. 8 DBD reactor voltage and current waveforms for two different delay angles:
a)o=17,2°b) a=46".

Efficiency measurements were led in order to establish system’s overall performance. Overall power

supply unit efficiency (nc), power electronic resonant converter (nr) and high voltage transformer
performance were evaluated (nt). Measurement results are presented in Fig. 9.
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Fig. 9. Efficiency measurements of proposed power electronic supply construction and its main
components.

4. Summary and conclusions
This document gives an overview of a power supply construction suitable for DBD reactor excitation.
The influence of temperature and voltage change on DBD reactor parameters is discussed based on
a series of experimental results. It can be noticed, that terminal voltage has a great impact on reactor
electrical parameters. A power electronic, resonant power supply system topology is introduced
allowing for continuous resonant frequency tracking and operation in reactor short — circuit state.
An additional benefit is the property of synchronization with the capacitor voltage instead of the
distorted reactor current waveforms. A high efficiency of 81% was obtained, most losses are generated
in the high voltage transformer, the resonant power electronic converter itself obtained 91% efficiency.
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Two kinds of stable atmospheric pressure glow discharges (APGDs) were generated in contact
with flowing liquid cathode. As an anode, an argon microjet or a metallic electrode were applied.
Both discharges were operated in the ambient air atmosphere at the supplied power lower than 30
W. Different atomic and molecular species were excited in the core of these discharges. The
emission spectra of investigated APGDs were dominated by OH, NH, NO, and N, bands. In
addition, weak atomic O and H emission lines were identified. In order to evaluate the
spectroscopic properties of APGD sources used, optical temperatures, including excitation,
vibrational and rotational temperatures, as well as the electron number density were determined
and compared. Mechanisms of processes occurred in both discharges, responsible for the
excitation of atoms and molecules, were also discussed. Water and artificial wastewater after
treated by discharges were investigated. Concentrations of species formed due to discharge
interaction with solution and degradation effects of wastewater components were measured. The
both APGDs with respect to the indication of their possible application for the water purification
processes were evaluated.

1. Introduction

Cold atmospheric plasmas (CAPs) generated in and in contact with liquids are frequently applied in
the environmental protection engineering [1,2]. It is possible to apply such CAPs in water cleaning,
sterilization and environmental remediation processes [1-3]. So far, different constructions of CAP
sources, e.g., dielectric barrier discharges (DBDs), atmospheric pressure glow discharges (APGDs),
atmospheric plasma jets (APJs), gliding arc or corona discharges [3-7], have successfully been
employed in the wastewater treatment processes. Among them, APGD generated in and in contact
with liquids is established to generate various oxygen and nitrogen chemically active species, i.e.,
H,0, and O; molecules, OH, H, O,H, NO and O radicals, as well as the UV irradiation [7,8].
Especially, OH radicals seem to play an important role in the chemical degradation of organic
pollutants in wastewater solutions [2].

The main aim of the present work was to elucidate discharge-liquid interactions as well as the
production yield of chemically reactive species in the discharge and the liquid phase. Spectroscopic
discharge parameters, i.e., optical temperatures and the electron number density, were determined
compared in order to clarify what elementary processes exist in APGD sources. The suitability of both
APGDs sources in the wastewater purification treatment was also established.

2. Experimental setup

Atmospheric pressure glow discharges (APGDs) were generated in contact with flowing liquid
cathode systems (Fig. 1). As the cathode a graphite tube imposed onto a quartz tube (i.d. 1.5-2 mm)
was applied [9,10]. Both APGDs were obtained by the direct-current (dc) discharge with a miniature
argon gas flow passed through a steel nozzle (i.d. 0.7 mm, see Fig. 1b) or a molybdenum rod anode
(0.d. 2 mm, see Fig. 1b). A high voltage (HV) direct current (dc) power supply (Electronic Lab
Equipment Engineering, Wroclaw, Poland) with a max. power output of 200 W, working in the
current range within 0-400 mA was used. Additionally, a ballast resistor (10 k€2, 50W), was applied to
stabilize the discharge current.
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Fig. 1. The experimental set-up for the APGD system containing a) argon microjet-liquid cathode and
b) solid anode-liquid cathode (A-anode, C-cathode, R-ballast resistor, HV-high voltage direct current
power supply, S-initial solution, W-water solution treated by the discharge).

Both discharges were operated at the atmospheric pressure in the ambient air atmosphere. A peristaltic
pump (LabCraft, France) was applied to deliver water sample solutions into the discharge zone
Discharge operation conditions are given in Table 1. Water sample solutions, treated by both APGD
discharges, were collected into 10-ml glass tubes with stoppers and were directly analyzed by
chemical methods of the analysis (see details in the 3.3 and 3.4 sections).

Tab. 1 APGD generation conditions

APGD system Ar microjet-liquid cathode Pin electrode-liquid cathode
Discharge atmosphere Argon in open to air atmosphere Air at atmospheric pressure
Argon flow rate up to 300 sccm -
Discharge current 30 mA 30 mA
Sustaining voltage 1000-1100 V 900-1100 V
Ballast resistor 10 kQ
Gap between electrodes 5.0 mm
Solution flow rate 0.6-3.2 ml min”’
Liquid cathode Acidified solutions containing methyl red (MR), Cr2072' 1ons and
Triton X-45 non-ionic surfactant

3. Results and discussion

3.1. Emission spectra
It was found that spectra of APGD with argon microjet and solid anode systems were dominated by
many emission bands of the N, molecule belonging to the second positive system (C’T1,-B’ I1,), bands
of the OH radical belonging to the A*X-X’IT system, i.e., (1-0) and (0-0) band heads at 281.1 and
306.4 nm, bands of the NO molecule belonging to the y-system (A’ -X°II) in the 200-270 nm
spectral region and the band of the NH molecule (the A’TI-X’Y" system) with the band head at 336.0
nm [9,10]. Atomic hydrogen lines of the Balmer series (H,, Hg and H, at 656.2, 486.1 and 434.1 nm,
respectively) in addition to atomic oxygen lines (O I) at 777.2, 777.4 and 844.6 nm were also detected
in both discharges. Strong emission lines of Ar I in the spectral range 650-800 nm and weak emission
bands of the N," molecule at 391.4 and 427.3 nm belonging to (0-0) and (1-0) B’X",-X"X’, transition
system were identified in case of the APGD system with the argon microjet [9]. It should be noted that
intensities of NH, NO and N, molecular band heads observed for the argon microjet APGD source
were higher in comparison to those obtained with the APGD system generated between the solid
anode and the liquid cathode. This discrepancy may indicate that, in case of the argon microjet APGD
system, metastable states of argon (Ar,,) with energy ~11 eV probably participate in the production of
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NH, NO and N, excited states [9]. Emission intensities of OH band heads as well as O I and H lines
were found to be comparable for both APGD systems studied.

3.2. Spectroscopic discharge parameters
Optical spectroscopic discharge parameters, i.¢., excitation (T.), vibrational (T,;,) and rotational (T,)
temperatures as well as the electron number density (n.), for both investigated discharge systems are
presented in Table 2.

Tab. 2. Spectroscopic discharge parameters determined in Ar microjet-liquid cathode [9] and pin
electrode-liquid cathode [10] systems measured in the near cathode region.

Ar microjet-liquid cathode Pin electrode-liquid cathode

Texe(Ar), K 7400-7800 -

T (H), K 11000-15000 3100-4200
T.i,(OH), K 2900-3400 3800-4200
T.i(N), K 3400-4000 3100-4600
T,«(OH), K 2000-2600 2700-4100
T(N2), K 1600-1950 1700-2100

ne, cm” (2.5-11)x10" (3.4-6.8)x10"

As can been seen, the excitation temperature as determined from H atoms for the discharge system
with the argon microjet acting as the anode was higher as compared to this evaluated for the discharge
system with the pin electrode. Additionally, the excitation temperature of Ar atoms for the first
discharge system was also relatively high. This could be associated with the presence of metastable Ar
states (Ar,) in the discharge system with the argon microjet and their possible contribute to the
transfer of the energy [9]. On the other hand, lower vibrational and rotational temperatures were noted
for this APGD source and a possible explanation of this could be processes leading to a stronger
disequilibrium of this type of the discharge. The electron number density measured in APGD with the
argon microjet was established to be comparable or higher than in APGD system with the pin
electrode. This could be related to an additional source of free electrons in the discharge system with
the argon microjet possibly due to the participation of metastable states of argon (Ary,) in different
collisional reactions [9]:

Ar,+e=Ar" +2e, Ar, + Ar, = Ar' + Ar+e, Ar, + Ar, = A +e (1)

3.3. The analysis of the composition of water solutions treated with APGD systems
The composition of water solutions treated with the discharge and directly collected from the waste
reservoir was analyzed. The concentrations of nitride (NO,) ions was determined
spectrophotometrically (Metertek, SP-850) with rivanol method, while an Orion ion selective
electrode was used to measure the concentration of NO5™ ions. The concentration of hydrogen peroxide
(H,0,) was measured by means of the spectrophotometric method with metavanadate ammonium in
the acid medium. The Nessler’s reagent was applied for the spectrophotometric determination of the
concentration of ammonium (NH,") ions.
Hydrogen peroxide (H,0,) as well as nitrate (NO5") and traces of nitrite (NO,") and ammonium (NH,")
ions were identified in water solutions treated by the discharge. It should be noted that H,O, molecules
and NO,, NO;” and NH," ions were not detected in untreated water solutions. Additionally, an
increase in the acid concentration of discharge treated water solutions was observed. The following
species: H,O,, NO, and NO;™ have recently been identified by Shimizu ef al. [11] in a water solution
treated by an APGD system sustained in the air atmosphere. The maximum concentrations of H,O, as
well as NO5,, NO, and NH," ions in water solution treated by both APGD systems under different
experimental conditions are collected in Table 3.
It can be presumed that the main sources of nitrite and nitrate ions were nitric oxide (NO) and nitric
dioxide (NQO,), respectively, which reacted with OH radicals in the gaseous phase of the discharge
according to the following reactions [12,13]:
NO + OH = HNO, (2)
NO, + OH = HNO; 3)
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Tab. 3. The concentrations of H,0, and NO5,, NO,” and NH," ions in water solutions treated by
APGDs

Species Concentration, mg I
Ar microjet-liquid cathode Pin electrode-liquid cathode
H,0, 20 30
NO5 260 140
NOy 0.3 0.2
NH," 4 1

H,0, molecules were likely to be produced in oxidation processes of water molecules or species
originated from them [14], e.g.:

2H,0" = H,0, + 2H" 4)
2112()* ::I{Q()z +’}{2 (5)
()}{ +’()I{ ::IIQ()z (6)

Heterogeneous reactions, taking place on the reactor wall or the steel nozzle, were presumably
responsible for the production of NH; molecules. In this process, NH and H radicals (identified in
emission spectra of both discharges) may also play an important role [15,16]:

NH,+ H = NH,,,, where x=0-2 (7
Resulting NH; molecules could be the source of NH," ions.

3.4. The application of APGD sources in the water purification process
The application of APGD sources in the wastewater treatment process was tested in case of water
solutions containing an organic dye, i.e., methyl red (MR, C;5H;5sN;0,), very toxic Cr(VI) ions (added
as Na,Cr,0,) and a non-ionic surfactant (Triton X-45, C;4H»,O(C,H40),, n=4.5).

4

Afa.u.)

400 450 500 550 600

Wavelenght (nm)
Fig. 2. The absorption spectra of methyl red (MR) in the spectral range 400-620 nm (black line —
spectra of the untreated MR dye containing water solution, grey line — spectra of the discharge treated
MR dye containing water solution).

The decomposition of the methyl red dye and the Triton X-45 surfactant was verified by means of
UV-Vis spectrophotometry, using Thermo Scientific GENESYS 10 Scanning UV/Visible
spectrophotometer (see Fig. 2). The concentration of Cr(VI) ions in water samples was measured
spectrophotometrically, applying the reaction of Cr(VI) ions with 1,5-diphenylcarbazide in acetone.
The degradation efficiency of a pollutant (1) was calculated using the following equation:
N=(Cy,-Cp)/C, X 100% (®)
where C, is the concentration of the pollutant in the untreated water solution, and Cp — the
concentration of the pollutant in the water solution treated by the discharge. In case of water solutions
containing MR dye and Triton X-45 surfactant, values of the absorbance of both pollutants in
untreated (A,) and discharge treated (Ap) water solutions were taken for the determination of the
degradation efficiency instead of the concentration.

As can been seen from Table 4, the efficiency of the degradation of selected chemical pollutants were
better than 85% for both discharges used. Although overflowing liquid cathodes were applied in both
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discharge systems and thus the contact of the discharge with solutions was relative short, it seems that
both APGDs are very promising in an efficient on-line degradation of polluted water samples.

Tab. 4 The degradation efficiency of pollutants (MR dye, Cr(VI) ions, Triton X-45 surfactant) in water
solutions treated by APGD systems (the concentration of pollutants: MR dye: 25 mg 1", Cr(VI) ions:
100 mg 1", Triton X-45 surfactant: 145 mg 1")

Degradation efficiency, %

Chemical pollutant

Ar microjet-liquid cathode Pin electrode-liquid cathode
MR dye 97 99
Cr(VI) ions 85 93
Triton X-45 surfactant 97 98

4. Summary and conclusions

Two kinds of APGD sources, i.e. Ar microjet anode-flowing liquid cathode and pin anode-flowing
liquid cathode, were studied and compared in reference to their spectroscopic discharge properties and
the production yield of chemically active species in the gas-liquid interface. The following species:
OH, NH, NO, N,, H and O were excited in both discharges. Hydrogen peroxide in addition to nitrite,
nitrate and ammonium ions were identified in water sample solutions treated by these discharges as a
result of chemical reactions occurred due to the interaction of water solutions with discharges.
Additionally, a growth of the H;O" concentration (and consequently a drop of pH) in the liquid phase
was noted for both APGD systems. The degradation efficiency of pollutants studied (methyl red dye,
Cr(VI) ions and Triton X-45 surfactant) was found to be better than 85%. Results presented here
indicate that both APGD systems can be successfully applied for the on-line continuous flow chemical
degradation of different organic and non-organic species in wastewater solutions.
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Two kinds of ozonizers through which gas flowed with increasing linear velocity were compared.
High ozone concentrations and ozone production were obtained in oxygen. In the simple surface
discharge arrangement, in which the metal mesh adjacent to the ceramic dielectric was used,
similar effects as in more complicated systems were obtained. In one-side cooling reaction space
the high ozone concentrations and high energy efficiencies of the process, even at 25°C, were
obtained.

1. Introduction

In the course of the studies on improvement of the efficiency of ozone production under barrier
discharge conditions it was stated that the main reason causing the ozone decomposition is a high
temperature of a gas in the microdischarge channels [1]. This temperature depends on both the energy
delivered into the channels, as well as the temperature of the cooling liquid. Therefore, to prevent the
ozone decomposition the temperature of the gas should be quickly lowered directly in the
microdischarge channel, immediately after the occurrence of the desired reactions. Besides the
reducing the cooling liquid temperature, which is the simplest way, the gas flow of a linear velocity
increasing along the ozonizer was forced. The change in gas linear velocity was obtained in Otto-type
ozonizers of the circular symmetry, through which gas flows towards the device axis [2-5].

2. Experimental

Fig. 1 depicts the cross-section of an ozonizer with circular symmetry. The ozonizer is equipped with a
removable H.V. discharge element. The gas was introduced through the inlets located outside the
ozonizer body, then was flowed out into the ring-shaped channel in the reactor lid. From there gas was
directed through the system of 60 openings towards the middle of the reactor and was removed
through the channel in the voltage supplying element. Experiments were carried out using an alumina
plate with diameter of 100 mm and the thickness of 1 mm. The ceramic material with a significant
electric strength and a stable permittivity (¢ = 9.1) was used. The thickness of the plate facilitated the
heat transfer from the reaction space. The bottom side of dielectric (grounded electrode) was cooled
with water (0, 25 and 50°C).

Two kinds of discharge elements based on ceramic plate were used (Fig. 2): the former with sputtered
structure of electrodes and the latter with a mesh electrode adjacent to the ceramic dielectric surface.
The first discharge element (i.e. actuator, Fig. 2a) has concentric strips of 1 mm thickness on the active
side of the ceramic plate. The distances between them are 2 mm thick. On the reverse side, an induced
electrode was made in the form of a circle with a 90 mm diameter. The electrodes were made by
several consecutive depositions of aluminum through a mask [4]. The induced electrode was grounded
by the metal wall of the cooling chamber. The total volume of the reaction space in ozonizer with an
actuator was ca. 13 cm’. The linear velocity of the gas in the reaction space varied and equalled (under
normal conditions) from 0.005-0.03 m/s (at 10 Ndm®/h) to 0.04—0.28 m/s (at 80 Ndm®/h).

The second discharge element (Fig. 2b) was made of metal gauze (brass, mesh 12, wire diameter 0.5
mm) mounted on thin disk of diameter 80 mm. The gauze wire terminals were wrapped around the
edge of disk in order to eliminate the local corona effect. The ceramic plate and the mesh were located
in the reactor in such a way, to limit the space through which gas could flow, up to approximately 1
mm (the mesh thickness) [6]. The gas flowed through the reaction zone with variable linear velocity
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(from ca. 0.016 up to 0.16 m/s for 10 Ndm’/h and from ca. 0.06 up to 0.6 m/s for 40 Ndm’/h), as a
result of changing cross-section area of the reaction space. Because of the gauze presence in discharge
space the gas in the region of wires changed its direction repeatedly. Besides the main component of
gas velocity (in radial direction) the dynamic components (in orthogonal directions) always occur,
which causes the intensification of gas mixing. The total volume of the reaction space was 5 cm® and
ca. 0.5 cm’ was occupied with a mesh. However, not the entire volume of the space was used
similarly. There are specific places in the reaction space, where the mesh wires adhere to the ceramic
plate. The discharge develops on the metal-dielectric border and forms a system of regularly located
“spots”. The amount of discharge spots is constant (ca. 1400). Their size depends on the discharge
power. When the power rises, the discharge develops also along the mesh wires. Since the wires are
very close to each other, the glow around them produces a very homogeneous discharge region. The
gas flows through this discharge and the ones on the dielectric surface. This way, the process of gas
mixing between the channels and their surroundings was intensified. As a result of gas mixing, the
effect of gas cooling in the channels, as well as the reduction of ozone concentrations in the channels
was obtained, which inhibits ozone decomposition process.

Fig 1. Cross-section of the ozonizer. In the A-A cross-section the idea of gas feeding system is
presented; 1 — high voltage clamp, 2 — insulator, 3 — outlet of the post-reaction gas, 4 — gas ejector and
voltage supply element, 5 — reactor lid, 6 — contact spring, 7 — openings through which the gas enters
the reaction space, (8+9) — removable discharge element, 8 — sputtered electrode or metal mesh, 9 —
ceramic plate, 10 — main body of the reactor, 11 — wall of the cooling chamber, 12 — cooling chamber,
13 — grounding clamp, 14 — gas inlet channels, 15 — collecting ring.

The studies were carried out in pure oxygen (99,999 %). The gas flow-rates of 10, 20, 40 and 80

Ndm’/h were used. The concentration of ozone was measured with BMT-963 VENT. The ozonizer
was supplied with an alternating current of up to 12 kVpp. The discharge power was evaluated with a
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TDS3032 oscilloscope equipped with P6015 H.V. probe and a current probe P312 with a TCPA300
amplifier (Tektronix). Experiments were carried out at constant flow rates and increasing power.

1

)

.L\/

\\\\\ -

Fig. 2. Discharge elements: a) concentric strip electrode on the actuator surface, b) scheme of reaction
space operating with mesh-ceramic plate system. The arrows depicts a way of the gas flow; 1 — main
body of the reactor, 2 — reactor lid, 3 — gas inlet channels, 4 — collecting ring, 5 — openings through
which the gas enters the reaction space, 6 — ceramic plate, 7 — mesh, 8 — metal plate, 9 — wall of the
cooling chamber, 10 — cooling chamber, 11 — outlet of the post-reaction gas.

3. Results and Discussion
Table 1 presents the ozone concentrations and yields (maximum values) obtained in both kinds of
ozonizers at 0, 25, and 50°C. Under those conditions energy efficiencies were also calculated.

Tab. 1. Comparison of ozone concentrations and yields (maximal values). The energy efficiencies and

specific energies were calculated on the basis of power necessary to obtain maximum concentration.
) . Ozonizer with a mesh-dielectric
Ozonizer with an actuator
system
0°C 25°C 50°C 0°C 25°C 50°C
¢, g/Nm’ 123.8 102 83.7 132.8 100 70.6
m, g/h 1.24 1.02 0.84 1.33 1.00 0.71
10 Ndm*/h n, gkWh 30.1 28.5 23.4 44.3 53.5 46.8
Wg/gémg 35 3.0 3.0 3.0 1.87 1.51
c, g/Nm’ 106.9 93.1 75.2 117.8 88.0 59.0
m, g/h 2.14 1.86 1.50 2.36 1.76 1.18
20 Ndm’/h n, gkWh 46.4 40.5 37.0 65.5 69.9 58.2
W}f/gémg 2.25 2.25 2.0 1.75 1.39 1.23
c, g/Nm’ 82.2 72.5 59.4 98.8 68.1 46.7
m, g/h 3.29 3.00 2.38 3.95 2.72 1.87
40 Ndm’/h n, gkWh 71.7 63.3 52.1 85.8 89.3 61.6
W}f//I}I/(im3 1.13 1.13 1.13 1.13 0.85 0.75
¢, g/Nm’ 54.2 50 44.6
m, g/h 4.34 4.00 3.57
80 Ndm’/h | 1, g/kWh 85.6 87.9 70.6
W}f//I}I](im3 0.63 0.56 0.63
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Fig. 3 depicts maximum ozone concentrations obtained in both ozonizers under process conditions
(flow rates 10-80 Ndm®/h, temperatures 0-50°C). The ozonizer operating with an actuator has a more
stable temperature characteristics. Ozone concentration decreases slowly with temperature rising,
independently on the gas flow rate. When mesh-dielectric discharge element was used the ozone
concentrations were significantly higher at low temperatures, however, they decreased faster.
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T
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[ = |
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Fig. 3. Maximum ozone yields vs. temperature of cooling liquid; actuator (solid hnes) metal mesh-
dlelectrlc system (dashed lines); oxygen flow-rates: 0,8 — 10 Ndm’/h, o,m — 20 Ndm’/h, A, A — 40
Ndm’/h, ¢ — 80 Ndm’/h.

The reason of such profitable results is suspected in two main parameters: the nature of the discharge
obtained and the gas through the discharge space flow arrangement. The discharge action mechanism
is not entirely explained. It seems that energy dissipation in the significant part of discharge space has
an important meaning. The discharge modified in such a way occurs under low voltages, lower than
that in typical DBD ones. As a result, the primary electrons energy should be more homogeneous.
When the average energy of the electrons generated during the discharges is somewhat higher than 6
eV, they have only a minimal energy excess over that necessary for O, dissociation. Then, in the
discharge zones less heat is produced, and the gas temperature should be significantly lower. Also, the
secondary electrons should have a lower energy. It can limit the ozone decomposition in reactions just
with participation of low energy electrons:

O3+e—>0+02+e (1)

Therefore, the change in discharge character, due to which the amount of energy converted into heat is
limited, can cause that both, ozone formation and decomposition rates in discharge zones, should be
lower. And, since ozone decomposition rate to a higher degree diminishes with the temperature
decrease, ozone concentration could be high.

Undoubtedly, the arrangement of the gas flow through the reaction space also has an important effect
on the results obtained. Due to the presence of the metal mesh the gas is mixed, what improves both,
heat and mass exchange. Since the mesh is a H.V. electrode, in the places where discharges occur,
locally strong disturbances of the gas flow occur [e.g. 7,8]. The gas swirls, formed near the wires, are
an additional element intensifying the gas mixing. The local micro-mixing of oxygen atoms and
particles improves the efficiency of O consumption in reaction:

0+0,+M—-0;+M M =0, O, 0r 05) 2
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and moreover, it limits the recombination of atomic oxygen:
0O+0+M—-0,+M 3)

The intensive gas mixing causes also faster diffusion of newly formed ozone particles into the gas
stream, due to which the probability of reaction occurrence decreases:

0;+0—>0,+0, 4

Therefore, improving the gas mixing could cause the high efficiency of the process. Additionally,
because in the ozonizers tested the linear velocity of the gas increases with increasing in ozone
concentrations in the post-reaction gas stream, also the reducing of the gas residence time in the
discharge end zones was obtained, what protects the ozone included against the decomposition.
Relatively low energy efficiencies of the process result from the usage of single-side cooling of the
actuator. However, the ozonizer with a small electrode surface area enables to obtain a significant
ozone yield. The ozone production obtained at 25°C was only slightly smaller than that at 0°C,
especially at moderate discharge powers.

4. Summary

It was found that both ozonizers enable to obtain the high ozone concentrations in oxygen. In the
simple discharge arrangement, in which the metal mesh adjacent to the ceramic plate was used, similar
effects as reported in case of more complicated discharge systems were obtained. In spite of only one-
side cooling of the reaction space the high ozone concentrations and high energy efficiencies of the
process, even at 25°C, were obtained. Because the reaction space was only one-side cooled, the results
could probably be improved when a cooled H.V. electrode was applied. An essential effect on the
results obtained in the presented ozonizer has a manner of the gas flow through the discharge zone.
Since the process occurred in low volume reaction space, the results obtained are particularly
interesting. The studies aiming to improve the intensity of heat transfer and ozone concentration
obtained are in progress.
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In this study, Schlieren photography technique has been applied for the visualization of the
pressure field of a single-shot underwater pulsed discharge. A needle-to-plane electrode
configuration submerged in distilled water was used. The detailed time- and space-resolved
observation of both streamers and pressure waves was performed. As a result, several phenomena,
such as the phase change prior to the initiation of the discharge, primary and secondary streamers
propagation, shock wave generation, and the bubble formation, were observed. From these
observations, a scenario of multiple events from pre-breakdown to post-discharge was proposed.

1. Introduction
Recently, liquid-related electrical discharges, such as discharges in water or discharges on the water
surface, have been widely studied for environmental and biomedical applications as well as
nanomaterial processing [1, 2]. However, the underwater discharge mechanisms are more complicated
compared to the discharge in air. In addition, several phenomena, such as the radical formation, UV
radiation, and shock wave generation, are involved in the underwater discharge. Although the
discharge observation based on the optical emission is widely performed [3-5], the obtained
information is limited on the streamer propagation stage. To clarify the initiation and post-discharge
phenomena, another optical observation, such as shadow/Schlieren imaging and Mach-Zehnder
interferometry, has been performed [6-8]. In this study, Schlieren photography, which measures
density gradient in the water, was used for visualization of the pressure field of underwater discharge.
To avoid the influence of pre-discharge, a single-shot pulsed discharge was used instead of repetitive
pulsed discharge and liquid-gas dynamics was observed from the initiation to after the extinction of
the discharge. Simultaneously with Schlieren imaging, the streamer image was also obtained to
investigate these relations.

2. Experimental set-up
A laser Schlieren imaging technique [9] was used to study the liquid-gas dynamics in the discharging
reactor. KrF excimer laser (Lambda Physik, COMPex 150, A=248 nm) was used as a pulsed light
source. A needle-to-plane electrode configuration submerged in distilled water (3 puS/cm) was used. A
stainless-steel needle (0.31 mm in inner diameter and 0.57 mm in outer diameter) with an insulating
cover was used as the powered electrode, while a brass plate (70 mm in diameter) was used as the
grounded electrode. The tip of needle was protruded 0.5 mm from the insulating cover in order to
enhance the electric field at the tip of needle electrode. The needleplane gap was fixed at 40 mm.
Fig. 1 shows a pulsed high-voltage circuit using a MOS-FET switch (Behlke, HTS 651-03-LC) for
generating an underwater pulsed discharge. A manual trigger pulse generated by a function generator
(NF, WF1974) was used to trigger a single-shot positive pulsed high-voltage and was supplied TTL
signal to a delay generator (Stanford Research, DG535) for the trigger of the laser and the camera.
Voltage and current waveforms were recorded using a high-voltage probe (Iwatsu, HV-P06) and a
current monitor (Pearson, 4100), respectively. The ICCD camera (Andor, i-Star) was used to obtain
Schlieren images at various time delays between the laser pulse and the pulsed high-voltage. The time
relationship between the applied voltage pulse, discharge current pulse, laser pulse, and gate opening
time of the ICCD camera was monitored with a digital oscilloscope (Tektronix, TDS 5104). Also a
digital camera (Nikon, D90) was used to capture the streamer images. The view angle of the digital
camera was set to be ca. 15 degrees.
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Fig. 1. Electrical circuit for generating pulsed high-voltage.

3. Results

A. Characteristics of underwater discharge

Fig. 2(a) shows the typical waveforms of the applied pulsed voltage and the current at early time.
Before the discharge inception, the displacement current appears at the rising edge of the pulse. It can
be considered that a certain kind of phase change occurs prior to the initiation of the discharge. After a
stochastic time delay, primary streamer appears, followed by secondary streamer. The corresponding
primary streamer image is shown in Fig. 2(b). While Fig. 3(a) shows the waveforms of the applied
pulsed voltage and the current in terms of a different time scale. In this experiment, typical discharge
current pulse reaches ~5 A at 23 kV. After the extinction of the secondary streamer propagation, the
re-illumination can be observed within a single-shot pulsed high-voltage application.

Displacement| --py | o (10 ns) (b) Needle rimary |streamer Needle
current | _ 9 Jesiml | electrode
Discharge| _|[Secondary streamer ™ Secondary stieamer
initiation ) iF g ’

imingtion

= | e-ill

> 4

Preb eakdowy Current 2 Afdiv
Primary treamer nigl
curfent ICCD gate (1 ps)
[ . M““m
{ a) Voltage| 10 kV/diy Voltage 10 k\/div |
J R
Time 400 ns/div @ T%V
Fig. 2. (a) Applied voltage and current Fig. 3. (a) Applied voltage and current
waveforms at early time. (b) Corresponding waveforms. (b) Corresponding secondary
primary streamer image captured at instant A streamer image captured by light emission
in figure (a). through the re-illumination stage (gray colored
period in figure (a)).
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The re-illumination occurs only for low conductivity liquid [10], especially for dielectric liquids such
as oil [11]. This phenomenon is due to the charge deposition on the gas side of the gas/liquid interface
left by the secondary streamer. The emission intensity of the re-illumination is weaker than that of
secondary streamer. Since the part of streamer channel still exhibits weak light emission during the
stage of re-illumination, we can follow the trace of the secondary streamer as shown in Fig. 3 (b).

B. Schlieren images with streamers

Fig. 4 shows the typical temporal and spatial evolution of the Schlieren images for various delay times
after the application of the high voltage pulse. Each image presented in Fig. 4 was selected from a set
of different observation at the same conditions (applied voltage 23 kV, pulse duration 10 ps, ICCD
gate time 300 ns). At first, the appearance of opaque region with a spherical shape can be observed at
the tip of the needle electrode before the initiation of the discharge as shown in Fig. 4(a). The extent of
this region increased with time. In this region, several mechanisms have been discussed for the
discharge initiation [8, 10, 12, 13]: a low density region (including the formation of microbubbles),
phase instabilities/phase change prior to electron avalanches. In addition, the microbubbles may pre-
exist inside this region, resulting the electron avalanching in gas bubbles. After the inception, primary
streamers with a tree like structure appear and then secondary streamers with a filamentary structure
are observed. Especially, a fine filamentary structure is clearly seen in Fig. 4(b).

(b) 600 ns (c)2.5ps

(e) 17.6 us (f) 50 ps (g) 87 pus (h) 140 us

Fig. 4. Time evolution of Schlieren images. (applied voltage: 23 kV, pulse duration: 10 us, discharge
current:4-6 A, needle-to-plane electrode, gap: 40 mm, distilled water).

According to An et al. [7], the streamer channel radius increases proportional to t1/2 at late times.
Moreover, the several shock waves appear with the streamer propagation as shown in Fig. 4(b). The
reason for this multiple shock wave generation is due to the step-like streamer propagation similar to
the stepped leader of a lightning. As a time elapses, the outgoing shock wave is often generated from
the tip of the needle electrode (Fig. 4(c)). A spherical wave is also created at the node of streamer
branching, and by superposition of all of the waves a complex wave pattern is generated (Fig. 4(d)).
On the other hand, tracks of streamer propagation near the power electrode become gaseous channels
and those diameters become thicker than that of secondary streamer (Fig. 4(e)). Although the applied
pulsed voltage diminishes by ~14 us, the shock wave is still actively expanding and then reflecting by
the plane electrode as shown in Fig. 4(f). On the post-discharge stage, the gas channels are disrupted
and develop into gas bubbles which grow and decay, causing the generation of bubble wave (Fig. 4(g)).
Finally the trace of streamers fades away in time and several disrupted bubbles are sustained in liquid,
moving upward direction (Fig. 4(h)).
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Tab. 1. Typical characteristics of underwater discharge modes in needle-to-plane electrode under our
experimental conditions.

Discharge mode
Primary Secondary Re-illumination
streamer streamer
Bush-like tree with Filamentary with Weak cl'lscrete light
Shape . emission spot or
spherical symmetry branches
segment
Length ~a few mm ~a few cm ~sub- mm
Channel width ~250 um ~350 um ~250 pm
Velocity 100 m/s ~ a few km/s ~30 km/s Stationary
Current ~2 A 1~10 A ~1A
. Field induced Ignition by the
. Electron avalanche in . . .
Mechanism* . . dissociation and deposited charge such
low density region R
1onisation as DBD

*The possible mechanism is described.

4. Discussion

The characteristics of the observed discharge mode in the present study are summarized in Table L.
Fig. 5 depicts a plausible scenario of multiple events from prebreakdown to post-discharge. In the pre-
breakdown regime, one possible mechanism for the instability initiation is modification of electric
field with a sharp variation in permittivity near the powered electrode [12]. Since the change of
permittivity or density variation leads to a change in refractive index in water, therefore we can
observe this effect as the generation of opaque region by the Schlieren photograph. Although the
influence of the thermally generated bubbles is negligible because the duration for the initiation of
breakdown in liquids is too short to create a new bubbles under our experimental condition, pre-
existing microscopic gas bubbles within liquids also contribute for the initiation of breakdown in
liquids. The opaque region has a spherical shape for our electrode configuration, resulting the
generation of primary streamers with tree-like morphology. Electron avalanche in low density region
takes place. While secondary streamers propagate beyond the opaque region and a few long
filamentary discharge channels create due to the field induced dissociation and ionization at the tip of
the streamer head [7]. Large pressures are created at the electrode boundaries and then shock wave
generation occurs. The velocity of the shock wave at early time of the discharge reaches 3 km/s.

Discharge Post-discharge

0 Pre-discharge 10 ps Time
| | =
I =
Onset
Needle
A clectrode / Bubble
Shock NG
AV Gaseous ©
. wave / A\ o
Opaque region  Primary s \ channel
streamer 4 J
Re-illumination Bubble
Secondary \ /_‘I_\ wave
streamer

Plane electrode

Shock wave

Reflected shock wave

C

D

Fig. 5. Illustration of a scenario of multiple events from pre- discharge to post-discharge in underwater
discharge. (applied voltage: 23 kV, pulse duration: 10 ps, discharge current: ~ 5 A, needle-to-plane
electrode, gap: 40 mm, distilled water).

According to the Hugoniot equation [14], very large pressures on the order of GPa can be created
during the secondary streamer propagation period. The charge accumulation occurs at the interface
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between gas and liquid, causing the re-illumination. Moreover, we can observe thick trunks in
Schlieren images after the propagation of secondary streamers. Those diameters are about twice as
large as streamers. Internal heating may be occurred during the whole period of the discharge, gas
bubbles is generated as shown in Figs. 4(d)—(f). The generation of the bubble wave is due to the
bubble’s rebound, such as its growth and collapse. To further investigate the detail phenomena for
underwater discharge, a more precise measurement using Mach-Zehnder interferometry is now in
progress separately.

5. Conclusion
The commonly observed phenomenon of underwater discharge generated by a single shot pulsed high-
voltage was investigated experimentally. A definite sequence of events starting with the generation of
lower density region, followed by breakdown, the primary streamer, rapidly expanding stepped
secondary streamers and re-illumination as a typical discharge mode, shock wave propagation,
localized cavitation at the trace of streamer propagation, and eventual bubble collapse was observed by
using Schlieren photography.
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Application of coaxial dielectric barrier discharge (DBD) reactor for treatment of hydrocarbons in
air was studied. This configuration of DBD offers to operate the plasma with and without water
falling film at one of the electrodes. Thus it can act as a discharge reactor and as a scrubber for
soluble compounds in a gas phase, simultaneously. Reactor efficiency was tested on two water
insoluble hydrocarbons, namely undecane and toluene as typical VOC. The diagnostics of treated
gas was performed by FID analyzer and FTIR spectroscopy. Conversion efficiencies of undecane
and toluene with regard to specific energy density and presence of the water in the reactor are
presented. In both cases CO,, CO and HCOOH were identified as the main products of
hydrocarbon degradation. Besides these species HNO;, N,O and O; were formed in the plasma.
The results show that in plasma processes it is possible to convert non-soluble pollutants into
soluble-ones. The absence of formic acid and nitric acid absorption bands in the FTIR spectra of
gas treated in the discharge with water demonstrate that the presence of flowing water inside the
reactor improves the gas cleaning process. A synergy between plasma and water scrubbing at
atmospheric pressure and room temperature is demonstrated and offers high potential for industrial
application.

1. Introduction

In view of the increasingly strict legislation for pollution control and evident environmental
and health effects, abatement of volatile organic compounds (VOCs) in industrial exhaust gases and
indoor environment has been extensively studied. According to the classification of World Health
Organization VOCs include all organic compounds with boiling temperature in the range of 50-260°C,
excluding pesticides [1]. VOCs are regarded as the main causes of many environmental problems
(ozone layer depletion, contribution to global warming, etc.). The health effects of exposure to VOCs
range from sensory irritation to toxic effects (neurotoxic, organotoxic and carcinogenic effects) [2].
VOCs are released into the atmosphere principally from vehicle exhausts, petrol refining and fuel
storage, gasoline, solvents, wood preservatives, glues and lacquers. In industrial large volume sources,
like paper and pharmaceutical industry or wood and food processing, emissions of VOCs are usually
diluted. Conventional technologies used for VOCs removal based on thermal incineration are not
economical for large gas flow rates and low concentrations of VOCs [3].

Non-thermal plasma (NTP) technologies, mostly based on dielectric barrier and pulsed corona
discharges or electron beam injection, have been recognized as promising methods for pollution
control and offer the possibility to overcome difficulties encountered in other alternative VOC
treatment methods (biofiltration, adsorption, low temperature catalysis, etc.). Highly reactive species
(like free radicals) generated in NTPs initiate chemical reactions and pollutant decomposition at
atmospheric pressure and room temperature, while conventional methods based on thermal
incineration require the heating of the entire gas stream [3, 5]. In industrial processes NTP is usually
combined with catalyst, adsorbents or scrubbing. The simultaneous use of gas discharge and scrubbing
(hybrid process) for the removal of VOCs has already been described in [3, 6]. The by-products of
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plasma treated VOCs are usually soluble compounds and can be easily removed by water scrubbing.
Complete oxidation of hydrocarbons to CO, and H,O consume more plasma generated oxidizers and
therefore has higher energy requirements than conversion of the non-soluble compounds into soluble
ones. Plasma-water scrubbing approach enables significant reduction of VOC removal energy costs as
well as the complete elimination of plasma treatment by-products. Such a solution, where organic
compounds are converted from gas to liquid phase, is acceptable for the industries where the amount
of polluted water from other sources is large and water cleaning is required anyway [3].

A novel water falling film dielectric barrier discharge has been developed and investigated for
water purification [7-11]. This configuration of DBD offers to operate the plasma with and without
water falling film at one of the electrodes and recently it has been applied for “dry” cleaning (without
water film) of flue gases in a coal-combustion power plant [12]. It is featured by a very compact design
which enables plasma treatment of gases and absorption of soluble compounds by water film in a single
reactor. This contribution presents application of this reactor for removal of volatile organic
compounds (VOCs). The motivation is to demonstrate the synergetic effect of simultaneous NTP-
treatment and scrubbing for the degradation of undecane and toluene as water-insoluble VOCs.

2. Experimental set-up

A schematic overview of the experimental set-up is given in Fig. 1. The reactor consists of two
electrodes and a dielectric barrier, placed concentrically. The dielectric is a quartz tube with the inner
diameter of 26 mm, length of 500 mm. The inner electrode is made of stainless steel with an external
diameter of 20 mm and a length of 500 mm. An outer electrode made of aluminum foil (length 400
mm) is wrapped around the quartz tube. When the discharge source works as water falling film
reactor, water flows up through the vertical hollow cylindrical electrode and flows down making a thin
film over the electrode. Water flows from the reservoir through the discharge by means of a peristaltic
pump, with a flow rate of 100 mL/ min. The low frequency ac power supply used in this study consists
of a high voltage transformer and a frequency inverter. For this reactor configuration optimal operating
conditions are found to be at a frequency of 300 Hz. The DBD is generated within ~ 3 mm gap by
applying voltage of up to 20 kV. The inner electrode is grounded via a capacitor of 470 nF and the
outer electrode is connected to power supply. Electrical parameters were measured using a digital
oscilloscope Tektronix DPO 4104 (1 GHz bandwidth, 5 GSamples/s) and a high voltage probe
Tektronix P6015A. Lissajous figures were used for the determination of energy dissipated into the
plasma in one period of the applied voltage [13].

The mixture of air and undecane (CH;(CH,)9yCH3) was prepared by bubbling of compressed air
through a sample of liquid undecane which was heated in a water bath, kept at temperature t= 40°C.
The gas stream containing undecane was diluted with the second gas stream of compressed air in order
to obtain the desired concentration of undecane in the total air flow through the reactor. The efficiency
of coaxial DBD for removal of undecane in air was evaluated for gas flow rate of 800 L/h and initial
concentration of undecane measured with FID at the exit of the reactor was 55 ppm of undecane. In
experiment with water present in the discharge initial concentration of undecane was somewhat lower
as 40 ppm. Prior to experiment, possible absorption of undecane by circulating water in the discharge
was checked and it was proved that absorption doesn’t occur.

Gas containing toluene (C¢HsCH;) was prepared by mixing synthetic air (80% nitrogen, 20%
oxygen) and toluene from test gas cylinder (50 ppm of toluene in nitrogen, Air Liquide). Toluene
degradation was studied for two initial concentrations (20 ppm and 40 ppm) of toluene in synthetic air.
All measurements were performed in the dry reactor without water and with water circulating in the
discharge. For experiment with 20 ppm of toluene gas flow rate was 900 L/h, and in the case of 40
ppm toluene in synthetic air gas flow rate was 300 L/h.

IR analysis of gas composition was performed with FTIR spectrometer Bruker Alpha (Bruker
Optik GmbH, Germany). Also, Gasmet CR-2000 (Ansyco, Germany) FTIR spectrometer was used for
online quantitative gas analysis. For continuous monitoring of the concentration of total hydrocarbons
in the plasma treated gas, flame ionizing detector FID TESTA 2010T (TESTA GmbH, Germany) was
used. The study of Hoeben et al. [14] showed that the standalone (integral carbon) FID analyser is a
simple and robust instrument for determination of lower limit conversion levels of hydrocarbon target
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compounds, especially suitable for environments where GC- MS cannot operate or is not available.
Conversion of undecane and toluene was determined by FID analyzer using measured initial
concentration of total hydrocarbon (C;,) at the exit of the reactor and concentration of total
hydrocarbon as a function of specific energy density (C,)(SED was derived from the discharge power
and gas flow, and was varied by changing the voltage amplitude).
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Conversion efficiencies of undecane and toluene with regard to SED and presence of water in
the reactor are presented in Fig. 2. In the discharge without water undecane conversion was at level of
87% at a specific energy density of 83 J/L, while the same conversion level in discharge with water
was reached at 112 J/L. Toluene conversion level of 97% in dry reactor was reached at specific energy
density of 28 J/L, while for the 97% conversion in the reactor with water film 43 J/L are needed. In the
experiment with higher initial concentration of toluene (40 ppm) for the same conversion level of
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97% a specific energy density of 59 J/L was needed, and in discharge with water SED increased to
210 J/L. It was found that conversion efficiency of tested VOCs increases with an increase of SED,
but presence of water film in the discharge to some extent reduces the efficiency compared with
results obtained for dry gas stream.

3.5
3.0+
2.5
2.0+
1.54

Absorbance

1.04
0.5

0.0+

bt

(a) Air

—— without water
—— with water

N,O
PN

HNO,

WL

4000

3.54

2.5
2.0+
1.54

Absorbance

1.0
0.5

0.0
4000

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Absorbance

3500 3000

Undecane

(b)

—— without water
—— with water

Residual
HNO, undecane

3500 3000

(c) Toluene 20ppm
without water

residual toluene
o,

3

N\

O S

2500 2000
Wavenumbers [cm']

CO,

N,O

2 HCOOH

\

K

2000

2500

Wavenumbers [cm]

0.04

1500 1000

7 e
3
H
Rt |

s

1500

500

500

4000

3.0
2.5
2.0
1.5

Absorbance

1.0
0.5

0.0

3500 3000

(d) Toluene 20 ppm
without water

HO

2

CQ,

2500 2000
Wavenumbers [cm']

1000

500

4000

3500 3000

2500 2000
Wavenumbers [cm']

1500 1000

500

Fig. 3. FTIR spectra of the gas flowing out of the reactor after plasma treatment: (a) air, (b) undecane,
(c) and (d) 20 ppm of toluene in synthetic air, with and without water.

178



Although the presence of water has a bit adverse effect on energy consumption, the FTIR analysis
showed that its presence enhances the gas cleaning process and the elimination of plasma treatment
by-products. Examples of FTIR spectra obtained in air/undecane and air/toluene mixtures are
presented in Fig. 3. Analysis has shown that the major degradation products of tested organic
compounds are CO,, CO and formic acid (HCOOH). Also evident are absorption bands of O;, HNO;
and N,O, formed in the background gas. In Fig. 3a and 3b the absence of HNO; and HCOOH bands in
plasma with water can be clearly observed (framed part). Such behavior is not obvious in the case of
toluene because of the lower initial concentrations which result in lower concentration of by-products.
The scrubbing of soluble by-products from the gas phase by water film inside the plasma reactor
significantly improves the pollution control processes where plasma converts non-soluble pollutants
into soluble ones.
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Inactivation of aquatic microorganisms by indirect and direct air plasma treatment using water
falling film dielectric barrier discharge (DBD) reactor was investigated. In this reactor the
circulating liquid is a part of discharge electrode configuration. Thus the liquid is directly exposed
to radiation and reactive species like ozone, radicals, ions and electrons. Suspension with high
concentration of microorganisms (range 10’-10° cfuml™) Escherichia coli and Staphylococcus
aureus have been used to investigate the antimicrobial effect. In indirect treatment NaCl solution
was treated by plasma with different exposure times and microorganisms were added to the stock
suspension immediately after the treatment. Complete inactivation of E. coli was achieved with
NaCl solution treated by plasma for 30 min, while for S. aureus it was 40 min. In direct plasma
treatment of NaCl solution containing suspended microorganisms, complete inactivation of E. coli
and S. aureus were achieved after 2 min and 1 min of plasma treatment, respectively. Furthermore
a significant acidification (pH<2) of plasma treated NaCl solution was measured. FTIR analysis of
air flowing out of the reactor showed that in plasma treated air without the presence of water O3,
N,O and HNOj; were produced in the discharge, while the absence of HNOj; absorption bands is
evident when water is circulating in the discharge region.

1. Introduction

In recent years much attention has been devoted to development of non-thermal plasma (NTP)
applications in life-science (bio-decontamination, wound healing, treatment of cancer cells, etc.). Non-
thermal atmospheric-pressure discharges, particularly in air, are very effective and convenient in
deactivation of micro-organisms. NTPs in air are an effective source of active species, such as
radicals, ions, excited atoms and molecules, UV radiation and so on, which are able to deactivate, kill,
or even completely disintegrate bacteria, viruses, and other microorganisms without any significant
temperature effects [1]. Plasma induced inactivation of microorganisms was demonstrated by plasma
treatment of liquids where liquid is in direct or close contact with plasma [2, 3], and by plasma
treatment where the plasma is in close proximity to a liquid, but without direct contact [4, 5]. In
plasma treated liquid, under atmospheric air conditions, acidification as well as generation of low-
molecular chemical species such as nitrate (NO5'), nitrite (NO,’) and hydrogen peroxide (H,O,) have
been identified [6, 7]. Research results highlight the complexity of plasma-liquid interactions and
hypothesize that reactive nitrogen and reactive oxygen species generated in plasma both play a key
role for antimicrobial activity of plasma treated liquids.

In this work we tested application possibilities of hybrid gas-liquid DBD reactor for
inactivation of aquatic microorganisms. Application of water falling film DBD has been already
investigated for water purification [8-12]. In this reactor configuration chemically active species
generated in plasma can easily get into the water which forms a falling film at one of the electrodes.
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2. Experimental set-up

Experimental set up is shown in Fig. 1. The cylindrical reactor consists of two glass tubes and
electrodes, placed concentrically. The inner glass tube, with a diameter of 20 mm, has double walls
and it’s silverised on the inner side. The silver layer served as the grounded inner electrode. The outer
glass tube, with the inner diameter of 29 mm and length of 600 mm, was wrapped with an aluminum
foil of a length of 380 mm. The aluminum foil was connected to the high voltage.

When the discharge source works as a falling film reactor, water flows up through a vertical
hollow inner glass tube and flows down making a thin film over the inner electrode. Water flows from
the reservoir through the discharge by means of peristaltic pump, with a flow rate of 100 mL/ min. All
measurements were done for a discharge reactor operating at atmospheric pressure in flowing air with
a gas flow rate of 2 L/min. In this way water becomes a part of discharge electrode configuration and
plasma is generated between the glass and the water layer.
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Fig. 1. Coaxial water falling film DBD

The low frequency ac power supply used in this study consists of a high voltage transformer
and a frequency inverter. For this reactor configuration optimal operating conditions are found to be at
frequency of 300 Hz. The filamentary barrier discharge is generated within 4.5 mm gap between the
inner and the outer glass tubes by applying voltage of 18 kV amplitude. Electric parameters were
measured using a digital oscilloscope Tektronix DPO 4104 (1 GHz bandwidth, 5 GSamples/s) and a
high voltage probe Tektronix P6015A. Lissajous figures (Q-U graphs) were used for determination of
electric power of the discharge [13]. To obtain these graphs a capacitor of 470 nF was connected in
series with the discharge. In this study electrical power of 43 W was dissipated into the plasma in all
experiments.

Online FTIR analysis of gas exiting the reactor was performed with the Bruker Alpha FTIR
gas analyser using a 4.9 m long gas cell. For pH measurement of treated liquid a pH meter (WTW
GmbH, Germany) and a semi-micro pH electrode (SENTEK P13, Sentek Ltd., UK) were used.

In order to investigate inactivation of microorganisms with water falling film DBD indirect
and direct treatments of microorganisms were applied. In this study indirect treatment refers to a
plasma treatment of liquid without microorganisms, which is added to microorganism stock
suspension immediately after the plasma treatment. Direct treatment refers to a plasma treatment of
liquids containing suspended microorganisms.
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As test microorganism overnight cultures of Escherichia coli NTCC 10538 and
Staphylococcus aureus ATCC 6538 (Institute of Hygiene and Environmental Medicine, University of
Greifswald, Germany) were diluted using sodium chloride solution (NaCl 0.85 %; 8.5 g NaCl per
1000 mL water) to get concentrations of 10’- 10° colony forming unites per milliliter (cfu - ml™). For
indirect plasma treatment 100 ml of sodium chloride solution without bacteria were treated. Starting
volume of 100 ml was circulating in water falling film DBD reactor. Samples of treated solution were
taken every 10 min. within 60 min. of total treatment time and immediately added to culture tubes
containing E. coli and S. aureus stock suspension (exposure time 15 min), respectively. For direct
plasma treatment 100 ml of E. coli and S. aureus stock suspensions were treated, respectively, in water
falling film DBD for different times (1-15 min.). The number of viable microorganisms (cfu - ml™)
was estimated by the surface-spread plate count method using aliquots of serial dilutions of
microorganism suspensions according to the European Pharmacopoeia. Detection limit of this
procedure was 10 cfu - ml™. Inactivation kinetics of microorganisms is depicted in semi-logarithmic
plots. If the number of microorganisms fell below the detection limit, i.e. no viable microorganisms
have been found, these values in the diagrams are set at 5 cfu ml™.

3. Results and discussion

Influence of plasma treated NaCl solution on inactivation of E. coli and S. aureus is shown on
Fig. 2. The results show that the inactivation of E. coli is found to be more efficient than inactivation
of S. aureus. Complete inactivation of E. coli was achieved with NaCl solution treated in plasma for
30 min. This corresponds to 8 log order reduction of E. coli with specific energy density of 878 kJ/L.
S. aureus is more resistant to external influences in general compared to E. coli. Complete inactivation
of S. aureus is reached with NaCl solution treated in plasma for 40 min. In the case of S. aureus 8 log
order reduction was obtained with specific energy density of 1263 kJ/L.

g 10° E 10°

= . = o—eo

S, 108 .\ (a) plasma treated NaCl solution S, 10° ~~__(b) plasma treated NaCl solution

g . 7] - directly added to E. coli g . 7] ®__ directly added to S. aureus

£ 10 5 10 N

c c .

g 10° S 10°

§ 10° § 10°

€ 10" € 10"

o o

2 10° B 101

> >

% 10°1 5 107

B 40" Loc e 2N S 40l

2 107 Getection timit E—Ea—s—n 2 10

S 0 S 0

T 20 30 40 80 6o T 20 %0 40 %0 60

4 5 4 5

Treatment time in plasma [min] Treatment time in plasma [min]

Fig. 2. Influence of plasma treated NaCl solution on inactivation of (a) E. coli and (b) S. aureus

The change of pH of treated NaCl solution during the plasma treatment is shown in Fig 3. First
10 min of treatment in the discharge resulted in a steep decrease of pH from 7 to less than 3, this is
followed by a further slight decrease and pH value less than 2 was recorded after 60 min of treatment.
It has been reported by several groups that in the case of water disinfection by plasma treatment,
antimicrobial plasma effects correlated at least partially with pH decrease of liquids, i.e. acidification.
Air plasma treated water becomes acidic and contains active species nitrite (NOy), nitrate (NO;’) and
hydrogen peroxide (H,O,). In air plasma reactive nitrogen and oxygen species are generated in gas
phase and dissolved in plasma-liquid interactions. Dissolution of these reactive species leads to the
acidification of the liquid exposed to the plasma. This is also confirmed in one configuration of water
falling film DBD where water was treated with air plasma and concentrations of nitrite, nitrate and
hydrogen peroxide were measured using spectrophotometric methods [14]. In order to better
understand plasma-liquid interactions FTIR spectra of air flowing out of the reactor were recorded in
dry rector without water and while water was circulating in the reactor, Fig. 4.
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FTIR analysis showed that in plasma treated air without the presence of water in the discharge Os,
N,O and HNO; were produced. When water circulation through the discharge is switched on, the
absence of HNO; absorption bands is evident. These results indicate that species generated in gas
phase can diffuse and interact with water, which further leads to chemical reactions in water and
production of new species.

pH

. . 03
3571 Air i
8 _
301 without water
71 @ pHin treated NaCl solution 2 —— with water
© 2.54
6 2
5 38
—
4 ?
el
31 <
O\O
2+ T O0——0—0—0
14
0 T T T T T T T T T T T T T T
0 10 20 30 40 50 60 4000 3500 3000 2500 2000 1500 1000 500
treatment time [min] Wavenumbers [cm'1]
Fig. 3. The pH of NaCl solution dependent Fig. 4. FTIR spectra of air treated in water falling
on plasma treatment time film reactor without water and with water

Inactivation kinetics of E. coli and S. aureus in suspensions directly exposed to plasma dependent on
plasma treatment time is shown on Fig. 5. After 1 min of plasma treatment 6 log reduction in E. coli
viability was measured. Complete inactivation of E. coli was achieved after 2 min of plasma treatment.
In this experiment complete inactivation of E. coli corresponds to 9 log order reduction achieved with
specific energy density of ~ 52 kJ/L. Initial concentration of E. coli was somewhat higher than initial
concentration of S. aureus. Complete inactivation of S. aureus was accomplished after 1 min of
plasma treatment which corresponds to 7 log order reduction with specific energy density of ~ 25 kJ/L.
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Fig. 5. Concentrations of (a) E. coli and (b) S. aureus in suspensions treated in plasma as a function
of plasma treatment time

Taking into account that initial concentration of E. coli was higher than that of S. aureus for almost
2 log orders, it could be sad that under the studied experimental conditions it takes approximately 1
min of direct treatment for 7 log order reduction of S. aureus or E. coli, which corresponds to specific
energy density of 25 kJ/L. Inactivation of E. coli and S. aureus in indirect and direct plasma treatment
as a function of specific energy density is given in Fig. 6 and Fig. 7, respectively.
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Regarding the energy efficiencies the water falling film DBD exhibits highly efficient antimicrobial
activity comparing to some results reported in literature where the liquid containing microorganisms is
in direct contact with the plasma [3]. It took around 40 min to achieve five-log order reduction for E.
coli, which corresponds to 120 J/ml according to data reported in [3]. Although, the energy
consumption for indirect treatment reported in this paper is significantly higher than one for direct
treatment, biological effects of plasma-activated water and antibacterial effectiveness for a period of
up to 7 days after plasma treatment [5S] make it important in plasma bio-decontamination
(antimicrobial treatment of various surfaces, medical instruments and equipment, different food
products, etc.) processes.
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Reducing NOx emissions from combustion processes can be achieved by decreasing the
combustion temperature while operating at sub-stoichiometric (lean) conditions. However, there is
a limit at which flame becomes unstable. It was found that this limit can be significantly improved
and the lean flame can be stabilized using high frequency (~kHz) nanosecond repetitively pulsed
(NRP) discharge. NRP discharges generate reactive plasma with high energy efficiency. We tested
a DC-driven self-pulsing transient spark (TS) discharge for the stabilization of a lean premixed
methane-air flame and compared the stabilizing effect with that of the NRP discharge. We found a
very similar stabilizing effect to that of NRP discharge at lower discharge power and with low-cost
DC power supply.

1. Introduction

Reducing pollutant emissions in combustion engines has become a major issue because of new
environmental regulations. Various electrical discharges have been successfully applied for the
removal of NO, from exhaust gases. However, it is more efficient to prevent their formation during the
combustion process. In a flame, the production of nitric oxides NOy is strongly related to the flame
temperature [1]. Since this temperature is directly related to the fuel equivalence ratio @, one way to
reduce this temperature is to burn the fuel in lean conditions [2]. However, in these conditions, the
flame becomes unstable and can eventually extinguish. Stabilizing the lean flame is an issue that can
be well addressed by using non-thermal plasma discharges applied directly in the flame , as
successfully demonstrated by using nanosecond repetitively pulsed (NRP) discharges with premixed
propane-air [2, 4] or methane-air [5] flames. Methane-air flames are employed in a great number of
applications involving natural gas turbines. A review of additional work in this area is provided in [3].
In this paper, we compare the effects of NRP discharges and self-pulsed transient spark (TS)
discharges on the stability of a CHy-air flame.

2. Experiment
A NRP discharge was produced by a FID FPG 10-30MS generator, between two metal electrodes. The
TS discharge was produced by supplying a high DC voltage through a resistor of 700 kQ placed in
series between the DC power supply and the gap to reduce the voltage after the current pulse. A
capacitor C=500 pF was added in parallel of the discharge gap in order to increase the energy
delivered to the plasma.
The plasma discharge (either NRP or TS) is located in the combustion zone between the two stainless
steel electrodes separated by a 5 mm gap. A bluff body (10 mm in diameter) is used as a cathode and
creates a recirculation zone. The premixed CHy-air burner is presented in Fig. 1 along with the
experimental set-up. The flow rates of air and methane are controlled by Bronkhorst High-Tech EL-
FLOW electronic flow meters. Voltage measurements are made with a Lecroy PPE 20-kV high-
voltage probe, and current measurements are made with a Pearson Electronics 6585 probe, with a
Lecroy WavePro 7000 oscilloscope. The flame without or with the discharge is photo and video-
documented by Olympus E410 and Nikon 7000 digital cameras.

185



oo | 4~ oscilloscope

HV probe

A

R
DC HV
vower | — ] |
supply c== .~ discharge

bluff-body

current probe goou
methane — air mixture

Fig. 1. Schematic of the experimental set-up.

3. Results and discussion

3.1. NRP and TS discharges

Nanosecond repetitively pulsed (NRP) discharges in air and combustion mixtures have been
extensively studied at Ecole Centrale Paris [6]. The applied electric pulse has a duration of about 10 ns
and an amplitude of several kilovolts. The typical NRP voltage and current pulse are shown in Fig 2a.
Depending on the pulse voltage, we can obtain three different regimes: corona, glow, and spark [6].
The frequency is fixed at f = 30 kHz, which results in less electric power consumed by the plasma
discharge as compared to a continuous (pulse-less) discharge. Only the spark NRP regime can
stabilize a lean flame. There is a significant increase in the energy provided to the discharge at the
transition between the two main regimes (glow and spark). However, even at the highest voltage
allowed by the experimental setup, the energy provided to a single nanosecond pulse is only 1.6 mJ,
which corresponds to an average power of only 48 W at a 30-kHz repetition frequency. This represents
less than 1% of the power of the flame.

The transient spark (TS) is a spontaneous streamer-to-spark transition pulsed discharge generated by a
high DC voltage. It has been extensively studied at Comenius University in Bratislava, especially in
air [7-10], air with sprayed water for bio-decontamination applications [11-12], air with VOC for flue
gas cleaning [13], and N,-CO,-H,O mixtures [14]. The details of its electrical and optical emission
characteristics can be found in [8-10]. Here we show the typical voltage and current pulse waveforms
when operated in the CH;-air combustion flame with a capacitor C=500 pF inserted in the circuit (Fig.
2b).

With the NRP discharge, the higher the pulse voltage, the more luminous and powerful the discharge.
On the contrary, the TS is a pulsed discharge with spontaneous pulses determined by the streamer-to-
spark transition process. The electrical characteristics of the TS are influenced by the flame, and vice
versa, the flame is influenced by the discharge. With the TS, the frequency increases with the applied
voltage, but the discharge is not necessarily more luminous or powerful. In fact, single pulses occur at
lower breakdown voltage and have a lower current amplitude with increasing frequency.

Our goal was to maximize the power delivered to the plasma. We kept the mean discharge current at
6 mA (the limit of the DC power supply), which resulted in a TS repetition frequency f ~2.5 kHz. Fig.
3 shows the TS breakdown voltage Urs as a function of the CHy-air equivalence ratio @ (@=1
corresponds to stoichiometry) and the gas flow rate Q. Urg decreases with increasing @, especially at
low Q. This is due to an increase of the gas temperature: because the flame is more energetic with
higher @, the higher gas temperature results in a lower gas density N, hence a lower electric field or
lower voltage is sufficient to keep the same reduced electric field E/N. At higher flow rates, there is
less gas heating, and the effect is not as strong. The current pulse maximum similarly decreases with
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increasing @. On the contrary, the frequency f increases with @ (i.e. rising temperature) and
decreasing Uyg voltage.

The energy per pulse has the same decreasing trend as Uyg with increasing @, especially for low Q,
since it is determined by the discharging capacity C and can be calculated as E, ;. = %2 CUTSZ. The
E,.is. values are between 4.5 and 6.5 m]. This calculation was confirmed by determining E,,, from the
measured voltage and current waveforms. Finally, the TS power (Fig. 4), calculated as P=fE, ., 1s
also a function of @. Similar to Uz and E,,;., the power decreases with increasing @ and it is only
partly compensated by the increasing f. This TS behavior is suitable for flame stability enhancement:
there is more power delivered where it is more needed - close to the flame stability limit.
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Fig. 2. Typical voltage and current pulse waveforms of (a) NRP discharge and (b) TS operated in the

CH,-air premixed flame at total gas flow Q=4 Nm’/h and &=0.8.
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Fig. 4. TS power as a function of the
equivalence ratio @ and gas flow rate Q.

3.1. NRP and TS effect on flames

By decreasing the methane flow rate at a constant total CH,-air flow rate, i.e. by decreasing the
equivalence ratio @, four flame regimes are usually observed before the flame blows out:

1) stable V-shaped flame;

2) intermittent flame;

3) unstable flame;

4) pilot flame (confined to the recirculation zone).
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Fig. 5 shows the photographs of the combustion flame without TS at the stability limit between stable
and intermittent flame (@=0.7) and stabilized with TS.

Fig. 6 shows the extended domain of flame stability when using the TS discharge. With the TS
discharge, a stable flame can be operated with lower @. The stabilizing effect of TS was found to be
very similar to the effect of the NRP discharge (spark regime) [5], as shown in Fig. 7. Approximately
an 11% decrease in the lean extinction limit is obtained with both types of discharges. The data in Fig.
7 are normalized to the value of @ corresponding to the transition between stable and unstable flame at
Q=9 Nm’/h without plasma. This normalization was needed for comparison, since the NRP
experiments were performed earlier and the flame conditions were not absolutely identical with the TS
experiments.

Fig. 5. Photographs of the CH;-air premixed flame without and with TS discharge at @=0.7 (stability
limit without discharge) and gas flow rate 9=4 Nm’/h, photo exposure time 2s, ISO 100, f 5.6.
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188



4. Summary

The lean extinction limit of a premixed CHy-air combustion flame can be lowered by applying non-
thermal plasma discharges in the flame. In this comparative study we demonstrated the lean extinction
limit can be decreased by ~11% using high frequency (~30 kHz) nanosecond repetitively pulsed
discharge with ~48 W discharge power, as well as with a DC-driven self-pulsing transient spark (TS)
discharge of ~2.5 kHz and ~12-15 W power. Besides lower power, the advantage of TS discharge is
the use of low-cost DC power supply. On the other hand, NRP discharges with low-jitter, regular 10 ns
pulses makes it much easier to study kinetic and thermal effects with complex nanosecond time-
resolved optical diagnostics.
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A cold plasma of DC corona discharges: positive streamer corona and negative Trichel pulses was
used for bio-decontamination of Streptococci biofilm on plastic and teeth surfaces. Enhancement
of plasma biocidal effects by was investigated. Electro-spraying of water through a hollow needle
high-voltage electrode significantly increased the bacterial reduction up to 4 logs with both types
of samples. Analysis of tooth surfaces after plasma treatment was carried out by Fourier transform
infrared spectroscopy (FTIR) did not show any chemical changes on plasma treated teeth.

1. Introduction
Biological decontamination of thermo-sensitive materials by non-equilibrium plasma has been widely
studied recently. The plasma found applications e.g. in dentistry [1] in biofilm decontamination and
teeth whitening [2]. Various contamination agents can be efficiently treated by plasma, for example:
fungi, yeasts, bacteria, etc. Even resistant bacterial species (e.g. MRSA), biofilms and bacterial spores,
which are not easily decontaminated by conventional chemical agents could be eliminated by plasma
[3-5].
Plasma chemical effect on a bacterial cell membrane is highly dependent on the amount of water. The
highest biocidal effect was found on moist samples but a large amount of water causes a dilution effect
[6]. Electrostatic spraying [7-8] of water on a sample with a small flow rate could possibly have the
same effect as a sample moistening before decontamination [3].
Recently, we have been working on decontamination of bacterial spores [3]. Then, we started testing
another very resistant bacterial community — a bacterial biofilm. Human tissues support complex
microbial communities growing as biofilms that can cause a variety of infections. As a result of an
increased use of implanted medical devices and long-term catheters, the incidence of biofilm-
associated diseases is increasing. Bacteria in biofilms exhibit increased tolerance towards commonly
used antimicrobial agents and cold air plasma can be an alternative method for disinfection and
sterilization of these thermo-sensitive materials. Plasma used for biofilm decontamination has been
relatively little tested so far and is capable to disinfect dental plaque or caries and so might become an
attractive painless alternative to teeth drilling.
In our work we are interested in decontamination of oral Streptococci biofilms cultivated on extracted
teeth surface and plastic surfaces. We investigated the influence of electrostatic water spraying
through the discharge on the bacterial reduction.

2. Methodology

2.1. Experimental set-up
The experimental set-up consisted of a DC high-voltage (HV) power supply and a discharge chamber
placed in a Faraday cage. The treated samples were placed on the grounded electrode. The voltage was
measured with a HV probe Tektronix P6015A and the current was measured on a 50 Q grounded
resistor connected through a coaxial cable to the digital oscilloscope Tektronix TDS 2024 (Fig. 1).
The discharge chamber contains a sharp hypodermic injection needle as a HV electrode opposite to a
grounded stainless steel mesh or a copper plate. In some experiments, tap water was electro-sprayed
on the samples. Water was pumped by an injection pump (SyringePump NE-300) with adjustable flow
rate, through the HV electrode (specially modified for electro-spraying) and the discharge.
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Positive streamer corona was supplied with a HV from 4 to 8 kV for teeth and 5 - 8 kV for plastic
samples. On teeth samples, there were streamers with frequency ~20 kHz and maximum amplitude up
to 74 mA without water spraying, and ~10 kHz and up to 40 mA with spraying on the sample. On
plastic samples, positive corona forms current pulses (streamers) with frequency 4-20 kHz and
maximum amplitude up to 150 mA for the lowest frequencies (Fig. 2).

Negative Trichel pulses were supplied with a HV from -4 to -7 kV for both types of samples. On
teeth, this HV with water spraying formed current pulses with frequencies ~100 kHz and amplitudes
~5 mA, and without spraying 0.25-2 MHz and 0.8 mA, respectively. On plastic samples, the mean
frequency 60 kHz and current amplitude up to 9 mA were measured in streamers with spraying, while
without water spraying ~180 kHz and <2.4 mA (Fig. 3).

2.3. Experimental procedure

The biofilm was produced by Viridans group of genus Streptococcus taken from oral microflora of
three volunteers.
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Sample preparation. The extracted human teeth were disinfected in 3% H,0O,, than rinsed with sterile
distilled water and dried. The polypropylene plastic samples (1.5x1.5 cm squares) were
decontaminated under UV C lamp (A =254 nm, P = 11.2 W) from both sides.

Streptococci biofilm was prepared from a culture and cultivated on Streptococci selective agar
(Biolife). The overnight culture was produced from selected colonies. On the next day, we cultivated
24 hour biofilm on teeth in the test tubes and on plastic samples in a special receptacle. After 24 hours
biofilm cultivation on plastic and teeth surfaces, the samples were rinsed in sterile physiological
solution to remove unattached bacteria.

Sample treatment in the discharges. In the experiments without water spraying, the teeth or plastic
samples were put on a sterile copper plate. The teeth were treated for 1.5, 3, 5 and 10 minutes and
plastic samples for 2 minutes in the discharge. In the experiments with water spraying, the samples
were put on a stainless-steal mesh. The plastic samples were treated for 2 min and teeth for 5 min. Tap
water was sprayed from the needle HV electrode through the discharge with flow rates 0.01 and 0.05
mL/min. After the treatment, the samples were put in test tubes with a sterile physiological solution.
Cultivation of samples. The samples in test tubes were placed in an ultrasound cleaner for 20 min to
detach biofilm from surfaces of the samples. We used Vortex Classic for homogenization of the
samples. Each sample diluted in the saline solution was spread on agar in three Petri dishes. The Petri
dishes with inoculated bacteria were cultivated overnight at 35°C. Reference samples were prepared in
the same way without exposure to the plasma.

Results evaluation. Efficiency of plasma decontamination was determined as a decadic logarithm
from the number of bacteria in the reference sample divided by the number of bacteria in the treated
sample. All statistical tests were made at the level of significance 5%.

2.4. ATR FTIR analysis

Teeth were analysed by the ATR FTIR spectrometer (BRUKER optics VECTOR 22 with ATR crystal:
diamond/ZnSe) after being lyophilized (in lyophilizator GT2 LEYBOLT - HERAEUS) under vacuum
of 1 - 3 hPa. After desiccation, the teeth were fixed in the 10% formalin solution used for biopsy and
necropsy. The teeth were cut in halves longitudinally on a diamond saw microtome (LEICA SP1600).
FTIR spectra were measured on reference samples in the region of enamel on the cut side. One
spectrum was obtained by averaging of 10 scans with the resolution of 2 cm™. The same half-tooth
was exposed to the discharge for 10 minutes without electrostatic spraying. Immediately after the
discharge exposure, FTIR spectrum was measured again at the same place of the tooth. This procedure
was applied for positive streamer corona (Pmean = 105 mW) and negative Trichel pulses (Pmean = 17
mW) on two different halves for two teeth. The differences in intensity of spectra were caused by
different contact pressure of the teeth sample on the crystal of ATR FTIR device. Due to this, spectra
were normalized on the highest peak.

3. Results and discussion

3.1. Teeth
Fig. 4 shows log, reduction results on teeth surfaces. Reduction of bacterial population tends to
increase with the extension of the exposure time. For 10 min exposure time, the positive corona was
more efficient in decontamination than the negative corona, although this difference was marginally
significant (p = 0.06). For 5 min exposure time, the negative corona performs greater bactericidal
effect than the positive one (p = 0.035). We did not find significant difference between the positive
and the negative corona in exposure times 3 and 1.5 minutes. Nevertheless, 10 min exposure
significantly enhanced the bactericidal effect with respect to shorter exposures. These experiments
were performed in 14 series with average number of the contaminated teeth samples 8.
Fig. 5 contains box plots of log;o reduction with water spraying. The positive streamer corona with
water flow rate 0.05 mL/min (3.15 log) and negative corona with the water flow rate 0.01 mL/min
(3.16 log) were the most efficient. Unlike the positive corona, the negative corona demonstrated no
significant difference between the flow rates 0.01 and 0.05 mL/min. The negative corona was
significantly more efficient than the positive corona in water flow rate 0.01 mL/min. The electro-
spraying of water significantly enhanced the plasma bactericidal effect with both polarities. Corona
decontamination without water spraying reduced the bacterial population by ~1 log only.
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3.2. Plastic surfaces

Fig. 6 contains box plots of log;o reduction of bacterial population with/without water spray on plastic
surfaces. Differences in log; reduction between the positive and the negative corona discharges were
not significant at all three flow rates tested. The electro-spraying significantly increased log
reduction of bacterial population (p < 0.0001). For the positive corona, the difference between flow
rate 0.05 and 0.01 mL/min is marginally significant (p = 0.0531), with 0.01 mL/min more efficient.
For the negative corona, there is no significant distinction between the two flow rates.

i I s p=10 69 ™! Positive corona

Negative corona

Negative corona
8%

6+ pidd n=10

TE%

P—

44 5%

% PR TN
* ’

log4q reduction of bacterial population
3
i n
i =

log 4 reduction of bacterial population
[#)

0 0.01 0.0
Flow rate [mL/min]

Fig. 5. Reduction of bacterial population on

teeth by corona discharges with water electro-

spraying for various flow rates (exp. time 5

min)

0 001 0.05
Flow rate [mL/min]

Fig. 6. Reduction of bacterial population on

plastic samples by corona discharges with

electro-spraying for different flow rates (exp.

time - 2 min)

3.2. ATR FTIR spectroscopy of teeth

Typical ATR FTIR spectra measured on teeth samples before and immediately after 10 min plasma
treatment are presented in Fig. 7a (positive) and 7b (negative).

The most significant absorption band has maximum around 1000 cm™ and it is hiding the band 960
em™ which is associated with phosphate ion. The band 870 cm™ corresponds to carbonate ion. Peaks
1410 and 1450 cm™ are other bands of carbonate ion. Enamel and dentine contains, except for
inorganic hydroxyapatite, organic component (mainly collagen). Therefore, we have determined the
peak with maximum 1550 cm™ as amide II (-CO-NH-) and the peak 1655 cm™ as amide I (-CO-NH,)
groups. The broad band in the region 2500 to 3700 cm™ is associated with intermolecular hydrogen
bonds in polymers. [9-10]
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Fig. 7. ATR FTIR spectra of the tooth samples after: a) positive streamer corona b) negative Trichel
pulses with their respective references (black).

4. Conclusions
We tested the bactericidal ability of cold plasma of positive streamer corona and negative Trichel
pulses on extracted human teeth and plastic surfaces contaminated with bacterial Streptococci biofilm.
The corona discharge reduced bacterial population in biofilm by 1 - 1.5 orders of magnitude in
exposure time 2 min on plastic surfaces and 5 min on teeth surfaces. On teeth, the positive corona in
exposure time 10 min was the most efficient, resulting in bacteria population reduction by 2.73 logs.
Electro-spraying of water through the plasma significantly enhanced these effects. In the same
exposure times, up to 3 - 3.5 log reduction of bacterial population in biofilm was reached. Plasmas in
air-water environments form reactive oxygen and nitrogen species that seem responsible for this
enhancement [11]. In addition, the electro-spraying resulted in a reduction of the energy consumption.
We found that corona discharges of both polarities are able to effectively reduce bacterial population
of the biofilm on different surfaces and therefore can be used as an alternative to chemical and
mechanical bio-decontamination methods currently used in medicine and dentistry. The FTIR spectra
of the plasma treated teeth surfaces did not show any chemical changes, which is encouraging for
dental applications.
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A pulsed corona discharge generated above water was studied for the degradation of organic
pollutants in liquids. As target compound an organic dye, methylene blue (MB) was chosen. The
formation of hydrogen peroxide (H202) in the plasma treated liquid was investigated as well. It
was found that the concentration of H202 generated in water increased with plasma exposure time,
reaching 200 mg/L after 30 min treatment. Less H202 was detected in the MB solution, indicating
chemical reactions with MB and its degradation intermediates. The MB solution was decolorized
after approximately 10 min treatment, evidencing the rapid degradation of the dye. However, MB
was not mineralized for such short treatment duration, as indicated by TOC measurements. The
addition of FeCl, had a favourable effect on MB degradation, which was accelerated in its
presence.

1. Introduction

Synthetic organic dyes are extensively used in textile, paper, leather and plastics industries. Significant
amounts of dyes are discharged into water streams from industrial effluents, estimated in some works
to 1-2% in production and 1-10% in use [1], while other authors report even higher figures, 10-20%
[2]. The toxicity of some organic dyes in the environment has been investigated by specific biological
tests [3,4]. Most of these chemical compounds are not degraded in conventional wastewater treatment
plants due to high chemical stability and low biodegradability [1,5]. Physico-chemical treatment (such
as adsorption, coagulation, filtration and ion exchange) can lead to effective decolorization of dye
wastewater, but has limitations related to formation of sludge and/or the necessity to regenerate
adsorbent materials [1]. Advanced oxidation processes (AOPs) have been also studied for the
degradation of dyes [6,7]. It was suggested that plasma might be useful as a pre-treatment step to
decompose the target compounds into less stable molecules with reduced size, so that the resulting
effluent is more amenable to classical water treatment techniques [8,9]. Electrical discharges in water
and at the interface between gas and water produce various oxidizing species, such as hydroxyl
radicals (OH), atomic oxygen (O), ozone (Os), hydrogen peroxide (H,0,) etc, as well as UV light and
shock waves [10-13], all these being effective for the degradation of chemical and biological
pollutants.

In the present work a pulsed corona discharge above water was used for the degradation of methylene
blue (MB), a heterocyclic aromatic chemical compound with the formula C;sH;sN3SCI belonging to
the phenothiazine family. The formation of hydrogen peroxide in water and in the treated solution has
been determined as a function of plasma treatment time. The effect of FeCl, addition (by Fenton
reaction) on MB degradation by plasma was examined. The post-treatment evolution of the
concentrations of MB and H,0, has been followed in the absence and in the presence of FeCl..

2. Experimental arrangement
The plasma reactor consisted in a Plexiglas vessel of 125 mm length, 83 mm width and 7 mm height,
which contains 35 mL aqueous solution. An array of 13 copper wires (wire diameter 100 pm; distance
between adjacent wires 6 mm) was used as high voltage electrode. This electrode was placed at
approximately 5 mm above the solution. The ground electrode was an aluminium tape placed on the
bottom of the vessel.
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The discharge was operated in pulsed mode. High voltage pulses were generated by discharging a
capacitor of 6 nF by means of a spark-gap switch operating in self-breakdown mode. The discharge
voltage was measured with a high voltage probe (Tektronix P6015) and the discharge current was
measured using a current probe (Tektronix P6021) and a current transformer (CT-5).

The experiments were performed for an initial concentration of MB in solution of 50 mg/L. The dye
was dissolved in distilled water and the conductivity was adjusted to 250 uS/cm by adding NaCl. The
initial pH of the solution was 6.

The solution was analysed by UV-visible absorption spectroscopy using a Varian Cary 100 apparatus,
in the wavelength range 190-800 nm. The concentration of the dye in solution was determined from
the absorption maximum at 668 nm, which was also used for the calibration curves. The concentration
of H,O, formed in solution as a consequence of plasma treatment was measured by a colorimetric
method based on the reaction of H,O, with Ti(SO,), [14]. The ionic species generated during plasma
treatment, were quantified by ion-exchange chromatography, using a Varian ProStar apparatus
equipped with a conductivity detector.

3. Results and discussion

The discharge consists in numerous plasma filaments which propagate from the wires towards the
solution surface. In the present work a small gap between the wires and the liquid surface was used in
order to generate a uniform distribution of the plasma filaments in the discharge gap. This leads to the
uniform distribution of the plasma-generated active species above the liquid surface, which is
important for the transfer of these active species from the gas phase to the solution [15].

Typical waveforms of the discharge voltage and discharge current are shown in Fig. 1.

Voltage pulses with amplitude of 17 kV

0 R were used in the experiments. The duration
'\Il % - of the wvoltage pulses varies in time,
s e 100 decreasing from 310 ns (FWHM - full width

4 at half maximum) after 2 minutes plasma
/ exposure to 225 ns after 15 minutes plasma
-10 ! ! -200 treatment. The current pulses become also
narrower with treatment time, while their
15 Vo -300 amplitude increases from 331 A after 2
V minutes to 486 A after 15 minutes plasma
20— ' ' ' ' ' 1400 exposure. These temporal changes in the
.02 00 02 04 06 08 10 1.2 electrical characteristics of the discharge are
time (us) due to the continuous increase in solution
conductivity. A similar effect of the
electrical conductivity on the current pulses
was reported in [16] for experiments
performed in point-to-plate corona above
water, discharges in gas bubbles and discharges generated directly in water. The energy per pulse,
calculated by integrating the product of current and voltage over the pulse duration, was around 1.1 J.
The evolution of solution pH and conductivity as a function of plasma treatment time, as well as the
temperature increase of the solution are shown in Fig. 2. The solution temperature increases almost
linearly with treatment time, reaching 47 °C after 10 min plasma exposure. The solution conductivity
shows also a continuous increase with treatment time, reaching 714 pS/cm after 15 minutes plasma
treatment time. The solution pH decreases abruptly soon after plasma is ignited and afterwards is
gradually reduced to 3.2 after 15 minutes treatment. Similar evolutions of the solution conductivity
and pH were reported for discharges generated directly in water [17] and for discharges at the water-
gas interface [8]. Acid effects induced in water by electrical discharges were related to the formation
of nitrogen oxides in the gas phase, which dissolve into the liquid leading to nitrite and nitrate ions and
further to nitric acid, nitrous acid and peroxynitrous acid (ONOOH) [18]. In the present experiments,
the formation of the nitrate ions was evidenced by ion-exchange chromatography. The concentration
of NOs ions in the MB solution reached 1.71 mM after 15 minutes plasma exposure. Similar levels
were detected in blank experiments carried out in water, suggesting that NO;” was not generated from

-~
1
1
(v) uauno

voltage (kV)

Fig. 1. Waveforms of the discharge voltage and
current after 2 min plasma treatment.
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the nitrogen in the MB molecule.
Considering that the experiments were
performed in oxygen, it can only be
assumed that the NO;  originates mainly
from nitrogen in air, which was dissolved
in water and adsorbed in the walls of the
plasma reactor. Nitrite was not detected in
the solution; even if NO, is formed, it is
likely to be rapidly oxidized to nitrate.
Another contribution to the decline of
solution pH might be the formation of
acid reaction products as a result of MB
degradation. Formic acid was detected in
the present experiments, probably as a
result of side chains oxidation. Small
amounts of sulfate (SO,”) were also
produced, supporting the cleavage of the

C-S bond. These compounds might be also responsible for both pH decrease and conductivity growth.
The concentrations of H,O, generated in water and in the MB solution subjected to plasma treatment
are shown in Fig. 3 as a function of treatment time. After 30 minutes plasma exposure, the H,O,
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Fig. 3. Concentration of H,O, generated in water
and in the MB solution as a function of plasma
treatment time.

concentration in water reached 202 mg/L, which
corresponds to an energy yield for H,0,
generation of 0.47 g/kWh. The data summarized
in a recent review [11] for discharges above
liquids range mostly below 1 g/kWh. The
authors suggested that mass transfer and the
contact area between plasma and liquid are the
limiting factors of the energy yield for H,O,
formation by plasma [11].

The concentration of H,O, generated in the MB
solution was lower than in water, reaching only
137 mg/L after 30 min plasma treatment. This
result is most likely due to reactions of MB
molecules and degradation products resulting
from MB decomposition either with OH
radicals, leading to formation of less H,O,, or
with H,0, itself.

The UV-visible spectra of the untreated MB solution and of the solutions treated by plasma for
durations up to 15 minutes are shown in Fig. 4. The absorption maxima in the visible range (660 nm
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Fig. 4. UV-visible spectra of MB aqueous
solution, untreated and treated by plasma
up to 15 min.
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and 610 nm) and in the UV spectral region (291
nm and 246 nm) decreased with increasing
treatment time and the solution became
colorless after 10 min plasma exposure.
Meanwhile, another absorption band appears in
the UV region, with a maximum below 210 nm,
which initially increases (up to 5 min treatment)
and then remains approximately constant. This
suggests the degradation of MB and the
formation of reaction products which are more
difficult to decompose by plasma during this
time interval. Carboxylic acids and H,0, absorb
also in this region. Total organic carbon (TOC)
measurements also show that although color
removal was fast, MB was not mineralized in
the present experiments.



The chemical mechanism responsible for MB degradation using plasma is not entirely understood.
Reactions with ozone are important in case of discharges at the interface between gas (air or oxygen)
and liquid, where Oj; is formed in high concentration [7,19-21]. Reactions with OH radicals are also
very important, considering the high reactivity of OH for organic compounds [21,22]. Hydroxyl
radicals can be produced by the reaction of ferrous ions with H,O, (Fenton's reaction), so the addition
of Fe was found beneficial for the degradation of pollutants in water, including MB [23]. In the
present experiments FeCl, (5 mg/L) was added to the MB solution. It was found that the decrease of
MB concentration is slightly faster in the presence of FeCl,: 98% of the MB in solution was removed
after 5 min plasma treatment in the presence of FeCl,, as compared to 91% without FeCl,. Therefore,
it appears that the addition of Fe had indeed a favorable effect on MB decomposition.

Fig. 5 shows the post-plasma evolution of the concentration of H,O, generated in water and in the MB
solutions (with and without FeCl,) treated by plasma for 15 minutes (left graph) as well at the
evolution of the MB concentration after 2 minutes plasma treatment (right graph). The MB

160 L 20.0 concentration decreased significantly
A, o MB in the first 3 h after plasma treatment
MB +FeCl, |-+
140 R SRSl L and later on showed a slower
~120 A distiled water ® 150 _ reduction, so that after 24 h the
o . M Fec i @ amount of MB was reduced to almost
=100 + -2 4 12.5
= tr = 15 min \%& 3 half of the wvalue measured
= ~ . .
T 80+ S, 100 $ immediately after plasma treatment.
5 « B~_. TT-e £  Other authors have also reported a
e 60 o =1+ 7.5 g . . .
S ~_ = considerable ~ decline  in  the
\ . .
o 40 \\ —e 50 & absorbance of organic dyes solutions,
T a5 even for several days after plasma
——a treatment  [8,24].  Post-discharge
0 0.0 reactions were discussed in [25],

¢oe e 2 o s 1T where the essential role of nitrous and

peroxonitrous acids was emphasized.
Fig. 5. Post-plasma evolution of the H,0, and MB Reactions with O; or H,O, which
concentrations (tr — plasma treatment time). persist in solution after plasma
exposure may also contribute to the
post-plasma reduction of MB concentration. The amount of H,0O, generated in the liquid also
diminished in time. This decrease amounts to less that 10% in case of distilled water, in the absence of
MB after 18 h from the plasma exposure, but becomes significant (above 50%) in the MB solution.
After 15 min plasma treatment MB was completely removed, but organic reaction products persist in
the solution and are responsible for the decrease in H,O, concentration shown in Fig. 5.

time post-plasma (h)

4. Summary
A pulsed corona discharge above water was investigated for the degradation of organic pollutants in
liquids. As target compound, the organic dye methylene blue was chosen. MB was removed, i.c. the
solution became colorless after approximately 10 min plasma treatment. However, MB was only
partially degraded and not mineralized for such short treatment duration. The addition of FeCl, as
catalyst accelerated MB degradation to some extent due to Fenton’s reaction.
Hydrogen peroxide was formed as a consequence of plasma treatment, its concentration reaching 200
mg/L in water after 30 min plasma exposure and only 137 mg/L in the MB solution. This suggests that
reactions of H,O, with MB and its degradation products take place.
Post-plasma chemical reactions of MB and its degradation products with active species which persist
in the aqueous solution were evidenced by the continuous decrease of MB and H,0, concentrations for
a long time (24 h) after the discharge was stopped.
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Two different methods of deposition of thin layers containing titanium and barium with the use of
dielectric barrier discharge properties were developed. The first was carried out in two stages. The
first stage consisted in transferring compounds containing titanium and barium from the vapour of
the organic precursor on the substrate made of copper, while the second stage involved the etching
of the organic layer in oxygen. The second method consisted in transferring titanium and barium
on the copper substrate from the ceramic plate made of barium titanate, which was one of the
electrodes during the plasma process. The results of analysis obtained by SIMS showed directly
that both methods gave a positive result in the deposition of the thin layers containing a certain
amount of titanium and barium on the surface of the copper plate. However, more effective method
was that involving the properties of discharge with the ceramics as one of the electrodes. FTIR
study of the layers prepared from the organic precursor indirectly showed that layers deposited on
the copper plate contained compounds of barium and titanium. FTIR study also revealed that
during the process of etching in oxygen, the organic layer was decreased, but it was not completely
removed.

1. Introduction

The topic of this paper concerns the search for new methods and technology in the preparation
of materials that are used in electronics. The miniaturization of microelectronic devices such
as multilayer ceramic capacitors, requires reducing the size of these devices building [1, 2]. For this
reason, the interest in receiving the various nanolayers grows. Materials such as BaTiOs
or Ba,Sr;.,TiO; (BST) are primarily used in the capacitors due to its high diclectric constant [2-4].
Barium titanate is a promising material in the manufacture of integrated optoelectronic devices such as
non-volatile RAM (random-access memories), thin-film capacitors and infrared sensors. These devices
require the use of high-quality thin layers of BaTiO; [3] with a high degree of crystallization and
a smooth layer of BaTiO; [4].

The purpose of this study was to determine whether the new method that uses the properties
of dielectric barrier discharge may be used as a method of preparing thin layers containing titanium
and barium on the substrate. The desired layers were planned to be obtained in two different ways
using the properties of dielectric barrier discharge. The first one (method I) was based on transferring
the titanium and barium ions from the organic precursor on the copper substrate. The second way
(method II) consisted in transferring compounds of titanium and barium from a ceramic plates made
of barium titanate on the copper substrate.

2. Experimental conditions

The experimental setup consisted of: a working gas vessel (argon or oxygen), a mass flow controller,
a bubbling washer with the organic precursor, a plasma reactor and the power supply. Argon flow rate
amounted to 0.06 - 0.28 NI/min and that of oxygen 0.50 - 1.67 Nl/min. Experiments were carried out
in 20, 30, 45 or 60 minutes. The discharge was generated with frequency of 50 kHz.

Thin films were prepared by means of two methods. The first one consisted in preparing a thin layer
containing titanium and barium with the use of precursor of Ti*" and Ba®" ions. The precursor was the
organometallic compound - tetrahydrofurfuryl barium and titanium (IV) oxide (C;oHs4BaO,,Ti -
Sigma-Aldrich). The precursor was used as a solution with tetrahydrofururyl alcohol and ethanol.

The process consisted of two stages. In the first stage, the working gas (argon) flowing through
the bubbling washer with the precursor, washed away the organometallic compound and delivered
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it to the discharge zone. There was a discharge generated between the metal surface of the high-
voltage electrode and the surface of the dielectrics mounted to the grounded electrode. In the second
stage, the obtained layer was etched in the discharge generated in the atmosphere of a mixture of argon
and oxygen. A few additional materials were used as the dielectric barriers. They were: polyimide (PI),
polycarbonate (PC) and acrylic glass (PMMA).

The second method consisted in generating the discharge in argon between the high-voltage copper
electrode and the grounded electrode made of BaTiOs.

Tab. 1. The experimental parameters.

Sample Method / stage VAr [NI/min] Dielectric t [min]
Cul /1 0,06 PC 20
Cu?2 /1 0,28 PMMA 45
Cu 3 1/1+2 0,14 PI 45
Cu4 11 0,20 BaTiO; 45
Cu s 1/1 0,12 PI 45

Two different methods were used to analyse the obtained layers: the infrared spectroscopy with
Fourier transformation (FTIR) and the secondary ion mass spectrometry (SIMS). The research carried
out by FTIR was performed by means of Nicolet FTIR spectrometer (ThermoScientific 1S10
company), equipped with the ATR (attenuated Total Reflectance - the method of total internal
reflection) with a ZnSe crystal. Number of scans was 64, the spectra were measured with resolution
of 4 cm™. The research carried out by SIMS was performed using secondary ion mass spectrometer -
SAJW-05. The etching with Ar” ions was performed with the energy of 3 keV. The analysis of profiles
were performed at 0-3 microns of depth and additionally at 0 - 100 nm of depth. The depth of
the crater was measured with the needle profilometer Alpha-step 100 Tencor.

3. Results and Discussion
Figure 1 presents the results of SIMS analysis of the samples Cul, Cu2, Cu3 and Cu4. The signals are
shown as quotients of the secondary ion currents of individual elements to the current of the copper
ions. These signals decrease with the depth of etching by Ar’ primary ion beam.
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Fig. 1. The results of the SIMS profile analysis presented as ratio of ion current to the currents of
the copper ion: a) versus the etching time (0-3 microns), b) versus the depth of etching (0-100 nm).

Both Cul and Cu2 samples contain a layer of carbon. The carbon deposited on the surface of
the copper substrate comes from the organic layer, which was formed during the plasma process
carried out by means of the method I. For these two samples, only the first stage of the method I was
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performed. It seems that the organic layer on the surface of the Cul sample is dense in comparison
with that of the Cu2 sample, on which the organic layer is thicker, but also more porous, so the other
analysed elements may be seen through it. The Cu3 sample was also treated with the method I, but
in this case, both steps of the process were completed - the reaction with the precursor and plasma
etching in oxygen.

The organic coating of the Cu3 sample is much thinner in comparison with those of the Cul and Cu2
samples, which indicates that the plasma reaction in oxygen resulted in partial etching of this layer.
The Cu4 sample was treated in argon with the use of the method II, in the discharge with the ceramic
barrier. The layers on the Cu3 and Cu4 samples contain a lot more of titanium in comparison with
the layer on the Cu2 sample. All the samples contain a small amount of barium.

The additional SIMS study was performed to analyse the profile in the range of 0-100 nm (Figure 1b).
In this analysis three ionic currents of Cu” Ti" and Ba" were examined. Three samples were analyzed:
Cu2, Cu3 and Cu4. The Cu4 sample contained the most of both elements, barium and titanium, what
improves the positive effect of the surface modification in the plasma and confirms the effectiveness
of this method in the process of depositing a thin layer containing titanium and barium on the chosen
substrate. Basing on these results, it can be concluded, that both, method I and method II gave
a positive result in the deposition of the thin layer containing certain amounts of Ti and Ba on the
copper substrate. However, the method II occured more effective.

FTIR was used to determine the composition of the organic layer obtained on the copper substrate
during the experiment carried out with the use of method I. The Cu5 sample — the sample after
processing with the use of the first stage of the method I and the Cu3 sample — the samples after
processing with the use of both stages of method I, were examined. The organic layer formed
on the copper substrate should contain functional groups that are present in the precursor solution and
possibly groups of derivatives, which could be formed from the decomposition of the specific
compounds. Figure 2 presents the IR spectra of ethyl alcohol and tetrahydrofurfuryl alcohol. For
a comparison, Figure 3 presents the spectra of the organic layers that were obtained on a copper
substrate by means of the method I in stage 1 (Table 1).
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Fig. 2. The IR spectra of a) tetrahydrofurfuryl alcohol [5]; b) ethyl alcohol [5].

The spectrum of tetrahydrofurfuryl barium and titanium oxide (precursor) should look similarly to
the spectrum of tetrahydrofurfuryl alcohol - solvent, since both compounds are structurally similar and
have the same functional groups, excluding the OH group, which is not present in the precursor
molecule. Comparing the spectra of three substances it is easy to see that they have some common
features - the main group at the same wave numbers. Each of these spectra contains a group of
~ 3500cm™, which corresponds to the OH group present in alcohol. The other similar features are:
2800-2900cm™ signals, that correspond to the aliphatic CH carbon atoms that are not bound with
unsaturated bonds. Groups occurring at 1400-1500cm™, could not be identified on the basis of tables
of specific bonds.
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Fig. 3 The IR spectra of the layers obtained on the copper substrate: a) the sample after processing
with the use of the first stage of the method I - Cu 5, b) the sample after processing with the use
of both stages of method I -Cu 3.

However, these are probably the groups corresponding with the unsaturated C-C bonds. The other
similar features are 1000-1100cm™ signals, that correspond to CO groups in primary alcohols ( and
ethers. It is supposed that this group is higher for tetrahydrofurfuryl alcohol (Fig. 2a), because it
contains the oxygen bound in the ether group COC in its molecule. Similar in shape is the spectrum
of the Cu5 sample (Fig. 3a), that may indicate the presence of ether groups in the surface layer
of the sample.

The new groups for wave numbers ~ 1600-1700cm™, which are not present in the spectrum of any

of the solvents, were in the spectrum of the layer obtained in plasma.

To identify these groups we had to refer to the example of two compounds similar in structure: ethyl
alcohol (C,HsOH) and the other in which hydrogen atom is replaced with sodium (C,HsONa) [5].
It was noticed that the C,HsONa spectrum included additional groups for wavenumbers
~ 1600-1700cm™. The signal at this point, probably corresponds with CO combined with oxygen,
which is bonded ionically with sodium cation. That caused a shift of this signal toward the higher
wavenumbers. A similar situation occurs when we consider the structure of the precursor and
tetrahydrufurfuryl alcohol. The precursor cations Ba*" and Ti*" are bonded to the oxygen atom.
A similar oxygen atom in the molecule, is related to the hydrogen atom in the solvent molecule. Thus,
the spectrum of the precursor should contain the additional spectrum with the wavenumber
~ 1600-1700cm™. This group is observed in the spectrum of the Cu 5 sample (Fig. 3a), indicating that
the precursor had evaporated from the bubbling washer during the process and was deposited
on the copper substrate. The presence of oxidised groups corresponding with the cations Ba®" and Ti*",
indicates the presence of these cations in the examined layer.

Comparing the spectrum of the Cu5 (Fig. 3a) and Cu3 (Fig. 3b) samples, we can see that they are
similar. But there are differences both in the signal level and in the shape of the signals corresponding
to the groups combined with oxygen. It is supposed that the signal corresponding to the groups CH
(2800-2900cm™) decreased in comparison with the CO signal (1000-1100cm™).

This indicates that the oxygen plasma partially removed the organic layer from the substrate and left
a layer containing inorganics in the form of barium and titanium. The growth of CO signals combined
with oxygen ion, shows an enrichment of the obtained layer in oxygen. Based on the results, it may be
concluded that the obtained layers contain barium and titanium.

4. Conclusions
On the basis of the test results it can be stated that it is possible to obtain a layer containing titanium
and barium on the copper substrate with the use of dielectric barrier discharge at atmospheric pressure.
The results of analysis by the secondary ion mass spectrometry (SIMS) showed directly that both
method I and method II gave positive results in the deposition of a certain amount of compounds
containing barium and titanium. However, method II turned out to be more effective in obtaining this

203

500



kind of thin layer - the reaction with the use of barium titanate ceramics. . By contrast, the results
of the analysis by FTIR allow us to indirectly draw conclusions about the contents of the required
elements in the examined layers obtained by the method 1. The FTIR study showed that the layer
deposited on a copper substrate contained the group-CO combined with the oxygen connected with
metal ion binding . The only metals in the solution are barium and titanium, so it can be concluded that
the obtained layer had to contain these elements. FTIR study also showed that the oxygen etching
in the method I resulted in decrease of the organic layer. Barium and titanium can be found on the
plasma modified surface but they are dispersed in the organic phase.
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In this work, we report on time-resolved dynamic behavior of gliding arc discharge plasma using
comparison of obtained results between high-speed camera photographs and the corresponding
electric properties. For a gliding arc discharge in Ar 20 L/min, the plasma path became complex
with gliding due to turbulence gas and reconnections for plasma path were observed. The applied
voltage was decreased and small pulsed current flowed at the moment of the reconnection.

1. Introduction

There has been much interest in gliding arc discharge plasma[l] due to its potential for pollution
control[2-5], material processing, surface treatment and biological application[6-8]. The gliding arc
discharge can realize high electron temperature, electron density and low gas temperature which no
thermal or non-thermal plasma can satisfy. The gliding arc discharge starts from breakdown of
atmospheric gas at the shortest gap between two divergent electrodes under DC or AC power source
and it glides along the same direction as the gas flow. The fundamental studies such as electrical
properties, temperature distribution[9,10], power supply[11,12], electrode geometry[13], optical
emission spectroscopy[14-16] and acoustic emission[17] have been done. The dynamic behavior of
the gliding arc discharge[18] becomes rather complex especially in turbulent gas flow, however, time-
resolved analysis for the behavior of the plasma with the simultanecous measurement of the
corresponding electric properties has not been investigated. Therefore, in this work, we report on time-
resolved dynamic behavior of the gliding arc discharge plasma in turbulence gas using comparison of
obtained results between high-speed camera photographs and the corresponding electric properties.

2. Experimental Setup
Fig.1 shows the schematic diagram of a dynamic measurement system for gliding arc discharge. Two
knife edge-shaped electrodes are made of iron and their shortest gap was adjustable (3-6 mm). The
electrodes were set inside an acrylic chamber. Outlet of a gas supply was placed at the bottom of the
acrylic chamber. The gas flow rate was controlled by a digital flow instrument. High voltage (sine
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wave, 60 Hz) was applied between the two electrodes with a high-voltage transformer (VIC
international, 120:1). The amplitude was adjusted with a voltage slide autotransformer (TAMABISHI,
S-130-39). Applied voltage waveform during discharge was observed with a high-voltage probe
(IWATSU, HV-P60). Discharge current waveform was measured by clamping a current sensor
(Tektronix). The both waveforms were captured with a digital oscilloscope. Time-resolved digital
photographs for a gliding plasma were recorded by a high speed digital camera (Photron, FASTCAM
SA1.1) with the frame rate of 54,000 frames per second and 320 x 256 pixels. The observation time
for the digital oscilloscope and the high speed camera were synchronized by an external trigger signal.

High Voltage
Autotransformer  Transformer
Electrodes
G) Acrylic Chamber
AC 100V
Current Clamp
e ) =5
= - High Speed % Flow Controller
Camera t
Gas| |High Voltage
Probe
1

L
Trigger out}—| OSC

Fig. 1 Experimental setup for measurement of dynamic behavior of gliding arc discharge.

3. Results and Discussion
Gliding arc plasmas in different gases of He, N, and Ar with various flow rate (10-50 L/min) were
observed. Here, we show typical results. Fig.2 shows waveforms of applied voltage and discharge
current during period of approximately one cycle for a gliding arc discharge in He (10 L/min) with the
corresponding high speed camera photographs. Exposure time of the each photographs was about 19
us (about 900 photographs per one cycle of applied voltage). As can be seen from Fig.2, the phase of
the displacement component of the current waveform was advanced by about 90 degrees from the
applied voltage because the influence of the reactance of the capacitance component between the
electrodes was remarkable. A breakdown of He occurred at 1.5 kV and the shortest gap (6 mm) with a
large discharge current and rapid voltage drop at 2.4 ms. The applied voltage increased with gliding of
the arc plasma and next breakdown appeared at the shortest gap (4.4 ms). The arc plasma glided to
upper side with recovery of the applied voltage due to the increase of the impedance of the
plasma ,which was caused by the increased plasma path, until 11.0 ms. Almost same tendency as the
above mentioned behavior was observed in case of the opposite polarity of the applied voltage.
However, polarity dependence was confirmed from the evidence that strong optical emission appeared
at a positive electrode along the edge. Rather different dynamic behavior was observed for gliding arc
discharges in Ar with the increased flow rate (20 L/min). The results were shown in Fig.3. A
breakdown of Ar occurred at 4.7 ms ( 4.5 kV) and gliding of the arc began after that. The gliding of
the arc continued until around 11 ms with the almost the same gliding speed as the gas flow. Complex
dynamic behavior of the gliding arc plasma path was induced because of the turbulent gas flow.
During the complex gliding of the arc, reconnections of the arc path were able to be found out at
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around 5.7, 8.0 and 10.3 ms as can be seen in Fig.3. It was also revealed that small voltage drop and
pulsed current were caused at the same time as the reconnections. The arc disappeared at 11.1 ms at
upper region where the arc impedance increased with the arc length. Immediately after the
disappearance of the arc, vibration of the applied voltage was observed.
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Fig. 2 Waveforms of applied voltage and current for a gliding arc discharge in He (10 L/min) with
the corresponding high speed camera photographs.
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Fig. 3 Waveforms of applied voltage and current for a gliding arc discharge in Ar (20 L/min) with the
corresponding high speed camera photographs.
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4. Summary

Time-resolved dynamic behavior of gliding arc discharge plasma was investigated using comparison
of obtained results between high-speed camera photographs and the corresponding electric properties.
For a gliding arc discharge in He gas flow, relationship between electric properties and plasma
behavior was well mapped. In addition, polarity effect was confirmed around the edge of a electrode.
For a gliding arc discharge in Ar 20 L/min, the plasma path became complex with gliding due to
turbulence gas and reconnections for plasma path were observed. The applied voltage was decreased
and small pulsed current flowed at the moment of the reconnection.
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Abstract

The characteristics of Dielectric Barrier Discharge (DBD) are mainly examined by applied voltage,
discharge current, and luminescence of discharge. There is little research paper that uses the
discharge sound to examine the electrical discharge phenomenon such as DBD. We have
examined the sound signals which are emitted from the discharge area. Because the sound signals
contain about the information of discharge and atmospheric condition around the discharge.

1. INTRODUCTION

DBD (Dielectric Barrier Discharge) is widely used for ozone synthesis, pollution control including the
removal of the environmental pollutant, surface modification, biomedical application and so on.
Future applications may include their use in greenhouse gas control technologies. In addition, recently,
coplanar type surface discharge, which is one of the DBD, has been researched as a plasma actuator
which applies the ionic wind originated from the discharge. DBD can provide non-equilibrium plasma
conditions at atmospheric pressure.

The characteristics of the DBD operated in atmospheric pressure are investigated. Applied voltage,
current and the electrical discharge sound of DBD are measured, and examined the relationship
between the micro discharge and the acoustic properties. The understanding of acoustic properties may
give more detailed knowledge of the electric discharge phenomenon.

However, it’s not easy to detect the sound signal in plasma reactor by the conventional condenser
microphone technique. Therefore, we have developed a new diagnostic method, in which sound wave
is measured by an optical sensor based on a Fraunhofer diffraction effect between the sound wave and
laser beam. The light diffraction technique, which we call the “Optical Wave Microphone (OWM)”
technique, is an effective sensing method to detect the sound and is flexible for practical uses as it
involves only a simple optical lens system. This technique is also very useful to detect the sound wave
without disturbing the sound field. Moreover, OWM can be applied for the visualization of sound field
by computerized tomography (CT) because the ultrasmall modulation by the sound field is integrated
along the laser beam path.

2. PRINCIPLES OF OWM-CT

The fundamental optical setup of the Fraunhofer diffraction measurement is shown in Fig. 1, where
the laser beam is assumed to be of Gaussian type. x and z directions are defined as the forward
directions of the laser beam and the sound wave, respectively. y directions is taken to be

perpendicular to the propagated directions of laser beam and sound wave. x,, y, andz,are defined as

the location coordinates of the back focal plane (detection plane). When the incident probing laser
beam crosses the sound wave as shown in Fig. 1, the diffracted waves are generated. They propagate
with the penetrating beam through the Fourier optical system and reach the observing plane, which is
set at the Fraunhofer diffraction region or in the back focal plane of the first receiving lens. The
diffracted optical waves are homodyne-detected there by using the penetrating optical wave as a local
oscillating power. The intensity of diffracted waves of higher orders is much smaller than that of the
first order wave and can be neglected. We are calling this setup the OWM system. The spatial intensity
(1,c) of the resultant optical field at the back focal plane is given by the following equation [1-4].
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Ay = KidpgAd = k; (19 =1)Addp v p
u=xy/W;: the normalized x -coordinate in the back focal plane, n=k,W,/2: the normalized wave

number, Wp: the beam size in the focal plane, k, (: 2;r/ﬂp): the wave number of sound wave, /1p :
the wavelength of sound wave, ¥, : the spot size, w,: the angular frequency of sound wave, F,: the
total incident power, k; (=27/4): the wave number of incident beam, 4, : the wave length of probing
beam, g, : the reflective index of air, Ad : the width of sound wave, Ap : the intensity of sound wave,
y : the specific heat ratio, p: the atmospheric pressure

In the case where Ap is much more and # is less than 1, Eq.(1) can be approximated by

1,.=41yAgy exp(—Zu2 Junsin wpt 2)

Because n=k,W,/2=Wywp/2v, =7W,f,/v,, where v is the sound velocity and fp is the frequency

of sound wave, Eq. (2) indicates that / . is proportional to fp and ApAd [5,6]. The diffraction

pattern of the first order appears along z direction, and it consists of two simultaneous waves on the
+z and - z axes with temporal phases opposite to each order. If the interaction length (L) between the
laser beam and the sound field is long, Eq. (2) is rewritten as

e =41 exp(—2u”) unk; (1o =)/ y psinwpt [, p(p)dp  (3)

where p(p) is the sound pressure distribution along the p axis [5,6].
Incidentally, CT method can reconstruct a cross-sectional image using projected data from 0 to 180
degrees. Figure 2 shows the relation between x—y and x'—)' coordinates. Here, the two-

dimensional sound S(x, ), with the propagation direction perpendicular to the x—y plane, is the
subject of our present analyses. If the output voltage signal of the OWM is proportional to /. or
ApAd is normalized by the maximum signal amplitude, the detected signal, i.e., the projected data
D(p,0) along the interaction length (L) between the laser beam and the sound field, can be written
as

D(p.0)=]" [ S(x.y) S(xcos 0+ ysin 6 - p)ddy (4)

6 : rotated angle from x—y coordinates to x'— )" coordinates.
The reconstruction image can be obtained by inversely projecting the data to the x — ¥ coordinates, in
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which the filtered back-projection method and Lamp filter function are used as the reconstruction
algorithm [7].
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Fig. 2. Top view of electrodes module and relation between the coordinates of (x, y) and (x',)").

3. EXPERIMENTAL SETUP

Figure 3 shows the experimental setup to detect the sound signal from coplanar DBD using OWM-CT.
When the high voltage (7kV,,: peak to peak voltage, 10 kHz) is applied to the electrodes in
atmospheric pressure, the discharge and sound signal is generated. The coplanar DBD is generated
ozone with the rate of approximately 15 mg/h and the main atmosphere around the sound detector is
air and ozone. The discharge current is measured through a shunt resistance (50 ohm) in series with
the grounded electrode. The applied voltage, discharge current and acoustic signal of coplanar
discharge are stored in the digital oscilloscope (Tektronix TDS3034). The acoustic signal is measured
by using both OWM and condenser microphone (Rion, UC-29, 20-100 kHz). To obtain projection data
for CT analysis, the sound field was rotated in the @ direction and moved toward the ) direction. The

rotation step angle was set to 10 degrees from 0 to 180 degrees, and the driving range in the y
direction was from y =-17 mm to 17 mm with the step length of 2 mm. To obtain projection data for

CT analysis, the sound field was rotated in the direction and moved toward the direction. The rotation
step angle was set to 10 degrees from 0 to 180 degrees, and the driving range in the direction was from
-17 mm to 17 mm with the step length of 2 mm.

Condenser microphone signal
(20Hz~100kHz)

|

Detector Beam expander ! Diode laser

— (685nm, 28mW, 62mm)
Lens3 Lens2 Lensl

Optical wave
microphone
signal

—
y Current signal

H.V. probe signal <o @

H.V. Source

Fig. 3. Experimental setup to detect the sound of coplanar DBD using OWM-CT.
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The photo and schematic of the electrodes are shown in Fig. 2. The main part of coplanar DBD is a
high-purity Al,O; ceramic substrate (15 mm in width, 37 mm in length, and 1.25 mm in thickness) and
is also used as the dielectric. The discharge system consists of two electrodes buried under Al,O;
ceramic substrate. The distance between the electrodes is 220 um. HV electrode (1.25 mm in width,
29.5 mm in length, and 10 um in thickness) of the surface and a grounded electrode (6 mm in width,
24.5 mm in length, and 10 um in thickness) inside the substrate are printed by a plasma spray coating
method. This type device is used for ozonizer. The discharge plasma is generated on the surface.

o T T T T T T N
N oy Top view
B Side view
Q)
H.V. Source

Fig. 4. Photo and schematic of the electrodes module.

4. Results

Figure 5(a) shows the time-resolved waveforms obtained from applied voltage, discharge current that
flows in resistance, OWM and condenser microphone in air. When the high voltage of 7kV,., with the
frequency of 10 kHz is applied to the electrodes, the typical DBD current wave form appears. The
current of coplanar DBD is composed of two components. The first component is a displacement
current due to the dielectric between both electrodes. The second component is glow type discharge
current. In micro discharges, it corresponds to the drift of ions between both electrodes. It is obvious
that the discharge emits the ultrasonic wave because the result obtained by the condenser microphone
shows the typical wave form of compressional wave. The waveform of OWM seems to be contained
high frequency components. The generation time of the discharge current and the sound signals are
fairly in good agreements.
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Fig. 5. Voltage waveforms (a) and FFT results (b) obtained from high voltage probe, shunt resistance,
OWM and condenser microphone. The frequency of applied voltage is 10 kHz.

Figure 5(b) shows the FFT spectra of voltage wave forms obtained from high voltage probe, shunt
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resistance, OWM and condenser microphone
in air. The frequency range of FFT analysis
is shown from 0 to 150 kHz. The coplanar
DBD occurs two times in a cycle of applied
voltage. The FFT result for the current shows
that the large peak appears at 10 kHz which
corresponds to the frequency of the applied
voltage due to the relatively large
displacement current. The FFT result for
OWM contains many frequency components
such as 10, 20, 30, 35, 40, 45, 50, 60, 75, 90,
100, 130 and 150 kHz. These values are
almost same with the harmonics frequency
of applied voltage. This result may be shown
that the electric wind, which is due to the
migration of ions inside plasma, is produced
or/and the discharge device is vibrated by the
applied voltage. The FFT result of the
condenser microphone shows that the main
frequency components are 10, 20, 30, 40, 50,
60, 70, 80 and 100 kHz. The condenser microphone is not able to detect the high frequency
components that OWM have detected, because OWM is more sensitive compared with the condenser
microphone at the high frequency region.

Figure 6 shows a reconstructed distribution of the discharge sound field on the x—y plane. The
applied voltage is 7 kV,., and the frequency of applied voltage is 10 kHz. The proving laser of OWM
is 2 cm away from the surface of coplanar electrodes. Therefore, the coordinate of z axes becomes
2cm. The dominant peak is located at x =1.21 mm, y =—3.33 mm. This result shows that the strong

Fig. 6. Reconstructed distribution of the discharge
sound in the x — yplane at 10 kHz.

pressure area is located around the electrodes.

5. Conclusions
The sound signal generated by the coplanar DBD was detected by the OWM-CT and the condenser
microphone, and the discharge sound was analyzed. The strong pressure area is appeared around the
electrodes. The sound signal from discharge device may be useful to examine discharge current and
atmospheric condition around discharge electrodes.
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SPATIO-TEMPORALLY RESOLVED DENSITY OF
NITROGEN METASTABLES IN BARRIER DISCHARGES
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The density of N,(4°S",v =0) metastables was measured by laser induced fluorescence (LIF)
spectroscopy in filamentary and diffuse nitrogen barrier discharges at 500 mbar. The absolute
density calibration was performed by the comparison of the LIF signal with Rayleigh scattering
and results in densities in the range of 10"> cm™. The time dependence of the metastables density
and their axial density profiles within the 1 mm gap are presented. The time dependence confirms
the delay of the metastables production with respect to the discharge current. The axial profiles
differ strongly comparing both half cycles and the discharge modes, respectively.

1. Introduction
Barrier discharges at atmospheric pressure can operate in two different discharge modes, the
filamentary and the diffuse mode. In pure nitrogen, the diffuse Townsend-like discharge can be
observed [1]. A transition into the filamentary mode can be forced by adding about 500 ppm oxygen,
well known as an effective quencher of nitrogen metastables. Hence, the transition between both
modes depends on the nitrogen metastables density [2,3]. The metastables are able to release electrons
by Penning-ionization in the volume or by exoemission at the dielectric surfaces. To clarify the
importance of both processes a new discharge cell was designed to measure the density of the

N,(4°Z") metastables together with surface charges and the optical emission [4,5,6]. Here, the focus
is directed on the determination of metastables by laser induced fluorescence spectroscopy.

2. Experimental setup

The investigated discharge cells are sketched in figure 1. Both consist of an aluminium mirror at the
bottom with a BSO (Bi,,S10,) crystal on it and a glass plate as the second dielectric on top. The gap
distance between both amounts 1 mm. The electrode on top of the glass plate is in the first
configuration pin-like shaped at the central axis of the discharge cell and in the second configuration
realized by a conductive ITO layer. The former setup fixes single microdischarges in the centre
whereas the latter allows the investigation of the diffuse discharge mode in the entire volume. The
combination of the aluminium mirror, the BSO crystal and the transparent ITO layer on the glass plate
was choosen for the measurement of surface charges in an identical discharge cell. The discharges
were ignited at a pressure of 500 mbar using sinusoidal voltages between 7 and 12.5 kV,,, (at 2 and 5
kHz).

(a) (.5 mm (b) glass plate
s with ITO layer _§
focus alass 111?‘“‘”—h\1:'\('f)1{ focus copper
; ‘." . —J 41 E - A 341 mm
t N s S ) t = o] T
]ns:‘rt i 7 7 ]ns:‘r[ E\;\l ‘ |\ \; ?
’ [aluminium | o) [aluminium |

BSO crystal - BSO crystal -
Fig. 1: Cross section of the discharge cells used for the (a) filamentary and (b) diffuse discharge mode.

For the detection of A°Y’,v =0 metastables by laser induced fluorescence (LIF) spectroscopy a

u?d

Nd:YAG pumped dye laser (dye: pyridine 1, linewidth: 0.6 cm™, pulse energy: < 5 mJ) was focussed
by a cylindrical lens to pass the discharge gap. The laser excited the 0-3 transition from the A3Z:: to
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BT . state of nitrogen at 687.44 nm. Perpendicular to the laser beam, the fluorescence at 762 nm

from the B3Hg,v=3 to A3Z:,v=1 transition was imaged to a monochromator and a

photomultiplier tube. The electrical pulse was recorded by a fast oscilloscope. Besides the LIF, the
time dependent signal from Rayleigh scattering in CO, was measured at 687 nm for the absolute
density calibration.

3. Absolute density calibration
The absolute density calibration is based on the comparison of the time dependent LIF signal with the
Rayleigh signal. As known, the LIF signal is delayed with respect to the laser pulse due to the finite

effective lifetime of the excited state, in this case the BI1 ¢-v =3 state. In contrast, Rayleigh scattering

takes place immediately without any delay. Hence, the LIF signal is shifted in time with respect to the
Rayleigh signal. Both signals are plotted in figure 2 for a pressure of 500 mbar.

0.4 *

YLy

e YRay * €Y/

0.2F : Teff = 2.4 18

Ryir/Ray = 1007

yLir - 10°, yray - 145

20 30 40 50 60 70
time [ns]
Fig. 2: Time dependent Rayleigh and LIF signal as well as the fitted convolution of the Rayleigh
signal with an exponential decay to the LIF signal.

The temporal shift of both signals is well visible. A detailed calculation shows that the LIF signal is
the convolution of the Rayleigh signal with an exponential decay:

uge(t)= Ry tpRayAB, - 4, [”Ray * 0t )exp[— %ﬁj}(f ). e9)
e

The factor Ry, 1s a kind of ratio of the LIF to the Rayleigh signal, 4, ,, the Einstein coefficient
for spontaneous emission and 7. the effective lifetime of the excited B3Hg,v:3 state. The latter is
about 2.4 ns at 500 mbar and Ry jpg,, is about 1000. To proof this formula, the pressure was varied
between 100 mbar and atmospheric pressure. For pressures between 100 and 600 mbar, the effective
decay rates 7 depend linear on pressure. Above 600 mbar, the error increased considerably. Using
the ratio from the fit, one can calculate the A32; ,v =0 metastables density by

TRayOray 3 ORray

Ra
y T 2 ok
LIFQLIF LIF

The constants are the density of the Rayleigh scatterer ng,, , the different optical properties

Ny = LIF/Ray * (2)

(transmission 7', quantum efficiencies Q) at the different wavelengths, and the cross sections ¢ [7].
The typical densities at 500 mbar are in the range of 10" cm™.

4. Filamentary discharge mode
The investigation of the filamentary discharge mode was performed with the pin-like electrode on top.
In the multi-filamentary mode, the metastables density increases as expected after the ignition of
several microdischarges and depletes afterwards. Unfortunately, the microdischarge ignition scatters
around the central axis and a lot of them miss the detection volume given by the laser beam. Hence,
the investigation of single microdischarges is necessary. The temporal development of the metastables
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density after one single microdischarge is shown in figure 3 for the two half cycles (a: pin = anode, b:
pin = cathode). Both measurements were performed about 0.2 mm below the glass plate. The delay of
0 ps is actually about 350 ns after the current pulse due to the laser electronics. Hence, the current
pulse has been already past at 0 ps and the metastables density increases in the afterglow of the
discharge. This indicates a production of metastables from higher molecular states instead of electron
impact excitation.

(a) (b)
6f 0.2mm in front of glass, anode 6f 0.2mm in front of glass, cathode
| =l
g g
: %% X % $ =7 % I
S Ob e L. = 0-% ________________________
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
time after microdischarge [ps] time after microdischarge [ps]

Fig. 3: Time dependence of the 4°X",v =0 density in the afterglow of a single microdischarge in
front of the (a) anode and (b) cathode. 500 mbar, 2 kHz, 10.50 kV/,,.

During the anode phase, the increase in density is very steep up to a value of about 5x10" cm™,
followed by a fast and a slow decay. The fast decay after the maximum is related to the quenching by
atomic nitrogen and the pooling reaction in the discharge channel, respectively. For the latter process,
densities from 10'* to 10" ¢cm™ must be assumed to get time constants of some tens of microseconds
as in figure 3 (a). Such values are realistic since the cross section area of the microdischarge channel is
clearly smaller than the base area of the detection volume. The temporal development in the cathode
phase is much slower. This might correspond to the different electron energies in front of the anode
and cathode. As known from optical emission spectroscopy [8], the electron energy in front of the
cathode is much larger, but the density is lower. Hence, one can expect the excitation of higher
molecular states or ionisation in front of the cathode rather than at the anode. The cascade processes

from highly excited species might take more time to produce 4°% metastables.
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Fig. 4: Axial A3Z; ,v =0 density profiles for the (a) positive and (b) negative half cycle in the
filamentary mode at 500 mbar, 5 kHz, 12.50 kV,,,, and 30 ps after zero-crossing of the voltage.
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Besides the temporal shift of the laser pulse, its vertical position was variable and axial profiles were
measured in the multi-filamentary mode. Such profiles are presented in figure 4 for the different half
cycles. In the positive half cycle, the metastables density increases toward both dielectrics and has a
minimum between the centre and the BSO. Furthermore, the density in front of the anodic glass plate
is larger than in front of the cathodic BSO. This underlines the presumption of a larger metastables
production in the anode glow in comparison to the cathode. On the other hand, the asymmetric
discharge setup might result in a larger focussing of microdischarges in front of the pin-like electrode
and therefore a larger metastables density there. In the negative half cycle, the density is nearly
constant within the gap. Here, both discussed effects are directed vice versa and might compensate
each other. To distinguish them a symmetric setup is necessary.

5. Diffuse discharge mode
The diffuse discharge mode was observed in the discharge cell with two planar electrodes shown in
figure 1 (b). The time dependence of the metastables density in the centre is presented in figure 5 in
correlation to the applied voltage and discharge current.
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Fig. 5: Time dependent 4°X",v =0 density in the centre of the diffuse discharge configuration at 500
mbar, 2 kHz, and 8.00 kV,,
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Fig. 6: Axial A3Z; ,v =0 density profiles for the (a) positive and (b) negative half cycle in the diffuse
mode at 500 mbar, 2 kHz, 8.00 kV,,,, and 125 s after zero-crossing of the voltage.
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It shows an increase in the metastables density in every half cycle during and after the current pulse.
As for the filamentary mode, the density maximum does not concur with the current maximum. This is
in agreement with optical-optical double resonance (OODR)-LIF measurements in [9] and emission
spectroscopy of the NO, system [3,9,10]. The NO, system is excited by a fast energy transfer from

A’%" metastables to NO molecules indicating the metastables distribution. The reason for the delay

might be as previously discussed a production from higher nitrogen states instead of electron impact
excitation. After the maximum the density decreases to a value of about 10" cm™ at the beginning of
the next half cycle.

Axial density profiles are presented in figure 6 for the (a) positive and (b) negative half cycle. The
density maximum is shifted toward the anode. This corresponds to a maximum of the optical emission
of the second positive and first negative system of nitrogen in front of the anode [2] and to the electron
density maximum in simulations of the Townsend-like discharge mode [1,2]. In contrast to both, the
density in front of the glass plate is nearly zero for the whole period and does not exponentially grow
from the cathode to the anode. The reason for this difference might be quenching by etching products
released from the dielectrics [10].

6. Conclusions
The laser induced fluorescence spectroscopy of N,(4°%") metastables in combination with the

absolute density calibration by the comparison with Rayleigh scattering was successfully applied to
filamentary and diffuse nitrogen barrier discharges. The time dependent density measurements show
the well known delay of the metastables density maximum with respect to the current pulse of single
microdischarges as well as to the current pulse of the diffuse Townsend-like discharge. The axial
density profiles in the filamentary mode differ strongly for the two half cycles. The reasons are
probably the asymmetric setup with the pin electrode on top and a larger production of metastables in
the anode glow in comparison to the cathode. In the diffuse mode, the spatial density maximum is
shifted clearly toward the anode which is in good agreement with optical emission spectroscopy and
simulations of the Townsend-like discharge in pure nitrogen.
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The formation of negative ions initiated by the interaction of thermal electrons in N, containing a
small admixture of SF¢ was studied by ion mobility spectrometry/mass spectrometry (IMS/MS) at
atmospheric pressure. We identified negative ions by this technique, and the results are illustrated
as two-dimensional (2D) IMS-MS spectra. We observed four peak mobilities at 2.43, 2.32, 2.08
and 1.99 cm*/Ves in the ion mobility spectra, which were identified as the ion species HF, (HF),,
NO; (HF),, SFs™ and SF4 from the mass spectra, respectively. Moreover, the ions separated again
to F'(HF), (m/z=39, 59 and 79) , NO; (HF), (m/z=62, 82 and 102), SFs" (m/z=127) and SFs
(m/z=146) according to the mass spectra. We also detected the negative ions SOF,” and SF¢ (HF)
in the mass spectra.

1. Introduction
The use of SF4 has been restricted because of its high global warming potential. However, SF; is an
excellent gas medium for use in electrical engineering, for example, for gas insulation in high-voltage
power apparatus and etching in semiconductor processes. SFq has already been investigated for about
40 years in order to accumulate fundamental data on the compound [1-3]. In the present work, we used
ion mobility spectrometry-mass spectrometry (IMS-MS) [4] to study the formation of negative ions by
the interaction of thermal electrons in N, with a small amount of SF¢ and during the subsequent ion-
molecule reactions.
There are many papers describing the mobility of negative ions formed from SF¢as the parent gas [5-
9], and mass spectrometers have often been used in such studies [10, 11]. These studies were carried
out at a low pressure and high reduced electric field E/N. Studies on the mobility of negative ions
formed from SF¢in N, [12, 13] without mass analysis of the ions have also been reported.
In the present work, we measured the zero-field mobilities of negative ions formed in SF¢/N, mixtures
(30-180 ppm SFy) at atmospheric pressure. Additionally, we obtained two-dimensional used later 2D
IMS-MS spectra and identified ions from their ion mobility and mass to charge ratio (m/z).

2. Experimental Setup
We applied IMS-MS [4] to investigate the formation of negative ions in SF¢/N, mixtures in this
experiment. The IMS apparatus was operated at ambient pressure in negative ion mode. The negative
ions were formed by corona discharge (CD). A detailed description of CD-IMS was given in our
previous work [4]. The IMS apparatus was interfaced with a 100um pinhole to enable differential
pumping between the ion drift tube and mass spectrometer. The ions that passed through the pinhole
were guided by an ion optics (IO) system located in the vacuum chamber. lons were accelerated in the
time-of-flight (TOF) mass spectrometer in the third vacuum chamber. The drift tube of the TOF mass
spectrometer was constructed from a stainless-steel perforated tube of total length 547mm. A multi-
channel plate (MCP) (Tectra) was used as an ion detector. The ions were incident to the TOF mass
spectrometer and had a period of 25us and pulse width of 10us.
The CD-IMS/TOF instrument was able to operate in three modes; in single IMS mode, in single-TOF
mode when the shutter grid of the IMS apparatus was fully open and in the 2D mode using both
spectrometers operating synchronically.
A negative CD between a wire and plane electrodes was maintained in high-purity N, to produce
thermal electrons. The electrons then entered the drift tube containing N, and a small admixture of SF;.
The electrons reacted with SF¢ in the reaction region including the drift tube to form negative ions. We
used high-purity gaseous N, (99.999%, Linde) and SF¢ (99.75%, Sigma-Aldrich).
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3. Results

3.1 Two-dimensional IMS-MS map
Figure 1 shows a 2D IMS-MS spectrum of negative ions formed by thermal electron attachment to SF,
and subsequent ion-molecule reactions in the drift tube of the IMS apparatus. We detected four
different groups of ions, F"(HF), (n =0, 1, 2), NO; (HF), (n =0, 1, 2), SFs~ and SFy, in this map. The
spectrum obtained from IMS is shown on the left vertical axis and the mass spectrum is shown on the
top horizontal axis. We combined these spectra to obtain the 2D map observed using TOF signals.
From this map, we determined the mobility peaks and m/z ratios of ions. In this way, we could
identify each ion species. The 2D map shows that the peaks in the IMS spectrum are usually due to
several clusters of ions. In the results, there are three sharp peaks (HF, (HF),, SFs~ and SF¢"). Only the
NO; (HF), clusters did not correspond to an independent peak in the IMS spectrum. We describe the
peaks in the IMS spectrum in detail in the next section.

m/z =59
m/z =62
m/z = 146

m/z="79
m/z =127

m/z =39
m/z =102

| 1=

I 12

L - =)

I NOJ(HF)  gp- SF =

B NO; \ I i l. N g é

] N 1o 2
&=

- : \NO3_(HF)2 1 5

,

- |_ \ =

o wr | wEw), -

B HF, (HF) 13

| | | | |

6400 8000 9600 11200 12800 14400
flight time [ns]

L1 AR o T

0 2 4 6 8 10 12 14 16

amount of ion signal (arb. unit)
Fig. 1. Two dimensional IMS-MS map of negative ions observed in SF¢/N, mixture.

3.2 Negative ion formation

Figure 2 shows the mass spectrum measured with an open shutter grid, i.e., no use of IMS. In this way,
we were able to obtain a mass spectrum with a better signal to noise ratio. From this spectrum, we
identified ten types of ions with m/z of 39, 59, 62, 79, 82, 102, 124, 127, 146 and 166. The ion having
m/z=146 is SF4 , which is the dominant ion in the SF¢/N, mixture. The ion with m/z=166 was assigned
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to SF¢ (HF). In the mass spectrum we detected the HF cluster ions HF, (HF), (n =0, 1, 2) (m/z of 39,
59 and 79) and NO; (HF), (n =0, 1, 2) (m/z of 62, 82 and 102). The ions with m/z of 124 and 127
were assigned to SOF,” and SFs~, respectively.
We assume that the SF¢ ions were formed efficiently in the drift region by electron attachment.
However, the formation of SF5 is less efficient [14, 15]:

e + SFs — SF¢ (N

SFs” +F 2)
The attachment of dissociated electrons to SFy also results in the formation of F~, F,~, SF,~, SF;™ and
SF,™; however, the thresholds for these reactions are much higher than that of thermal electron
attachment [14]. Thus, it is considered that only SFs~ and SFs~ were formed by the attachment of
thermal electrons.
The HF cluster ions with m/z of 59 and 79 detected in the mass spectrum HF,". Sauers and Harman
[16], who observed HF, (HF), explained its formation by the following reactions:

SFs + H,0 — SOF,” +2HF 3)
F + H,0 — HF + OH 1.1x107" em’/s [17] 4)
SF¢ + HF — HF, + SFs %)
HF, (HF), +HF + SF, — HF, (HF),,, + SF,. (6)

The H,O in reaction (3) was present in trace amounts in N, and SF¢ gases, and the HF formed in
reaction (3) may have been present in trace amounts in the SFq used in this study. Unfortunately, no
additional information about the impurities present in SFs was available. However, it is plausible that
small amounts of H,O and HF existed in the SFs [13]. The negative ion SOF,” (m/z=124) was
identified from Figure 2, indicating that SOF, ™, a product of reaction (3), existed in the IMS drift tube.
NO;’ ions are efficiently formed in gases containing N, and O,. The N, used in this study contained 5
ppm O,, and the air concentration in SFs was on the order of 1000 ppm [18]. Owing to high electron
affinity of NOs, NOs  ions are very stable. The NO; (HF) ions (m/z 82 and 102) were formed by three
body attachment as follows:

NO;™ + HF + N, = NO; (HF) + N, (7)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Fig. 2. Mass spectrum observed by TOFMS.

HF exhibits a high dipole moment of 1.826 D [19], similar to that of H,O; therefore, it can form
clusters efficiently. Other reactions that produce NO; (HF) are the reactions of SFs and SFs  with
HNO; [20].

SF¢”+ HNO; — NO; (HF) + SFs  1.9x10™ cm’/s (8)

SFs”+ HNO; — NO;(HF) + SE,  2.1x107 cm’/s 9)
The HNO; may have been formed from the impurities in SFin this study.
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The SF¢ (HF) cluster ion, which was also observed by Sauers and Harman [16], may have been
formed by the clustering reaction

SF¢” + HF + N, — SF¢(HF) + N,. (10)
3.3 IMS spectra
Figure 3 shows a IMS spectra measured by the conventional at the Faraday plate in the IMS apparatus
in N, containing a small amount of SF¢ in the drift region. These IMS spectra have a better signal to
noise ratio than the IMS spectra generated from the 2D map. The flow rate of N, was 1000 ml/min in
the drift region and 200 ml/min in the corona region. The flow rate of SFs was varied from 0 to 0.18
ml/min (0 to 180 ppm). Four peaks, HF, (HF),, NO; (HF),, SFs~ and SF¢~, can be observed in Figure 3.
In the case of 0 ppm SFg, only a small NO;™ peak appeared in the IMS spectra. The intensities of the
peaks associated with SF¢~ and HF, (HF), strongly depend on the SF¢ concentration.
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Fig. 4 Negative ion mobilities of HF, (HF),,
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Fig. 3 lon Mobility Spectra in N, with a
small amount of SF.

Figure 4 shows the dependence of the reduced mobilities of HF, (HF),, NO;"(HF),, SFs~ and SFs on
the SF¢ concentration in N,. The reduced mobilities of HF, (HF),, NO; (HF),, SFs~ and SF¢™ are 2.43,
2.32,2.08 and 1.99 cm?/ Vs, respectively. The measurements were carried out at atmospheric pressure
in a reduced electric field E/p, of 0.46 V/cmeTorr and the drift length was 8.25 cm. Figure 4 indicates
only a very weak dependence of the ion mobilities on the SF4 concentration. To our knowledge, there
is no published data on the mobilities of HF, (HF),, NOs; (HF), and SFs™ in N, containing a small
amount of SFs. Only data on the mobility of SF¢ in the parent gas has been reported [10, 11].
Hinojosa and Urquijo also measured the mobility of SF¢™ in SF¢/N, mixtures [12]. In Table 1, reduced
mobilities of SFs in N, containing small admixture of SF¢ are listed. Hinojosa and Urquijo reported
values of 1.89 cm?/Ves for SF¢™ in SF¢/N, mixtures with SF¢ concentrations of 0.02% and 1%. This
value is close to the present value for SF,. Lakdawala and Moruzzi also determined the reduced
mobility of SF™ in a SF¢/N, mixture [13]. They reported a value of 1.90+0.05 cm’/Ves in the N,
concentration range from 0.03 to 10%. This value is also in good agreement with the present value.
However, the present value is slightly higher than the other values. We believe that this could be due
to the fact that the SF¢ concentration in N, was below 180 ppm, which is considerably less than that in
previous studies.

Tab. 1 Reported values of negative ion mobility in N, with a little amount of SF;.

Presenters mobility 1o~ (cm™/Ves) ion species SF¢ concentrations
present value 1.99+0.05 SF¢~ 0.003 -0.018 %
Hinojosa and Urquijo 1.89 SFs~ 0.02and 1 %
Lakdawala and Moruzzi 1.90+0.05 no description 0.03-10%
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4. Conclusions
The formation of negative ions by electron attachment and ion-molecule reactions in N, containing a
small admixture of SF¢ was studied by IMS-MS at atmospheric pressure. We detected the negative
ions HF, (HF),, NO;"(HF),, SOF,", SFs", SF¢s and SF¢ (HF), which were identified using a mass
spectrometer. We also determined the zero-field mobilities of HF, (HF),, NO; (HF),, SFs~ and SF¢™ to
be 2.43,2.32,2.08 and 1.99 cm*/Ves, respectively.
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Electron induced fluorescence (EIF) is a reaction where an atom or a molecule is excited by the
collision with an electron and subsequently emits a photon during the deexcitation. In our
experiment we have focused on the EIF of methane. Its investigation can help with understanding
of elementary processes occurring in presence of low energy electrons in atmospheres (Titan),
thermonuclear plasma and also provide information on reaction dynamics. Such data are valuable
for both experimentalists (optical emission spectroscopy) and theoreticians focused on modelling.
The collision of electron with methane molecules leads to production of electronically excited
fragments. These can subsequently deexcitate by photon emission. We observed radiation
transitions corresponding to Balmer’s series, CH fragments A-X, B-X and C-X, CH' B-A and CL
In the first phase the emission spectra studied and then the relative excitation curves of individual
transitions were measured. From these data the threshold energies were determined by fitting the
data by appropriate set of functions. Some of the measured transitions were not measured in the
past. The reason seems to be the high sensitivity of our experimental apparatus. Excitations curves
and threshold energies were determined for H(6,7,8,9-2) and CH B-X (314.5nm) transitions.

Collisions of electrons with methane play an important role in several areas of physics and
chemistry. This arises from the fact that methane is present in planetary atmospheres (like for example
Earth, Jupiter or Titan) as well as in the interstellar medium. Moreover, applications can be found for
thermonuclear fusion plasmas. Aarts et al. [1] published a paper on radiation of methane fragments.
Beenakker et al. [2] were investigating small hydrocarbons, among which methane was as well. They
determined the threshold energies of fragments. Radiation from the same fragments as in methane was
investigated in paper aimed at electron impact of isoxazole [3] or furan [4].

Using the experimental apparatus described in [5] we are able to obtain results with higher
accuracy than in previous studies.

The electron beam is generated by trochoidal electron monochromator and molecular beam is
produced by effusive capillary. The collision of electron with a molecule of methane, leads to
electronic excitation. Such an excited molecule is unstable and fragments into several excited
fragments. These can subsequently deexcitate by photon emission. We observed radiation transitions
are Balmer’s series H, (3-2) up to H, (9-2), CH fragments A’A — X1, B’X —X’II and C’X" X1,
CH" B'A — A'IT and CI transition 3s'P°—2p*'S. Some of them are marked in the spectrum (Fig. 1).

In the first phase of the investigation we measured the emission spectrum using an electron beam
with constant energy. In the Figure 1 a sample spectrum taken at electron energy 50eV can be seen.
The bands correspond to various transitions of methane fragments (Balmers series, CH fragments,
CH'" ions or atomic transition of carbon). The rotational lines of the P, Q and R branches of the
CH(A’A — X’IT) (0,0) in the region from 410nm to 450nm wavelength can be seen as well. These
were detected by Wasowicz et al. As well [6]. Emission spectra were measured at different electron
energies (100eV, 85eV, 70eV, 50eV, 40eV). Some parts of the spectra were compared to theoretical
spectra generated by Lifbase and there was very nice agreement with experimentally measured bands.

The second mode of electron induced fluorescence measurement is determination of excitations
curves for each transition seen in the spectrum.
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Fig. 1. Example of the measured spectrum. Some lines from Balmer’s series as well as P, Q, and R
branches of CH (A-X) and C (B-X) can be seen.

After the measuring of excitation curve at the exact wavelength that corresponds to each of the
transition, we could determine threshold energy, the energy at which the examined transition starts to
be active. Then the results were compared with the values determined by other authors [1][7][8],
which is represented in Table 1. Some of the transitions could not been measured before, but due to
the high sensitivity of our apparatus, excitation curves and threshold energies were determined for
H(6,7,8,9-2) and CH B’ —X’II (314.5nm) transitions.

Tab. 1. Comparison of first energy thresholds determined experimentally, theoretically and by other
authors [1], [7], [8] for individual processes.

Fragment Transition Wavelength Threshold energy (eV)
(nm) Calc. Present Motohashi Aarts Donohue

1 | CHyX)+H H, (3-2) 656.9 16.65 17.3+0.15 20.2 21.9+0.5
2 | CHy(X)+H Hj (4-2) 486.4 17.30 18.3+0.15 20.5 21.8+0.5 22
3 | CHy(X)+H H, (5-2) 4342 17.61 19.4+0.2 20.7 22.3+0.5 22.6
4 | CHyX)+H H; (6-2) 410.1 17.77 19.6+0.2 21
5 | CHyX)+H He (7-2) 397.1 17.868 19.6+0.3
6 | CHyX)+H H; (8-2) 389.2 17.933 19.7+0.3
7 | CHyX)+H™ H, (9-2) 383.7 17.978 243+0.3
8 | CH(A)+H+H, | A’A — X7I 430.9 12.01 12.24 14.2 14.6 13.4
9 | CH(B)*H+H, | BZ-—XTI 3875 12.33 12.6
10 | CH(C)+H+H, | CE™-XTI 3145 13.08 13.4 13.9
11 CI+2.H, 3s'P'—2p° 'S 2482 13.2 20.6
12 CH" B'A - Al 350.2 26.25 27.6 31.6

In the figure 2 the example of the excitation curve measurement is shown. The curves were fitted by
convolution of two functions to determine the threshold value.
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Fig. 2. Example of the measured excitation curve for Hg line.

The electron induced fluorescence of methane was studied by crossed beams method
experiment. The spectra at different electron energies were measured and the bands corresponding to
individual transitions were identified. For each transition the excitation curve was measured and the
threshold for the process was determined by fitting procedure.
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One of the most effective technique of carbon nanotubes synthesis is a method where an electric
arc plasma is used. In this system one of the most important parameters for the process is the arc
discharge. Although the synthesis method is well known the thermodynamic phenomena during
discharge CNTs synthesis are still under investigation. Plasma composition changes due to
temperature and local pressure plasma. Electrons density influences on electrical and thermal
parameters of the arc and in effect on temperature. In this paper the process of carbon nanotubes
synthesis by plasma arc was presented. The helium-carbon arc parameters were calculated.
Catalyst introduction to the plasma was discussed and plasma parameters with different amount of
catalyst was compared.

1. Introduction
A common technique for the production of carbon nanotubes is the electric arc discharge method in
which graphite electrodes are as a source of carbon. In the arc discharge method electric arc burns
between two graphite electrodes in the neutral gas — usually He or Ar. The diameter of the electrodes
may vary from 4 to 8 mm for the anode and from 10 mm to flat surface for the cathode. In our system
6 mm anodes and 50 mm cathodes were applied. The temperature in the arc channel axis is about
5000K. This temperature leads to vaporization of graphite anode and forms carbon-gas plasma.
Carbon atoms are deposited on the cathode surface as a mixture of different forms of carbon, soot,
fullerenes and nanotubes.
During carbon nanotubes synthesis with the arc plasma the essential are: voltage, current, pressure,
ambient gas, dimensions of electrodes, electrodes spacing, presence of catalyst and plasma
composition. When the metal catalyst is inserted metal molecules determine plasma parameters. In this
case single-walled carbon nanotubes instead of multi-walled carbon nanotubes are generated. Thermal
processes in the plasma may be a basis for understanding carbon nanotubes growth conditions
Anode and cathode are placed in a hermetic chamber, equipped with the diagnostic windows and the
inlet/outlet gas systems. The distance between electrodes — up to 2 mm - ensures generation of a stable
arc discharge as an effect of voltage and it is controlled be an automatic control system. The arc
current density is set from 0,05 A/mm” to 15 A/mm”. Current density influences on erosion rate and on
final product quality. In fact large arc current increases the temperature what leads to thermal
destruction of nanoparticles and their vitrification in the cathode deposit. Otherwise lower current may
reduce temperature below the boiling point of carbon which prevents the nanoparticles formation. But
temperature is not only an effect of voltage but also an effect of plasma arc composition. The study of
the basic phenomena occurring in the electric arc plasma allow to understand the thermodynamic
factors determining the synthesis of carbon nanotubes. The effect of the plasma arc composition on the
arc discharge was investigated for many technological applications but these studies concerned
atmospheric plasma, mineral components and argon — air plasma [1]
To remove an oxygen from the set-up the synthesis process begins with repetitive evacuation of the
chamber and filling it with inert gas — helium or argon. The control system adjust the pressure to the
appropriate level — usually between 0,1 and 0,5 bar. After setting the pressure two electrodes are
connected and heated by high current. Then the anode is moved to make a distance between electrodes,
current is reduced to set value and the synthesis process begins.
The erosion rate of the anode vary from 6 to 20 mm/min. Over 70% of anode loss is deposited on a
relatively cold cathode. In the Fig. 1 is shows typical cathode deposit and its cross-section structure.
Two main parts of deposit are hard outer shell and soft core. Soft core is about 30% - 60% of deposit
and over a half of this soft core are carbon nanotubes.
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Fig. 1. Cathode dep051t where 1 — soft core w1th nanotubes 2- hard shell a) separated parts of deposit
b) deposit cross-section.

2. Calculations

Although the process of synthesis is the subject of worldwide research [2-14] and it is already well
developed - the exact phenomena that occur in this process are not known. Understanding of all
phenomena allows to maximize the efficiency. Determination of thermodynamic parameters (such as
the composition of the plasma) is an attempt to provide data for calculation the electrical parameters -
such as electrical conductivity, the effective ionization potential, thermal conductivity, etc. This fact
will allow to estimate of local temperatures in the areas of synthesis of nanotubes and their
environment.

The calculations assume that the arc burns between pure carbon electrodes. Helium is a working gas at
a pressure of 0,5 bar. Thereby, produced plasma is composed mainly of electrons (N.), atoms of
graphite (Nc), atoms of gas (Ny), ionized graphite (N.") and ionized helium (Ny.'). Due to the process
temperature (about 5000K) the second and subsequent stages of ionization is negligible. In following
calculations the state of local thermodynamic equilibrium (LTE) is assumed. In order to determine the
composition of the plasma arc in an atmosphere of carbon-helium Saha-Eggert equation for each
component has been used:

N_-N
e = §(T)
N, (1)
Where:
xem-k-T): _
syt @7 m3k T) _exp(_E E]
u(T) h kT 2)

Because we assume five components plasma we need five equations to determine the plasma
compositions. To solve this system of equations can be used Dalton's law:

P=(Ny+Ny, +Nc+Ne, +N,)-k-T (3)
The equation for the electron density in the conditions of local thermodynamic equilibrium:
N,=N¢, + Ny, )
The equation for the percentage amount of carbon:

B N-+Ng,
NC+NC++NH€+NHE+

®)
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In equations 1-5 the following designations have been used:

Upe(T), upe(T) — partition function of helium and single ionized helium, respectively.
uc(T), ucyT) — partition function of carbon and single ionized carbon, respectively;
m — electron rest mass;

h — Planck’s constant;

k — Boltzmann’s constant;

Eye, Ec - 1onization energy for helium and carbon, respectively;

AEye, AEc — lowering of ionization energy for helium and carbon, respectively;

T — absolute temperature [K];

Ay, - lowering of ionization energy

Different compositions of carbon-helium plasma have been considered to establish correlation
between metal density and electron amounts.

3. Results

Calculations have been conducted for 0,5 up to 5% carbon ratio in helium plasma. Fig. 2 shows
concentration of carbon-helium plasma components in function of temperature at the pressure of 0,5
bar. Different compositions of carbon-helium plasma have been considered to establish correlation
between carbon density and electron amounts.
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Fig.2. Concentration of plasma components for helium-carbon plasma for 3% amount of carbon.

With the temperature the number of unionized particles decreases leading to the release of the
electrons and increase their concentration. More energy leads to higher concentrations of helium ions
(NHe+) and carbon ions (NC+). However we can notice that there is much more ions of carbon than
ions of helium and there is almost the same concentration of carbon ions as concentrations of electrons
(Ne). It means that most of the electrons in electric arc discharge are from electrodes material and ions
of carbon are only carriers of building material for nanotubes. In many applications additional element
— catalyst — is applied to the process what means additional two components in plasma (neutral
catalyst and ions of catalyst). It was proved that the influence of the gas on electron density is minimal
so for simplification in the following calculations helium is omitted. Plasma still consists of 5 elements
— but instead of helium for calculations additional catalyst is assumed. The most popular element in
nanotechnology processes is iron. Fig. 3 plasma composition with iron as a catalyst with 0,1% of Fe,
and Fig.4. shows the comparison of influence of iron concentration on electron density.
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Fig. 4. Comparison of electrons and ions densities for different amounts of iron.

Presence of catalyst e.g. iron strongly changes parameters of synthesis what leads to creation of
completely different nanoparticles. The plasma parameters with minimal amount of iron is presented
in Fig.3. It can be seen that electron density strongly depends on catalysts presence. That means that
electrons for arc formation comes almost entirely from a catalyst.

4. Conclusion

In this paper, we have presented an effect of carbon presence in helium plasma. Double and multiatom
gases enable to carry much more thermal energy than in case of one atom gases [15]. It has been
estimated that minimal amount of carbon vapour strongly changes plasma composition what results by
changing plasma properties. Estimate of influence for these components is connected with calculation
of equilibrium and thermodynamics parameters. Additional carbon in the neutral gas in which burns
an electric arc change heat transport conditions due to their thermal conductivity. Due to electrons
concentrations the resistance and electrical conductivity is changed. In plasma stream with molecular
gases there have been created a large amounts of unbounded atoms.
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Electric arc stability depends on two factors: source quality parameters and resistance changes during
the process. The resistance influence voltage. Additions of iron changes effective ionization potential
and in effect conductance. In this paper, we have presented an effect of iron presence in carbon plasma
arc. Even 0,1% of metal vapour determine electron quantity in plasma in temperature up to 6000K
what is sufficient in the most technologies. Number of electrons influences on electric parameters and
thermodynamic state.

The calculation results showed that the addition of a catalyst such as iron increases electron density.
This fact improves the conditions for the arc discharge and finally increases chance for maintaining the
continuity of the discharge under rapid changes of additional components concentrations in the plasma.
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The article presents the plasma synthesis method of carbon nanotubes using an electric arc
discharge. In this method different carbon nanotubes are produced as a cathode deposit growth or
are deposed on a various substrates such as silicon, metals and other materials. The examples of
applications of carbon nanotubes in medical applications were presented. Conditions required for
the synthesis of carbon nanotubes and process parameters were determined. Synthesis of carbon
nanotubes with iron was described. Applications of carbon nanotubes for cancer treatment were
discussed.

1. Introduction

Nanotechnology is one of the fastest-growing technologies. Carbon nanotubes are widely used in
many industry branches — chemical, defence, automotive, food, textile, cosmetics, etc. One of the most
promising areas is medicine. Depending on the type of nanoparticles it can be used to improve the
sensitivity of diagnostic tools, to manufacture of surgical instruments. They may also be used as
carriers for slowly released drugs. Nanoparticles appropriately addressed can detect and deliver
chemicals to cancer cells without destroying healthy cells. Combination of nanoparticles with drugs
would be a milestone for novelty medicine. These nanoparticles should have many characteristic
parameters such as purity, size, shape. The quality of the product, composed mostly of carbon
nanotubes (CNTs), depends on parameters of synthesis such as pressure, gas composition, temperature.
CNTs possess a one-dimensional nanostructure, which are characterized by high strength, high
thermal conductivity, high electrical conductivity and electronic properties ranging from metallic to
semiconducting. These graphitic forms can be divided into two main groups: single-walled CNTs
(SWNTs) and multiwalled CNTs (MWNTs).

SWNTs are formed by wrapping a one-atom-thick layer of graphite called graphene into a cylinder.
Multi-walled nanotubes (MWNT) consist of multiple rolled layers (concentric tubes) of graphite.
There are other forms of carbon nano-scale such as the nanohorns, nanowires; several types of
fullerenes (Fig.1.).
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Fig.1. A) SWNT - side view, B) SWNT — top view, C) nanohorn, D) fullerene

The product of synthesis is a mixture of different types of carbon. The research objective is to
determine the optimal conditions for creating a product with the desired properties.

2. Medical applications
Progress in the functionalization created many new opportunities for applications including medicine.
Worldwide research can be divided into two main groups: diagnostics and treatment. Diagnostic
applications exploit new electronic devices containing CNTs, nanoelectroedes, nanomaterials,
nanopowders etc. Treatment applications are connected with drugs delivery and release.
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CNTs have a large potential as drug delivery systems because their size. A few examples of delivery
of therapeutic agents as carrying proteins into the are described in the literature [1]. Wu and coworkers
connected CNTs with one of the most effective antimycotic molecules for the treatment of chronic
fungal infections — AmB [2]. Disadvantage of AmB is its toxicity and side effects range which may
even lead to destruction of healthy cells [3]. The conjugation of AmB to the tubes modulated its
therapeutic effect by decreasing mammalian toxicity and increasing the antifugal activity.

SWNTs with a carborane cage can be used for boron capture therapy [4]. Boron Neutron Capture
Therapy (BNCT) is a method of cancer treatment, especially for brain tumors. In the BNCT method
the boron components are injected into the human body, selectively deposited in tumor tissue. SWNTs
improve selectivity and protect healthy cells. Then the patient is irradiated with neutron beam.
Particles with a large energy and short range are produced as a result of reaction radiation with boron,
thus destroying the local cancer cells but it has limited cellular uptake. Another well-known anticancer
molecule used in cancer treatment is methotrexate (MTX), but it has limited cellular uptake. It was
proved that it is possible to increase the ability to cross the cell membrane by conjugation CNTs with
MTX [5].

Another application of CNTs in cancer therapy is its ability to absorb NIR irradiation [6]. SWNTs
with folic acid are taken up by cancer cells which were then destroyed by a laser wavelength of 808nm.
Tumor cells with nanotubes are heated and consequently destroyed. CNTs with iron can be heated by
RF wave. Carbon nanotubes could be also used to introduce drugs or other substances into human
cells, however influence of CNTs on the human body is not known so far.

The specific form of nanocarbon are carbon nanotubes comprised of a single layer of graphitic carbon
and exhibits an irregular horn-like shape. These structures are called single walled nanohorns
(SWNHs). Dexamethasone and cisplatin are chemotherapy drugs used to treat various types of cancers
but they have a lot of side effects as kidney damage, nerve damage, nausea and vomiting, hearing loss,
high electrolyte disturbance and strongly decreases the morphology of the blood. Carbon nanohorns
can be used to encapsulate these anticancer agents [7, 8]. Drugs can be slowly released into the
pathologically changed cells.

There are just a few examples of worldwide research carried out in bionanotechnology area. There are
a variety of uses in diagnostics. But both the treatment and diagnosis require a appropriate synthesized
nanotubes.

3. Plasma for carbon nanotubes synthesis

Several techniques can be used to synthesize CNTs. The most popular are arc-discharge, chemical
vapour deposition (CVD) and laser ablation. The CNTs prepared by all methods are mixtures of
different tubes with broad size, chirality, structure and properties with impurities containing mostly
amorphous carbon. In our laboratory our research focus on plasma and CVD methods [9-16].

It involves a high-density current flow through a thin graphite rod. The generated heat leads to the
graphite evaporation, and then condensation on the walls of the synthesis chamber or on cathode
surface. This system was initially used for the production of fullerenes, and then was modified by

applying an electric arc. Figure 2 shows the system used in our research.
H,0
gt

T
T

te Ry
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Fig.2. System for arc carbon nanotubes synthesis — 1 — anode with catalyst, 2- cathode, 3 — deposit

234



In our system the process begins by filling plasma reactor with helium or argon at a pressure 0,5 atm.
The electric arc burns between two graphite rods. The distance between rods is constant and is about
1-2 mm. Vapors of carbon move from anode spot, through a short arc column of about 5000K
temperature and enter into a cathode zone. Thermodynamic and electrical parameters of cathode
region determine the efficiency of the carbon nanotubes synthesis. As soon as the deposition process
starts, the local electric field increases due to the formation of micro-roughness on the surface of the
cathode. Electron field emission becomes dominant over the thermoelectron emissionA relatively low
temperature of the cathode surface allows to starts the process of the CNTs deposition. Physical
parameters for short arc plasma for switching devices are described in literature [17]. The synthesis
phenomenon in cathode zone is not theoretically elaborated up to now. The phenomenon responsible
for the deposit growth is the anode stream [14-16].

Fig.3. Cathode deposits

The second factor determining the synthesis is thermal destruction of CNTs settled on the surface of
the cathode. It is important to maintain a proper temperature process, especially in the deposition
sector to avoid CNTs destruction. Therefore anode and cathode should be cooled by water.

A typical cathode deposit has a structure of hard coating (shell) and soft core (Fig.3). The shell is a
waste and the core is a product which is composed of a multi-walled carbon nanotubes MWNTs,
fullerenes and soot (Fig. 4). It has been estimated that maximum 25% of the anode vapour turns into
nanotubes [14-16].

Nanotube formation process depends on many factors including quite a large difference of density and
conductivity of electrodes, grain of the graphite, configuration of electrodes, the physical process
parameters (current, temperature, pressure, etc.). Conducted research focuses on identifying the key
parameters of the synthesis process. The soft core needs purification before using.

Fig.4. CNTs with impurities from cathode deposit.
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4. Carbon nanotubes with iron
Synthesis of carbon nanotubes can be conducted with the presence of a catalyst. The presence of
catalysts is also an important condition for receiving SWNTs, which can be found in the soot
condensation on the inner walls of the chamber. This changes the appearance of soot, which is no
longer loose, and is in the form of thin sheets or tangled threads.
During plasma carbon nanotubes synthesis catalyst may be introduced into the arc in the form of gas
(as a ferrocene or pentacarbonyl). Iron may be also applied also in solid form. In this case anode is
hollowed and mixture of carbon and iron is placed inside anode. This mixture vaporize due to arc heat
and creates a plasma cloud in the synthesis process surroundings. The anode may also be covered with
iron. It is also possible to use electrodes made of graphite with iron. Catalyst can also be sputtered on
different substrates and placed inside the reaction chamber.
When a microwave plasma is applied catalyst is introduced in gaseous form (pentacarbonyl or
ferrocene), or is a placed as a component of substrates where carbon nanotubes growth occures.
Depending on the parameters of the synthesis the iron can be encapsulated inside the nanotubes or
attached to the surface. Nanotube with iron can be used in a variety of applications - in particular in
medicine for cancer diagnosis and therapy. One of the therapy is described as a Kanzius therapy [18].
It has been patented by ThermMed LLC founded by the inventor of the method - John Kanzius.
[19,20] The idea of the therapy is the introduction of metallic nanoparticles to cancer cells and then
stimulating them with RF waves. The energy from radio waves creates heat, which destroys a group of
cancer cells. This method is still under investigation.
Depending on the type of nanoparticles, they can also be used to improve the sensitivity of diagnostic
tools such as the magnetic resonance and it can be a donor for slowly release drugs. It is believed that
nanoparticles supplied with ferromagnetic material will be easier to manipulate inside the human body
what improve selectivity of the applied therapies.

5. Conclusions
Using arc-discharge method MWNTSs without catalyst and SWNTs with yield up to 90% can be easily
produced. The main disadvantage is that SWNTs may contain some defects and tubes tend to be short
with random sizes and directions. The advantage of this method is low cost and possibility to synthesis
in an open air. The discovery of nanotubes has contributed significantly to the development of
nanotechnology. Today, it seems that the possibilities of using carbon nanotubes are unlimited.
Medicine is an especially promising area for nanotechnology. Although several studies have already
been taken it seems that much more remains to be done. The presented article focused on some
possible applications especially of ferromagnetic CNTs.
Depending on various electrical parameters of the arc during the synthesis of nanomaterials we can get
different levels of purity and quality of the nanotubes. Impurities consist of catalyst residues and
amorphous carbon. A large amount of impurities may increase the toxicity of the material. The
presence of residual amorphous carbon and trace metals catalysts can affect cell viability. Very
important is the size of nanotubes. Smaller particles have larger area and higher toxicity, short
nanotubes have less inflammatory response therefore final product needs purification and in many
cases subsequent functionalization.
Despite the promising possibility of targeting the use of carbon nanotubes in medicine is associated
with a number of issues which require detailed research, such as diagnosis and delivery, methods of
preparation, functionalization of nanomaterials, characterization, etc.
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An investigation of atmospheric pressure argon DBD plasma jet generated at 6 kHz sinusoidal
voltage was carried out. On the basis of recorded electrical, optical and spectral characteristics
spatio-temporal evolution of plasma jet in negative and positive half-cycles of voltage was studied.
It was found that plasma propagation velocity in the positive half-cycle differs in- and outside of
the tube considerably while in the negative half-cycle it remained constant up to the distance of 5
mm from the orifice of the tube. The different plasma propagation velocities as well as different
shape of light pulses in positive and negative half-cycles outside the tube were found to be in
concordance with simulation presented in [1].

1. Introduction
Materials processing needs an inexpensive remote plasma source for producing chemically active
species at high concentrations which does not change the morphology and temperature of the treated
material. The atmospheric pressure plasma jet (APPJ) is one of the most promising solution for this
problem and has been a subject of extensive research [2].
Most of the studies carried out so far deal with APPJ driven in helium e.g. [3-5]. However, from the
viewpoint of applications Ar APPJ could be desirable because it is relatively cost effective and allows
efficient production of several useful chemical species (like reactive oxygen species).
Our preliminary tests of Ar APPJ influence on the surface of TiO, coatings of few nm thickness were
promising: the products of plasma jet increased considerably the wettability of TiO, coating. This
result was one of the reasons which triggered us to a more fundamental study of processes occurring in
the Ar plasma jet. As one step in the determination of production paths of active species, the aim of
the current work was to connect the evolution of emission from various plasma species with electrical
characteristics of plasma jet.

2. Experimental setup

A sketch of setup is shown in figure 1. The discharge was excited in a quartz tube of 0.6 mm inside
and 0.8 mm outside diameters. The powered electrode was a 2 mm wide Al foil which was wrapped
around the tube. The distance between the electrode edge and the tube orifice was 12 mm. The
opposite plane electrode of 100 mm diameter was grounded and it was placed at the distance of 35 mm
from the tube orifice. Thus, according to the classification given in [2], our electrode configuration
belonged to a DBD plasma jet. A sinusoidal voltage at 6 kHz excited the discharge in Ar flow. The
temporal electrical as well as optical characteristics of jet were recorded by using TDS-540B
oscilloscope. The voltage was measured with a capacitive voltage divider, C1, C2 and 1:10 probe. The
current was determined from the voltage drop on the 50 Q induction-free resistor R. The distribution
of light intensity along the plasma jet was recorded moving fibre F along the 1:1 image produced by
/=75 mm quartz lens. The measurements of light distribution along jet axis were carried out with ~1
mm spatial resolution. Time-averaged spectra in 300-850 nm range as a function of position y were
recorded with spectrometers Ocean Optics 4000 (ca 1 nm resolution) and MDR-23 (0.1 nm
resolution). Relative spectral sensitivity was determined by using calibrated light source Ocean Optics
DH-2000-Cal. Temporal changes of the light intensity emitted from different parts of the jet were
recorded separately in the red (further “IR”, A > 680 nm, photomultiplier tube PMT R5108 with the
infrared filter KC19), and blue (“UV”, 200 < A <600 nm, PMT 1P28A) regions. The rise time of
PMT signals was < 2.2 ns.
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Figure 1. Experimental setup.

Figures presented below take into account the delay times caused by connecting cables and electron
transit times through PMT.

3. Results and discussion
To obtain a long and a stable jet channel the gas flow should be laminar. We found that at 0.3 SLM Ar
flow rate and at a fixed voltage the jet length outside the tube was the longest. At such a flow the
linear gas velocity in the tube was ~2-10* mm/s, corresponding Reynolds number R.~700 which is
within laminar flow limits.

3.1 Electrical characteristics

All presented results belong to applied voltage u,., = 3 kV. At such voltage the visible part of plasma
jet did not hit the opposite electrode. Generally, during a half cycle several short-duration discharge
pulses arose. At the used voltage there were two current pulses during negative and positive half-
cycles. Figure 2 shows the current, voltage and light waveforms. Because of a low sweep rate the
recording does not pass the actual peak values of pulses. It appeared that the current pulses arose at
relatively well-fixed times, the time separation of current pulses in the positive half cycle was = 15
us, and in the negative half cycle = 30 ps. At the same time the peak values and waveforms of current
pulses varied in wide ranges. This circumstance did not allow the averaging of current and light pulses
over number of voltage cycles, i.e. our results belong to single shot recordings.
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Figure 2. Measured waveforms of Figure 3. Current pulses at positive and
current, voltage and light signals. negative half cycle.

In case of both half cycles the sweeps of oscilloscope were triggered from the current pulse of the
corresponding half cycle. The same condition of current peak value, 0.028 < | Iirigger | < 0.03 A was
used for triggering of both polarities of current pulses. Following results belong to the first pulses of
both half cycle polarities. Typical current pulses are presented in figure 3. The positive current pulse
had two-humped structure and its half-width was = 200 ns. The waveform of negative current pulse
was more complicated and it has remarkably longer duration.

3.2 Optical measurements
Figure 4 shows time averaged spectra. At A > 650 nm all lines except very weak atomic O line
(A=T777. 4 nm) belonged to Ar. The bands recorded in the spectral region 300-400 nm belonged to OH
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(A-X) and N, (C-B) transitions (figure 4 insets). Inside the tube Ar and OH spectra were dominating.
Outside the tube (figure 4B) N, (C-B) bands appeared besides the OH (A-X) band. The most intensive
bands among them belonged to the vibrational transitions 0-0 (bandhead at 337.1 nm), 1-0 (315.9 nm),
1-2 (353.7 nm), 0-1 (357.7 nm) and 0-2 (380.5 nm).
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Figure 4. A- spectrum recorded at positions y = -2 mm and B- at y = 3 mm. Insets:
spectra in the wavelength range A = 300 — 400 nm.

Figure 5 presents the intensity dependence of characteristic line (bandheads) on coordinate y.
Intensities of all Ar lines depended on y- coordinate similarly to A = 763.5 nm (figure 5). The

intensities of OH band in turn followed the same main trends as Ar lines. Inside the tube N,(C-B)
bands were very weak, but outside the tube in the UV region their radiation became dominating.
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Figure 5. Intensity distribution of Ar line and OH, N, bandheads along the jet axis.

Rotational temperature was estimated on the basis of rotational spectra of OH(A-X, 0-0) and N,(C-B,
0-1). Within limits of experimental uncertainties the rotational temperatures coincided. Inside the
capillary the temperature was almost constant, 7 =~ 330 K, while outside the rotational temperature
increased with the coordinate y and reached the value 7' = 380 K.

Figure 6 shows typical IR light pulses belonging to positive half-cycle.
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Figure 6. Current and IR light pulses in the Figure 7. Current and IR light pulses in the

positive half cycle at positions y=-7 mm and negative half cycle at positions y=-5 mm

y=5 mm. and y=3mm.

The light pulses recorded inside and outside of the tube arose at different times and their waveforms
differed considerably. The rise of the light pulses inside the tube occurred during the first hump of the
current. The half-width of light pulses inside the tube decreased along jet from =~ 200 ns near the
electrode to = 10 ns near the orifice of the tube. The development of the jet channel outside the tube
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was related to the second hump of the current. The half-width of pulses outside the tube were = 6 ns
and they did not depend on the coordinate y.

Figure 7 shows IR light pulses belonging to negative half-cycle. Development of light pulse inside the
tube is observable during the first two humps of the current. At the same time the development of jet
channel outside the tube is related to the third hump of the current. Differently from positive half-cycle
the half-width of light pulses inside the tube were almost constant, =30 ns, while outside the tube the
half-width increased with coordinate y reaching =300 ns value at the distance y = 6 mm. The
development of jet channel outside the tube in the positive half-cycle is similar to the cathode directed
streamer while in the negative half-cycle to that of the anode directed streamer [1]. Regularities of
light pulses observed outside the tube indicate that the electric field magnitude as well as its spatial
distribution in the positive half-cycle differs considerably from that in the negative one. This finding is
consistent with the results of modelling presented in [1].

Figure 8 shows the position of the leading edge of IR light pulse as a function of time in the negative
and positive half-cycles. The slopes of the dependences give the propagation velocity of plasma
plume.
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Figure 8. The position of the leading edge of IR light pulse as a
function of time in the negative and positive half cycles.
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In the positive half-cycle the velocity inside the tube was v = 1.7-10° mm/s and increased outside the
tube to v = 3.3-10° mny/s. In the negative half-cycle the velocities were lower: inside the tube and up to
the position y = 5 mm v = 9.6:10" mmy/s, for positions y > 5 mm velocity decreased, v = 2:10" mms.
Another remarkable difference is that in the negative half-cycle the light pulse developed to the
smaller distance.

Table 1 gives propagation velocity of plasma plume at positive and negative half cycles, found by
other authors.

Table 1. Propagation velocity of plasma plume.

Electrode Waveform Gas Polarity | Recording | Velocity, Reference
configuration of voltage position v/10° mm/s
Single rod electrode | 4 kHz, sin He + Outside Max: 1.25 [3]
inside the tube Pulsed DC + Outside Max:: 2.5
Two ring electrodes | Pulsed DC He + Inside 1-0.6 [5]
inside the tube + Outside Max: 2
Single rod electrode | Pulsed DC He + Inside 0.3 [4]
inside the tube - Inside 0.3

+ Outside Max: 1.5

- Outside Max: 0.7
Two DBD electrode | Pulsed DC 5% Ar/He + Outside 5.5 [6]
Concentric  tubular | Pulsed DC 1%0,/He + Outside Max: 5.3 [7]
electrodes - Outside Max: 4
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According to the table velocities determined in different experiments have the same order of
magnitude. The variations of velocities could be caused by different jet configurations, applied voltage
waveforms, gas compositions etc. A common trend is that the pulse velocity is lower inside the tube
compared to that of outside. Besides, outside the tube the velocity is higher in the positive half-cycle
than in the negative one. Compared to the table data, velocities found in the present work were inside
the tube higher at both half-cycles. This discrepancy could be explained by a smaller inside diameter
of tube in our experiments. Indeed, according to the modelling and experiments carried out in [8] the
discharge velocity inside the tube increases with the decrease of the tube diameter. Outside the tube
the velocities found in our experiments were within the limits of velocity values presented in the table.
The result that in the negative half-cycle the velocity of discharge propagation was lower as well as the
discharge channel length was shorter than they were in the positive half-cycle matches with the results
of modelling presented in [1].

4. Conclusion
In this work spatio-temporal characteristics of atmospheric pressure plasma jet were studied.
Electrical, optical and spectral characteristics as well as spatio-temporal evolution of jet channel on
both half-cycles of voltage in- and outside of the tube were recorded.
The main results of the study are:
e Spectrally determined rotational temperature of the jet channel did not exceed 380 K.
e The relationship has been established between the light pulses developing in- and outside of
the tube and the different parts of current pulses.
e Considerably different waveforms of light pulses belonging to positive and negative half-cycle
indicate a different spatial distribution of electric field.
e In the positive half-cycle the characteristics of the light pulse development are typical to that
of cathode directed streamers while in the negative half-cycle to that of anode directed
streamer.
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Studies concerned the elaboration of a plasma method of coating deposition on the surface of organic
substances characterized by antimicrobial properties

1.Introduction

Sulfur dioxide (SO,) is a preservative used mainly for food of low pH, e.g.: juices and fruit drinks, in
the production of wine and for maintaining freshness of dried fruits (raisons, peaches, apricots,
apples), vegetables and ready-made potato products. It is used in the production of wine, since it
controls the microorganisms (bacteria, yeast and fungi) dangerous for fruit juice and wine, moreover,
it has oxidative properties [1-4]. It prevents also the development of mold on grapes kept for several
months in cold-stores, which before sale are saturated with sulfur dioxide [5]. Packaging is sought,
which would prevent grapes against spoiling and fast liberation of saturated SO, [6]. In order to limit
the amount of SO, used as preservative, studies are carried out on obtaining active packaging of
antimicrobial properties.

2. Experimental part

The process was carried out under atmospheric pressure, in barrier discharge powered with impulse
current of 400 Hz frequency. The used for this laboratory reactor consisted of a cylindrical rotating
electrode (on which the film was placed) and a glass body with a high-voltage electrode, covering only
a small part of the reactor’s wall (Fig. 1).

Wlot

gazy

A_A V/
A ]\ Fig.1. Scheme of the reactor [7]

~—] A-A vertical section, B-B horizontal section;
BB 1 —rotating electrode, 2 — glass body, 3 — film,
4 — HV electrode, 5 — discharge gap (2 mm)

6, 7 — inlet and outlet pipes, respectively

6

B-B

.
W

Due to the rotational motion of the inner electrode, the film placed on its surface moved through the
discharge zone. The real residence time of the film in the discharge zone, which depends on the width
of the electrode on the outside reactor’s wall, was ten-times smaller than the time of carrying out the
process.
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The polyamide side of the polyamide-polyethylene film [quickly welded laminate (27-37% PA, 63-
73% PE) of 53 pm thickness (product of PPH Gasior Sp. z 0.0.) was subjected to plasma modification.
Technical grade sulfur oxide (IV) of Multax or/and sodium oxide (80% Na,O of Sigma-Aldrich, cat.
No. 645613) were the precursors of plasma deposited coatings. The process was carried out in the
atmosphere of argon (Multax). Plasma modification was carried out in three different ways:
1. plasma etching of the film surface with a mixture of argon and sulfur dioxide of SO,
concentrations from 0.1% to 1.4%.
2. deposition of coatings containing sodium delivered to the reactor by sodium oxide sublimation
at: ca. 300 °C, ca. 450 °C, ca. 530 °C, ca. 640 °C.
3. deposition of coatings from the mixture Ar + (0.1%—1.4% )SO, + Na,O sublimed at 300 °C.
The coatings thus obtained were subjected to wetting angle and bacterial studies as well to water vapor
permeability determination.

Wetting angle

To determine, whether the deposited substance was incorporated into the film, or only
adsorbed on its surface, the wetting angle was measured twice, immediately after plasma
modification, and then after three days. Distilled water was used as the wetting agent (Fig. 2).

Water vapor permeability studies

Water vapor permeability studies were carried out to determine whether the film is not
destroyed as a result of plasma modification. Water vapor permeability was determined by the
weighing method [8].

Bacteriological studies
Bacteriological studies were carried out on bacteria strains of Staphylococcus aureus
of the Gram-positive group and Salmonella of Gram-negative group. The concentrations of both
bacteria strains was 10° CFU/ml. The TSB medium (CASO bullion of Merck) was used for bacteria
proliferation.
Studies were carried out as follows:

1. From each film samples were prepared of ca. 1 cm” dimension, which were placed in sterilized
tubes,
To each tube, 5 ml of the medium and 0.1 ml of the bacteria suspension were introduced,
The samples prepared were kept for three days in an incubator at 37 °C,
After 24 h, absorbance was measured to determine bacteria development,
Absorbance measurement was carried out at 521 nm wavelength,
Absorbance measurement of samples was utilized to determine the degree of inhibition of the film
plasma modified. The degree of inhibition of bacteria development was calculated from the formula:

S, :(1—ij-100%
A,

Si- degree of inhibition, A;- absorbance of the sample studied, Ay- absorbance of the sample with the
crude film.

kv

3. Results and discussion

Results of the wetting angle measurements.
During film modification a decrease in the wetting angle from 87° of the pristine film to 40° of the
film plasma modified in argon was observed. Moreover, it was noticed that the wetting angles values
were maintained at a constant level after three weeks.

For consecutive mixtures, in which SO, was added in an amount of from 0.7% to 1.4% or
Na,O sublimed at 300 — 640 °C, a decrease in the wetting angle values during carrying out the process
from 44° to 15° was observed, with an increasing tendency after 3 weeks. Small increases in the
wetting angle may prove that some of SO, or deposited Na,O desorb from the film surface.
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The temperature of sodium sublimation did not have an essential effect on the wetting angle
value, despite that the amount of sodium introduced increases.

The wetting angles for samples modified in Ar+SO,+Na,O mixtures, in which SO,
concentrations was from 0.1% to 1.4%, and Na,O sublimation proceeded at 300 °C, decreased with an
increase in the SO, content. It can be assumed that at larger concentrations, SO, reacted with the
polymer, which resulted in a decrease in the wetting angle after three weeks.

Results of bacteriological studies.

Bacteriological studies on strains of Salmonella bacteria of Gram-negative group and
Staphylococcus aureus of Gram-positive group, of 10° CFU/ml concentrations, were carried out for
consecutive series of experiments. The results of studies of the degree of inhibition show that plasma
modified films considerably better inhibited the Salmonella bacteria growth than that of
Staphylococcus aureus bacteria (Figs. 2, 3).
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Fig. 3. Dependence of the degree of Salmonella bacteria development inhibition on the time of the
film plasma modification in the Ar + (0-1.4%) SO, mixture.
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The obtained degree of inhibition values for Salmonella bacteria are higher and are equal to
16%, than those for Staphylococcus aureus bacteria (ca. 8%) (Figs. 3, 4).
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Fig. 5. Dependence of the degree of inhibition for Salmonella bacteria of samples of films modified in
a mixture: Ar+Na,O sublimed at 300, 450, 530 and 640 °C.

The results obtained for plasma deposited coatings from mixtures: Ar + Na,O sublimed at 300, 450,
530 and 640 °C are little consistent and the degrees of inhibition are low. However, these coatings
show much higher degrees of inhibition for Salmonella bacteria than that deposited from mixtures:
Ar + (0.1 - 1.4%) SO, + Na,O sublimed at 300 °C.

Sodium content in coatings

For selected samples, modified for 6 minutes, sodium content studies were carried out by means of the
AS30 Carl Zeiss Jena apparatus. Atomization of the ashes sample occurred in the burner’s flame, to
which air as the oxidative gas and acetylene as the combustible gas were introduced. On the basis of
these studies it was found that the sodium content in the coatings increases slightly with a rise of
sublimation temperature, and is equal to 2.7 — 3.3 pg/cm’ for temperatures of the 300 — 640 °C range.
Studies showed that the plasma unmodified film contained also a small amount of sodium
(1.2 ug/em?).

The greatest amount of sodium of ca. 6 u g/cm2 was introduced from the mixture Ar+0,1% SO,
+Na,0 sublimed at T = 600 °C. It should be believed that the presence of even a small (0.1%) amount
of SO, causes bounding of considerable amount of sodium, which definitely does not affect favorably
the anti-microorganisms properties of the films obtained.

Sulfur content in samples

For selected samples of plasma modified films, sulfur content measurements by means of
induction-conjugated plasma were performed, in two series with 7 repeating (ICP — OES Integra XL;
GBC Scientific Equipment for two lines of sulfur: 182.0 nm and 182.6 nm. Studies were carried out by
two methods:

- in the first one the samples were burned in oxygen and the vapors were absorbed in
a hydrogen peroxide solution, which corresponds to the determination of the total sulfur
content in the film,

- in the second one sulfur was extracted from the samples with a hydrogen peroxide solution
assisted with microwaves, which can correspond to the content of sulfur not permanently
linked to the film material.

In Table 2 is presented the average of the results of measurements carried out in two series with 7
measurement repeating, for each sulfur line. For determination of sulfur content the standard curve
method was applied.

On the basis of the results presented it was found that there is no explicit relationship between

the SO, concentration in the reaction gases and the amount of sulfur on the surface or that introduced
to the polymer.
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Tab. 2. Sulfur content in samples

Type of modification Total sulfur content in Non-linked
film [pg/g] sulfur[pg/g]
Unmodified film 76 17
Ar+0.1% SO, 620 32
Ar +0.7% SO, 1190 155
Ar + 1.4% SO, 860 62
Ar + 0.1% SO, + Na,O (T=600°C) 480 30

Results of water vapor permeability

On the basis of bacteriological studies, film samples were selected, for which water vapor permeability
studies were carried out. Studies were carried out to be assured that during plasma processing the film
was not destroyed. The highest sealing degree was achieved by the unmodified film in the mixture
Ar+Na,O (T = 530°C) (61%) and in Ar+0.1%S0,+Na,O (T, = 600°C) (54%). In a majority of cases
an increase in the sealing degree is observed after the third day even up to 96%, which may be caused
by swelling of the deposited coatings under the influence of moisture (Fig.6)
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Fig. 6. Dependence of the sealing degree of the film towards water vapor on the type of modification;
modification time of particular films = 6 min.

4. Conclusions

1. Sulfur or sodium containing coatings characterized by antimicrobial properties can be obtained by
the PE-CVD method under atmospheric pressure.

2. The highest degree of inhibition of 16% for Salmonella bacteria of group Gram (-) and that of 8%
for Staphylococcus aureus bacteria of group Gram (+), were achieved for films with a sulfur
containing (620 — 1190 pg/g) deposited from mixtures: Ar+0.1% SO?2 and Ar+0.7% SO2.

3. Samples containing about 3 pug/g of sodium deposited from a mixture Ar+Na,O sublimed at 300°C
showed, with respect to Salmonella bacteria of group Gram (-), the inhibition degree of up to 10%.

4. Plasma deposited coatings were characterized by sealing properties towards water vapor, maximally
at the level of 60%.

5. The films thus obtained may find application as packaging of food products.
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Three-electrode system is proposed for creation of the non-self-sustained large volume glow
discharges in different atmospheric pressure gas mixtures. Special designs of plasma reactors are
considered. Positive column of the non-self-sustained atmospheric pressure glow discharge at the
length of about 15 mm is used to facilitate ethanol conversion into syngas. In the experiment, for
example, with heated working gas mixture at the input, containing about 57% of air, 30% of
ethanol vapor and 13% of water vapor, after plasma conversion the outlet mixture consists of
about 36 % H,, 23% CO, 1.2% CHy, 0.8% C,H,, 1.0% CO,, 0.3 % C,HsOH and about 8% H,O.
Conversion efficiency is about 95%. Hydrogen output is about 1.2 liter per minute. The energy
cost-effectiveness ratio defined as the ratio of the energy release at the syngas burning to the
electrical energy costs for the plasma maintenance is about 1.85.

1. Introduction

At the present one of the most important energy problems is to find alternative energy sources that
would allow some to abandon the traditional hydrocarbon fuels such as gasoline, kerosene, methane,
which are produced from oil and natural gas. The reserves of the latter on Earth are limited. In this
connection, the use of vegetable origin fuels: biodiesel, biokerosene and ethanol has increased.
However, in comparison with the "oil" these fuels have some properties that present certain difficulties
to use them effectively. The main reasons are the low speed of combustion propagation and a
variability of the component composition. A possible way to eliminate the mentioned above
drawbacks of unconventional fuels can be an additive of free hydrogen into the fuel mixture, which
leads to an increase in its combustion rate. Hydrogen can easily flare up and provide a sufficiently
large velocity of combustion wave propagation. However, the problems of storage and transportation
of hydrogen appear. The way to solve these problems would be to use the bio-fuels as a source of
hydrogen of the needed amount in the place of its direct utilization. Among hydrocarbon fuels ethanol
is the most promising, because it can be obtained from various sources, for example, from industrial
waste or biomass. At the same time, a relatively low amount of pollutants such as nitrogen oxides is
allocated with its burning, because the methane molecules in the presence of nitrogen oxides are
restored back to nitrogen.

A plasma-chemical method is a promising way to generate hydrogen directly before biofuel burning. It
consists in the reforming of fuel into syngas with the support of non-equilibrium plasma. The main
advantages of technologies based on the use of non-equilibrium plasma, include the acceptable
regimes of operation (atmospheric pressure, low gas temperature), quick start, compact plasma
systems, etc. Different types of atmospheric pressure discharges (corona, spark, a barrier, gliding arc at
DC, AC and pulsating current of different frequency bands) are proposed as plasma sources for these
purposes [1, 2]. In the present work a DC non-self-sustained glow discharge at atmospheric pressure
supported by self-sustained normal glow discharge in the three-electrode system described in [3, 4] is
proposed to use for the conversion of ethanol into syngas.

2. Plasmachemical reactor and diagnostics of conversion products
The design of plasma-chemical reactor is based on the three-electrode system, which was used in [3,
4] for generation of volumetric glow discharges in various atomic and molecular gases. The reactor
consists of three-sectional (A, B and C) discharge chamber 1 (Fig. 1, a). In the section A, there are
both a cooled tungsten cathode 2 (6 mm diameter rod with a working part rounded at radius of 3 mm)
and copper anode 3 (plate thickness of about 1 mm) located at the distance of 2 mm. Power supply Ul
(output voltage of 1500 V, the ballast the resistance R1 ~ 1200 Q) is used to ignite a self-sustained
glow discharge at a current of 200 mA between these electrodes. The air flow with the rate up to 1 liter
per minute was provided through the section A. Air output takes place through the hole (diameter
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2 mm) in the center of electrode 3 into section C (quartz tube 5 at the diameter of 10 mm and 15 mm
long), which is located under the this hole.

The discharge in section A served as a plasma cathode for the non-self-sustained discharge in section
C. For this purpose at the far end of the tube 5 an additional electrode 4 was placed, which is powered
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Fig. 1. Schematic of plasmachemical reactor (a) a
conversion (b) and flame at the reactor ouput (c).

from the second power supply U2 (4000, R2 ~ 10000 ) in such manner that this electrode polarity is
positive relative to electrode 3. Thus, the electrode 4 is the second anode. Mixture of ethanol and water
is fed into the chamber together with air flow with rate less than 0.5 liter per minute using the same
input canal. Ethanol and water evaporate due to the heating of electrode 4 by the discharge and air-
vapor mixture spreads along the section B. Then the mixture is mixed with the gas flow from section
A and is directed into section C. At discharge current of about 130 mA the positive column plasma
fills almost the whole volume of the section C (Fig. 1, b). The yield of gases from section C takes
place through the hole (diameter of 2 mm) in the anode 4 (Fig. 1, @) into a copper tube (internal
diameter 3 mm). In Fig. 1, ¢ a photograph of the plume of exhaust gases combustion at the end of the
tube (bottom of the photo) is presented. The length of the flame can reach up to 10 cm, while its color
is blue.

The composition of conversion products of the mixture after processing in a plasma reactor was
determined by infrared (IR) absorption spectroscopy method. For this purpose, we used infrared
spectrometer NEXUS (Thermo Nicolet). The absorption spectra were recorded in the range 400—
4000 cm™ with the resolution of 2 cm™. A triangular apodization function was chosen, which leads to
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Fig. 2. Schematic of system for the hydrogen collection. Pl — palladium inlet valve, V1 and V2 —
volumes, C — cylinder, H — heater, RG — leakage recorder, P/ — palladium membrane.

the line diffraction contours. For spectroscopic analysis the exhaust gases from the plasma-chemical
reactor were pumped through 5- centimeter cuvette, which was previously heated up to 110 °C in order
to prevent condensation of water and alcohol vapors.

The main component of the alcohol conversion, as it will be shown in the following section, is
hydrogen. Determination of its presence in the reactor exhaust by means of infrared spectroscopy is
not possible. To determine the concentration of hydrogen we used the method based on the inleakage
of hydrogen through palladium membrane into previously evacuated volume [6].
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Schematic diagram of the setup is shown in Fig. 2, a. It consists of two volumes V1 and V2 divided by
the palladium membrane. These volumes were previously evacuated by forepump. Palladium
membrane was heated by the heater H. Then, the volume V1 was filled by the gas mixture collected at
the reactor outlet. Hydrogen penetrates through the membrane into volume V2. At the same time, the
pressure growth rate dp/dt in this volume is registered by recorder RG. The same operations of the
evacuation, filling and leakage through palladium membrane were performed for nitrogen-hydrogen
mixtures with known percentage of hydrogen. Comparing the leakage rates through palladium
membrane for both the reactor mixture and mixtures with known hydrogen concentration we can
determine a quantity of hydrogen in reactor exhaust using previously plotted calibration dependence
(Fig. 2, b).

3. Results and discussion
For the conversion in the experiment, we used the mixture of ethanol (85%) with water (15%). When
alcohol and water pass through the heated (> 100 °C) anode 4 they evaporate. Alcohol and water
vapors with concomitant air at a flow rate of about 0.5 liter per minute spread along section B. Then
this mixture is mixed with the gas flow (about 0.3 liter per minute) from section A and resulting
reaction mixtute is directed into section C. If we have at the input of the reactor the of alcohol-water
mixture rate of 1.25 ml/min , the reaction mixture composition in section C can be estimated as
follows: 57% of air, 30% of ethanol vapor and 13% of water vapor. Parameters of the discharges:
sustaining discharge in section A — voltage applied to the electrodes 2 and 3 is 380 V at discharge
current of 0.15 A, which corresponds to the electrical power of 50 W; the main discharge in a ethanol-
water-air mixture in section C — discharge current equal to 0.13 A at the voltage across the electrodes 3
and 4 in 1500 V and, accordingly, the power was about 200 W.
Intense vibrational-rotational bands of ethanol (900, 1050, 1250, 1400, 2950 and 3700 cm'l), water
vapor (1600 cm™, 3750 cm™), and much weaker bands of carbon dioxide molecules as a component of
the used ambient air in the laboratory are only observed in the IR absorption spectrum (Fig. 3, a) of
initial reaction mixture. The spectra were recorded by heating the infrared spectrometer cuvette up to
110 °C.
After processing in a plasma the new bands of CH,4 (3100 cm™), CO (2200 cm™), C,H, (750 and 3300
cm’') and CO, (740 and 2400 cm™) are observed (Fig. 3, b) in the spectrum of the mixture leaving the
reactor. The weak intense absorption bands of ethanol and water present in the spectrum as well.
Excluding the ethanol, mole fractions of all infrared active components in the exhaust mixture were
determined by comparison of the registered spectrum with calculated one. These spectra in the range
of 2000 cm™'—2400 cm™ are shown in Fig. 4. The calculation of absoption spectrum was fulfilled using
the data base of Hitran [5]. The absorption in the range of 2000 cm™-2250 cm™ is determined by the
CO molecules and we observed the resolved rotational line structure. In the range of 2250 cm’'—
2250 cm™, the absorption is defined by carbon dioxide molecules and due to smaller (compared to
CO) distance between the rotation lines of CO, this band is unresolved. As one can see, there is a good
agreement between experimental and calculated data. The molar concentrations of conversion
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Fig. 3. Absorption IR-spectra of mixtures at the inlet (a) and outlet (b) of plasma reactor.
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products defined in this way are presented in Tab. 1. The mole fraction of ethanol was determined by
experimental calibration curve of absorption, ploted using the gas mixtures with known concentrations
of alcohol.

As it follows from the examination of the IR absorption spectra (Fig. 3, b) of the ethanol conversion
products the additional gas components with a noticeable percentage which could appear in the IR

= =2
N N
T T

o
\S]
T

Absorption coefficient

0,0 laak
2000

2200 2300 2400
Wavenumber, cm”

Fig. 4. Experimental (doted) and calculated (solid) absorption IR-spectra of CO and CO,.
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spectra are absent. In addition to the above-mentioned IR active components leaving the reactor the
exhaust mixture contains, of course, the homonuclear molecules of hydrogen, nitrogen and oxygen.
The definition of their mole fractions with the help of IR spectroscopy is not possible. Mole fractions
of these components were calculated taking into account the composition of reaction mixture at the
inlet of the reactor and the mole fractions of IR active components in the exhaust products determined
experimentally. Furthermore, the mole fraction of hydrogen in the exhaust mixture can be compared
with the amount of hydrogen determined experimentally by the rate of hydrogen leakage in a given
volume through the palladium membrane (see Section 2). It is about 30%.

So, we know the molar concentration of carbon components, that allow us to determine the number of
carbonaceous molecules leaving the plasma reactor during one minute and distribute between them the
number of carbon atoms containing in the input reaction mixture. Now, knowing the ratio of molar
concentrations of water and carbon-containing component, it is easy to get the number of water
molecules. Then, taking into account an equality of the number of hydrogen , oxygen and nitrogen
atoms in the inlet and outlet mixtures one can easily calculate the number of relevant molecules
leaving the plasma reactor per unit time, and determine the appropriate molar concentrations, which
are as follows: {H,} = 36%, {O,} = 0.1%, {N,} = 21%. Summing over the molar concentrations of all
gas components leaving the reactor, we obtain 91.4% instead of 100%. It can indicate that the
corresponding experimental data used in estimations have been obtained with some error.

Tab. 1. Mole fraction of the main components in the inlet and outlet mixtures.

inlet mixture outlet mixture
| experiment |  estimation
Ethanol 30% C,HsOH 0.3%
Water 13% H,O 8%
air 57% CO 23%
CO, 1,0%
CH,4 1,2%
C,H, 0,8%
H, 30% 36%
O, 0.1%
N, 21%

Productions of ethanol conversion products are G(H,) = 1.2 I/min, G(CO) = 0.75 I/min, G (CH,) =
0.04 I/min and G (C,H,) = 0.025 1/min. The totel production of the syn-gas is 2.0 I/min. Let's define
the conversion efficiency of ethanol into hydrogen by the following expression
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_ number of H-atoms in generated hydrogen molecules H, )
2 2

H
g number of H-atoms in ethanol molecules

According to (1) we obtain #(H,) = 88%. Similarly one can determine the coefficients of ethanol
conversion into hydrogen, methane and acetylene, and calculate the total of ethanol conversion
coefficient, which is 95%. Energy efficiency is determined by the formula

o = Soergy release at the burning of H,, CO, CH,, C,H,

2)

total electric energy for plasma maintenance

Taking into account that the total electric power needed for the maintenance of both the self-sustained
and non-self-sustained discharges is about 250 W, we obtain o = 1.85. As a result, the energy costs
per molecule of hydrogen are approximately 3 eV.

4. Conclusions
Thus, the results of performed experiments show that it is possible to create a compact effective source
for the syn-gas production operating at comparably low electrical power consumption of 200-300 W
and at relatively low voltages (less than 4000 V).
Conversion efficiency reaches about 95%. Hydrogen production is about 1.2 liters per minute; the syn-
gas production is 2 liters per minute. Energy efficiency, defined as the ratio of the energy released
during combustion of the syn-gas to the electricity consumed for the discharges maintenance is about
1.85. The energy costs per molecule of hydrogen are approximately 3 eV. It should be noted that the
described conditions of the reactor operation are not optimal. Therefore the further improvement of its
design and the selection of the reaction mixtures is required.
The work was supported by BRFFR-SFFRU (grant T11K-034).
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Atmospheric-pressure helium plasma jet has been studied by optical emission spectroscopy and
electrical measurements. Streamer/bullet properties of the plasma jet are observed in the positive
voltage half cycle, while in the negative jet operates more as a glow-like atmospheric pressure
discharge. This is revealed by spatially resolved measurements of intensity distribution of typical
excited species and by electric field measurements based on Stark polarization spectroscopy.
Obtained radial distribution of the axial electric field of the bullet shows that the ring-shaped
structure of the light emission is a consequence of such electric field distribution.

1. Introduction

The rising field in the applied plasma physics is development of plasma sources favourable for
biomedical applications. Understanding of the mechanisms of interaction between plasma and living
organisms is a challenge from the fundamental and technological points of view. Promising
applications in medicine are electro-surgery, dentistry, skin care and sterilization of heat sensitive
medical instruments [1]. Non-equilibrium properties of non-thermal plasmas like hot electrons with
energies of several eV, and cold neutral gas and ions, represent a big advantage. The energetic
electrons are able to produce oxygen and nitrogen reactive species (RONS) [2, 3]. RONS are
important in medical applications and in some cases they could have a key role in some important
existing and emerging therapies. Beside the chemically active species, non-thermal plasma provides
UV radiation and usually appears with high electric field which can also find biomedical application
such as tumour treatment [4]. Gas temperature of atmospheric-pressure plasmas remains near room
temperature, so it does not cause thermal damage to heat sensitive cells and living tissue. Due to high
frequency of collisions between electrons and heavy particles at atmospheric pressure, the electrons
lose their energy in a short period. Therefore, at atmospheric pressure, the electric field required to
initiate the discharge is high, in order of tens of kV/cm. This fact limits discharge gaps for most
atmospheric pressure discharges to values from mm for dielectric barrier discharge to several cm for
corona discharge [5]. Short discharge gaps reduce the size of objects to be directly treated. Indirect
treatment by the effluent of the plasma has disadvantage due to short lifetime of most of reactive
species which do not reach the objects of treatment. Also, in the indirect treatment, the object is not
exposed to the high electric field. Those problems are overcome by designing of several types of
plasma jet [5]. Classification methods of non-thermal plasma jets could be based on the type of the
feeding gas or on the electrode configuration. Consequently, the noble gas plasma jets, the nitrogen
plasma jets and the air plasma jets are in use [5]. On the other hand, dielectric-free electrode (DFE)
jets, dielectric barrier discharge (DBD) jets, DBD-like jets and single electrode jets are recognized on
the basis of the electrode configuration arrangement [5]. Further, plasma jets could be divided into
linear field jets and cross field jets, according to the direction of the gas flow in comparison to the
applied electric field orientation [6]. At the end, the shape and the frequency of the feeding voltage
signal can be used as a classifying factor, so there are: RF plasma jets, low frequency plasma jets, DC
plasma jets, pulsed plasma jets etc. Fast imaging of the plasma jets revealed its discrete structure [7]. It
was shown that the plasma plume, which appears continuous to the naked eye, is made of fast mowing
plasma structures. Depending on the jet construction and feedings, the velocity of the luminous
moving train is in range of 1.5-10*m/s - 1.5-10° m/s [5]. These values of speed are several orders of
magnitude higher than value of velocity of the gas flowing through the electrode system. Also, they
are higher than electron and ion drift velocities. So, the explanation for propagation mechanism of the
plasma bullet could be Dawson’s photon-ionization theory, as proposed in [8]. Measurements of the
axial electric field of the plasma jet operating in the bullet mode brought results compatible to
Dawson’s photon-ionization theory and pointed out the streamer nature of the plasma bullet [9].
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The aim of this work is a diagnostic of helium, linear field, low frequency DBD plasma jet. Results of
space resolved spectroscopic measurements are presented. Excitation mechanisms of some excited
species are discussed based on the intensity distribution of several atomic lines and molecular bands.
Radial intensity distributions of He I 492.1 nm line obtained by Abel inversion of measured lateral
profiles are used for electric field determination based on Stark polarization spectroscopy.

2. Experimental set-up

Discharge device considered in this study is dielectric barrier discharge plasma jet. It consists of a
glass tube 2 c¢cm in length (2 mm inner diameter, 3 mm outer diameter) with a 1 cm wide copper
electrode wrapped tightly around it at the distance of 1 cm from the tube nozzle. A second grounded
copper electrode is placed 1 cm downstream from the nozzle. The helium flow (99.996%) through the
tube was 5 I/min. Helium flowed into the ambient air. A laboratory-built power supply operated at 12
kHz, able to provide high voltage sinusoid signal with variable amplitude up to 20 kV, was connected
to the wrapped electrode. The applied voltage was measured using P6015A Tektronix high-voltage
probe and a Rogowsky coil placed between the grounded electrode, and the grounding point was used
for current measurements as presented in Figure 1. A Tektronix TDS 2024B digital storage
oscilloscope (200MHz, 2 GS/s) was employed to record voltage and current signals.

oscilloscope

Polarizer
OceanOptics [] s ﬂ """""""" e IH’ SPECTROMETER
USB4000 { %
Lens
1200/2400 g/mm
ICCD

Fig. 1. Experimental set-up.

For a space resolved emission measurements, projection optics was used to project the whole plasma
jet onto the entrance slit of a 1m spectrometer (SOLAR TII, model MSDD 1000) with 1200 g/mm
diffraction grating. Radiation from the jet was detected using an ICCD (PI-MAX?2, Princeton
Instruments) with 1024x1024 pixels, size of the pixel 13 pm. ICCD was triggered using time delayed
pulse signal from the non-inductive 800 € resistor inserted between grounded electrode and the
grounding point as shown in Figure 1. Each recorded image is made of 50 accumulations, each of
50000 gates per exposure. The gate was triggered at the beginning of the current peak with duration of
5 ps. Resolution of spectral apparatus was 10.8 pm/pixel. With an entrance slit of 30 um full width at
the half of maximum (FWHM) of corresponding instrumental profile was 0.035 nm.

3. Results and discussion

Fig. 2(a) presents recorded current and voltage signals of the plasma jet. It is obvious that each half
cycle is characterized by one strong current peak, typical for some types of the dielectric barrier
discharges. Magnitude of the current is significantly higher in the positive half cycle then in the
negative one which implies two different operational regimes of the plasma jet in the each half cycle.
In the positive half cycle, grounded, copper electrode acts as a cathode and powered electrode
wrapped around the glass tube as an anode. In that half period cathode directed streamers — bullets
appear. Plasma bullets tend to form in the positive half cycle and their appearance is rear in the
negative half cycle [10].
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Fig. 2. (a) Current and voltage signals of the plasma jet operating in the bullet mode. (b) Lissajous
figure (Q-U plot) showing dissipated power.

Charge versus voltage (Q—U) plot, i.e. Lissajous figures, can be used for determination of the charge
transferred through the discharge gap and the energy dissipated into the gap by geometrical analysis.
As can be seen from the Fig. 2(b) Lissajous figure is asymmetrical due to the asymmetric arrangement
of the discharge. Low discharge power of about 2 W is characteristic for the bullet mode and in
agreement with measurements presented in other studies [10].
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Fig. 3. Optical emission spectrum of DBD plasma jet.

The easiest way to detect species in the discharge is to record overview spectrum. An overview
spectrum in the UV-visible-near IR range (200 — 900 nm) is presented in Fig. 3. As can be seen from
the presented spectrum NO-y system, nitrogen second positive system — N, (C-B), OH (A-X), nitrogen
first negative system - N, (B-X) and some O I, H I and He I lines could be detected. Atomic oxygen,
hydroxyl radical and NO are some of the most important reactive species in plasma medicine
applications. Presence of atomic oxygen directly points out the presence of the ozone, and vice-versa
which is also important factor for such applications. Relatively high intensity of the N," (B-X) comes
from the resonant reaction channel between metastables of helium and nitrogen in the ground state,
which produce very effective excited ions N," (B*X,"),. This so called Penning process is followed by
the emission of the first negative system. The second positive system of nitrogen is mainly produced
by direct electron excitation. The spatially resolved intensity distributions of the 1 cm DBD plasma jet
are presented in Fig. 4. This figure shows the normalized intensities of some lines and bands for
positive and negative current peaks. The intensity distributions of the He I line at 706 nm, oxygen line
at 777 nm, Hg line at 486 nm, OH band in the range of 306-309 nm, and nitrogen second positive
system (SPS) and first negative system (FNS) at 337 nm and 391 nm respectively.
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Fig. 4. Spatially resolved intensity distributions of various emissions for the positive and the negative
current peaks of the jet.

Depending on the excitation mechanism of radiative states, two groups of lines/bands can be
distinguished: direct excitation by energetic electrons and indirect excitation involving metastables.
First group (He 706 nm and N, SPS 337 nm) correspond to the high electric field and electron density
and its appearance follows the current pulse. The second group (O 777 nm, Hg 486 nm, OH 306-309
nm and N, 391 nm) is usually delayed in respect to the current pulse due to the necessary preceding
dissociation or ionization of existing species and participation of metastables in these processes [11].
He 706 nm line is the fingerprint of high energetic electrons i.e. high electric field. From the Fig. 4(a)
enormous difference between intensities for the positive and the negative current peaks suggests
significant existence of energetic electrons only for the positive current peak, while for the negative
one the intensity of the line is non-negligible only near the grounded electrode — instantaneous anode.

Optical emission spectroscopy technique based on the application of the polarization-dependent
Stark splitting and shifting of He I 492 nm line, and its forbidden counterpart is used for electric field
measurements. Following the methods demonstrated in [12, 13], axial electric field in the space
between the glass tube and the grounded electrode is determined. Examples of typical m-polarized
spectra of He 1 492 nm line recorded for the positive and negative current peak are shown in Fig. 6.
According to [12], with the polarizer mounted with its axis parallel to the external field three
components are detected: allowed line, its forbidden counterpart and a field-free component (ff)
originating from the area where the electric field is negligible. Spectral lines are fitted with pseudo-
Voigt profiles in order to estimate peak-to-peak distance between the forbidden and allowed
counterparts according to which the electric field is determined. For the positive current peak of the
plasma jet the ff component is Van der Waals broadened while the forbidden and allowed lines are
broadened predominantly due to the overlapping of shifted spectral lines emitted by atoms placed at
various positions in the streamer head electric field. The measured electric field distribution along the
discharge axis actually represents time integrated electric field in the head of the streamer propagating
along the axis.
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Concerning the negative current peak, measurements were performed also - see Figure 6(b). As shown
at Figure 6(b) substantial splitting of the line is not observed, which implies low electric field strength
along the jet for the negative current peak. Method used for electric field determination is suitable for
electric field strength down to 3-4 kV/cm, depending on the signal to noise ratio of the recorded line.
According to this, electric field strength of the jet, for the negative current peak for given experimental
conditions, is lower than 4 kV/cm, which is in agreement with modelling results presented in [7]. In
order to estimate radial distribution of axial electric field of the plasma bullet at different positions in
the plasma jet, lateral profiles of the plasma jet for the positive current pulse are recorded and the Abel
inversion procedure was applied. Then, fitting of line profiles resulted in the electric field strength
distribution data. Radial distribution of axial electric field has the ring shaped structure at the middle
of plasma jet (z =5 mm), see Figure 7. Near the grounded electrode the electric field reaches maximal
value of 26 kV/cm at the axis (z = 5 mm), while in the middle of the jet maximum is off-axis with
values up to 23 kV/cm. These experimentally obtained results also confirm modelling outcomes, and
calculations presented in [15, 16].
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4-chlorotoluene decomposition in air mixture in an electron beam generated non-thermal plasma
reactor was investigated. Chlorobenzene, chlorobenzaldehyde , chlorobenzyl alcohol and
chlorobenzoic acid were identified as 4-chlorotoluene degradation products by using a GC-MS.
Mechanism of 4-chlorotoluene decomposition in air mixture in an electron beam generated non-
thermal plasma reactor was proposed. OH radicals play a main role for 4-chlorotoluene
decomposition.

1. Introduction
Volatile organic compounds (VOCs) , which are emitted from fossil-fuel power stations [1], waste
incinerators [2], chemical factories, etc. are very harmful to the environment and human health. It can
cause ozone depletion in stratosphere and ozone formation in troposphere. In urbanized area, VOCs
are emitted into atmosphere by mainly anthropogenic sources. About 40% ozone produced
photochemically might contribute to emission of aromatics, mainly toluene [3]. Moreover, recent
studies reported that chlorinated benzenes or phenols are suspected as precursors for dioxins emission
[4]. Therefore, VOCs must be treated before they are discharged into atmosphere.
VOCs removal from gas phase has been studied in recent years. Toluene destruction by using non-
thermal plasma(NTP) [5,6], NTP combined with catalyst [7], electron beam (EB) [8-10] and electron
beam combined with catalyst technology [11] has been studied extensively in recent years. However
very few work has been reported for 4-chlorotoluene (4-CTO) removal in gas phase [12].
Dechlorination of chlorotoluene in aqueous solution was studied, toluene [13] and benzene [14] were
reported as dechlorination products.
Radical species formed inside the non-thermal plasma rector can oxidatively destroy organic
pollutants present in gas phase.  EB technology is one of the most promising NTP technologies. It
can simultaneously decompose multiple pollutants in gas phase [15] at a relatively low energy
consumption. In this work we studied 4-chlorotoluene degradation under EB radiation, in the
meantime its degradation mechanism was proposed.

2. Experimental

2.1 Preparation model gas containing 4-chlorotoluene

The set up for preparation model gas of 4-chlorotoluene (CTO) was similar to that described in our
previous work [16]. 4-Chlorotoluene model gas was prepared by bubbling synthesized air (>99.995%
purity; 21% O,, N, as balance gas; CO, < 1 ppm, BOC gas company, Poland) into liquid 4-
chlorotoluene (4-chlorotoluene, Purity 98% without further purification, provided by Sigma-Aldrich
company, Germany). A temperature of 4-chlorotoluene was set to be 21°C with a water bath (type LW,
manufactured by WSL Bytom company, Poland). The concentration of 4-chlorotoluene in the model
gas was adjusted by controlling air flow rate by means of valve and rotameters. The model gas of 4-
chlorotoluene was introduced into four connected Pyrex glass reactors by parallel connections . Active
carbon adsorbents were connected at the outlet of glass reactors before the model gas was discharged
into the atmosphere. When concentration in glass reactors became constant, the glass reactors were
sealed with the stopcocks. The water concentrations in the model gas mixture were measured by a
HM141 humidity and temperature indicator (Vaisala company, Finland). Water concentration in gas
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mixture was 56 ppm. Experiments were carried out at ambient temperature condition and 1 bar
atmospheric pressure.

2.2 An accelerator applied for plasma generation in the reactor

A pulsed electron beam accelerator ILU-6 (2.0 MeV max, 20 kW max) was used to generate plasma
inside glass reactors. Irradiation set up can be referred to our previous work [16]. Pyrex glass reactors
were put under scan horn of the accelerator for irradiation. Irradiation condition was described as
follows: 2 Hz (pulse repetition rate), 2 MeV (energy) and 60 mA (pulse current). The absorbed dose
(kGy, 1 kGy = 1 kJ/kg) inside glass reactors was measured by a cellulose triacetate (CTA) film
dosimeter and was recalculated based on an empirical formula obtained between

dose .y, anddose o, [17]:

dose =2.897 * dose

(N,0) (CTA)

(D
2.3 Analytical methods
Concentrations of 4-chlorotoluene (4-CTO) before and after irradiation contained inside the reactos
were measured by a gas chromatography (GC-17A, Shimadzu Corporation, Japan) equipped with a
flame ionizing detector (GC-FID). A capillary column (Supercowax'™-10, 30m x 0.32mm x 0.25um,
Supelco Company, USA) was used. Stock solutions of 4-chlorotoluene (200 pg/ml in methanol,
AccuStandard company, USA) were used for preparation calibration curves. Analytical condition for
4-chlorotoluene concentration measurement was given as follows: column temperature was kept at
40°C for 1 min, then increased to 160°C at 20°C/min; injector temperature was 100°C and detector
temperature was 250°C; Injection mode was split, split ratio was 40:1. The injection volume of 4-
chlorotoluene air mixture was 1 mL.
By-product analysis after electron beam radiation were carried out in this work. Analytical method for
by-products identification was improved based on our previous work [12]. A gas chromatography
equipped with a mass detector (GCMS-QP 5050A, Shimadzu Corporation, Japan) and a HP-5MS
column (30m x 0.25mm x 0.25um, Agilent technologies Incorporation, USA) were used to identify
by-products. Gas phase by-products of 4-chlorotoluene degradation were analyzed by direct injecting
250 pl gas mixture into the GC-MS, GC-MS analytical condition was given as follows: the oven was
held at 40°C for 1 minute, then programmed at 5°C/min to 140°C, then 10°C/min to 270°C and held
at 270°C for 1 minute. Injector temperature was 210°C and detector temperature was 280°C. Solid
phase by-products formed from 4-chlorotulene degradation were analyzed according to the following
procedures: 5 ml CH;OH was used to wash the glass reactors which contained the by-products to
obtain solution I, then this solution I was concentrated to approximately 0.3 ml by using a micro-
extractor under continuously blowing high purity N, (99.995% purity, BOC gas company, Poland) to
obtain solution II. 1 puL of the concentrated extract solution II was injected. The analytical condition
was given as follows: the oven was held at 40°C for 1 minute, then programmed at 3°C/min to 139°C,
then 10°C/min to 269°C and held at 269°C for 1 minute. Injector temperature was 210°C and detector
temperature was 280°C. Electron impact ionization mode of MS was applied, 70 eV energy was used.

2.4 Dose dependence of removal efficiency or decomposition efficiency
In radiation process, it is very important to consider energy consumption for degradation of pollutants,
how much energy (unit: kJ) is consumed/absorbed to decompose amount of pollutants in the base gas
(unit: kg). Energy absorbed by per amount of gas is defined as a term of dose, unit is kGy.

1 kGy =1 kJ/ kg.
Removal efficiency or decomposition efficiency of organic pollutants is defined as R
R =(Cy-Cy) /Cy (2)
where C, is initial concentration of organic pollutants, unit: ppm (v/v); C;is concentration of organic
pollutants at i kGy absorbed dose, unit: ppm (v/v)

259



3. Results and discussions
3.1 Decomposition efficiency of 4-chlorotoluene vs. dose
Decomposition efficiency of 4-chlorotoluene versus dose in an air mixture was studied in an electron
beam generated non-thermal plasma reactor and results were presented in figure 1. Water vapor
concentration in an air mixture was 58 ppm (v/v). It can be seen that decomposition efficiencies of 4-
chlorotoluene increase with the absorbed energy increasing.
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Fig. 1. A dependence of the removal efficiency of 4-chlorotoluene on the dose absorbed under EB
radiation (initial concentration of 4-chlorotoluene was 51.9 ppm)

3.2 By-products

In order to obtain information of by-products formed from 4-chlorotoluene degradation, high inlet
concentration of 4-chlorotoluene (275.9 ppm) in an air mixture was studied at 57.94 kGy absorbed
dose. About 26.46% 4-chlorotoluene was decomposed.

The GC-MS chromatograms of the gas phase and solid phase by-product of 4-chlorotoluene
degradation in air mixture under electron beam radiation were presented in Fig.2a and Fig. 2b,
respectively.
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Fig. 2a A GC-MS chromatogram of gas phase by-product of 4-chlorotoluene degradation in air
mixture
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Fig. 2b A GC-MS chromatogram of solid phase by-product of 4-chlorotoluene degradation in air
mixture

Compounds eluted in Fig. 2b at retention time 16.365, 21.691, 24.041min., respectively, were
identified as 4-chlorobenzaldehyde, 4-chlorobenzyl alcohol, 1-chloro-2-(dimethoxymethyl)benzene.
Toluene was also detected in the 4-chlorotoluene air mixture before irradiation. Toluene presence was
due to impurity of 4-chlorotoluene. The by-products of 4-chlorotoluene degradation in air mixture are
chlorobenzene (C¢HsCl), 4-chlorobenzaldehyde (CI-C¢H4-CHO), 4-chlorobenzyl alcohol (CIl-CeHy-
CH,0H), 4-chlorobenzoic acid (CI-CsH4-COOH) and 1-chloro-2-(dimethoxymethyl)benzene.

3.3 Mechanism

Irradiation a low-humidity air mixture containing 4-chlorotoluene (CI-C¢H4sCH3) by an electron beam
accelerator leads to a formation of *OH radicals. *OH radicals react subsequently with 4-chlorotoluene
by hydrogen abstraction from the methyl group resulting in a formation of benzyl radicals (reaction
R1). In the presence of oxygen the respective peroxyl radicals derived from benzyl radicals are formed
(reaction R2). The peroxyl radicals undergo further recombination resulting in the formation of oxyl
radicals, molecular oxygen (reaction R3a) and tetraoxide (reaction R3b). This tetraoxide intermediate
decomposes according to the Russel-mechanism (reaction R4). Chlorobenzaldehyde (CI1-C¢H4-CHO),
chlorobenzyl alcohol (CI-C¢Hs-CH,OH)  and oxygen are formed. RCsH4CH,O® reacts with O, to
form chlorobenzaldehyde (reaction R5).

OH + Cl-C6H4-CH3 = HzO + CI-C6H4CH2. (Rl)
CIC¢HsCH," + O, = Cl- C¢H4CH,(0,)" (R2)
2C1-CH4CH,(0,)" = 2C1-C4H,CH,0" + O, (R3a)
2C1-CgH,CH,(0,)" = (C1-CsH,CH,0,), (R3b)
(Cl-C¢H4CH,05"), = CI-C¢H,CHO + CI-C(H,CH,OH + O, (R4)
Cl-C4H,CH,0" + 0, =CI-C¢H,CHO + HO, (R5)

Cl-C¢H4CHO might undergo further reaction R6 resulting in formation of chlorobenzoic acid (ClI-
CsH4-COOH). Chlorobenzoic acid will release CO, to form chlorobenzene (R7).

Cl-C6H4CHO +0= Cl-C6H4COOH (R6)

CIl-CcH4,COOH = CI-C¢H;s + CO, (R7)

It is not clear how 1-chloro-2-(dimethoxymethyl)benzene was formed from 4-chlorotoluene
degradation.

4. Conclusions
4-chlorotoluene in air mixture can be decomposed in an electron beam generated plasma reactor. The
decomposition efficiency of 4-chlorotoluene increases with the absorbed dose. Chlorobenzene,
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chlorobenzaldehyde , chlorobenzyl alcohol and chlorobenzoic acid were identified as 4-chlorotoluene
degradation products. OH radicals play a main role for 4-chlorotoluene decomposition.
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Investigation is carried out to determine the secondary ionization coefficient y of a CaO film
electrode taking into account the difference between the breakdown voltages in the first, second
and stationary states. The voltage and charge waveforms vary with repeated measurements. If the
CaO film electrode serves as the cathode, the breakdown voltage gradually decreases, becoming
almost constant after several breakdowns. It is thus confirmed that the y of the CaO film electrode
in the stationary state is higher than that in the first breakdown. The results suggest a difference in
v between breakdown originating from some changes accumulated on the CaO film electrode.

1. Introduction
Dielectric barrier discharge (DBD) is widely utilized in many fields, such as plasma display panels,
ozonizers and excimer lamps. The selection of its dielectric material is important from the following
points, such as the decrease in and stabilization of the starting voltage at the gaps, the deterioration and
lifetime of the electrode material and the secondary electron emission characteristic of the material. In
particular, the secondary ionization coefficient y is necessary for DBD investigation and the design of
discharge gap on the based of numerical simulation.
We have determined y from breakdown voltage using the sequential procedure mentioned by Auday et
al.[1]. Furthermore, the breakdown voltage ¥ between the MgO film and stainless steel electrodes
(SUS) was measured to be AC 2 kHz, and y was estimated using Townsend's criterion[2]-[6].
In this paper, we describe y of CaO that is expected to serves the protective film of metal electrodes in
the next-stage PDP. We observe in this study the breakdown voltage in the first, second and stationary
states. We also observe waveforms of surface voltage on CaO films and the electric charge produced
by discharge by inducing repeated discharges at a gap. If a CaO film serves as the cathode, breakdown
Voltag§ decreases gradually Wlth discharge Mas W .
repetition, and after several discharges, |/ A
breakdown voltage becomes almost
constant. This means that the initial y of a
dielectric material is smaller than y during .
discharge in the steady state. Moreover, it W
is also confirmed that the secondary o © DE /
P : to vimum —H =
ionization coefficient y of a CaO film S, s
electrode is smaller than those of other 1 [ G
dielectric materials determined by the I EVE'_‘L
authors until now. E =

1
::[ ¢ A;E-QOscilloscope

2. Experimental apparatus ?
P/'

and method
Figure 1 shows the schematic diagram of
the experimental apparatus. The sinusoidal
voltage generated by a signal generator and
amplified by a high-speed bipolar power
supply is applied to a stainless steel
electrode. A parallel-plate gap consists of a
stainless steel electrode shaped as a
cylinder with a diameter of 20 mm and the

Micrometer
Fig. 1 Schematic diagram of experimental setup. SG: Signal
generator, HSB: High-speed bipolar power supply, S:
Stainless steel electrode, DE: Dielectric electrode, CH:
Ceramic heator, CS: Ceramic spacer, G: Gold film
electrode, I: Insulator, W: Quartz window, GT: Glass tube,
P: Power supply for ceramic heator.
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surface of the CaO film electrode. The stainless steel electrode is installed in a glass tube. The
waveform of applied voltage is monitored using an oscilloscope through a potential divider with the
probe. At the same time, the accumulated charge on the CaO film electrode is detected by the
capacitor C connected between the CaO film electrode and the ground. In preparation for the
experiment, the CaO film electrode is heated using a ceramic heater for at least 2 h at 400°C, in
accordance with the experiment of Shiokawa et al. [7], and the discharge chamber is evacuated to
vacuum using a turbomolecular pumping system. The purity of the Ar used is 99.9995%.

3. Experimental results and discussion
3.1 Dreakdown voltage
After the chamber is evacuated using the turbomolecular pump, Ar gas is introduced into the chamber
and sinusoidal voltage is applied between the electrodes. Figure 2 shows the result of the waveforms
for the first and second discharges, which started in a positive polarity. The waveforms in Figure 2 (a)
are the applied voltage V(f) and the accumulated charge ¢ (¢) of the CaO film electrode. Those Figure 2
(b) are gap voltage V, () and the surface voltage V() of the CaO film electrode. During the
application of a positive voltage, the CaO film
electrode serves as the cathode. Therefore, the
breakdown voltage V; was determined from the
gap voltage V, (f) in Figure 2 (b) at the time A, : E v AN Y
which is the buildup time of ¢(¢) in Figure 2 (a). N A DA\ P W
The buildup of ¢(r) is almost vertically; ¢ ;
however, the second breakdown at the time Cis 5 . S Y ;
slower than the first one at the time A. ' N
Moreover, the position of the first starting Troet RO T S
voltage at the time A is placed at the back of L
the peak in the positive half-period; however,
the position of the second starting voltage shifts ) '
to the front of the peak at the time C with : "~;. == = et
repeated measurements. Breakdown voltage i '
decreases  gradually, and after several alr
breakdowns, becomes almost constant and : . ,;"-:—"' . e
appears in a constant phase; it is thus ‘ B
considered to be in the stationary state.
Figures 3 and 4 show expanded figures in the
vicinity of the times A and B, which are the
first starting voltages in the positive and
negative polarities in Figure 2 (b), respectively.
The waveform of V, () increases and the gap voltage V, () decreases slightly.
Figures 5 and 6 show the discharge currents at the times A and B calculated from ¢(7), respectively, as
shown in Figure 2. The current is a single pulse during buildup at the time A. In contrast, the buildup

ol
Al
%,

Fig. 2 Voltage and charge waveforms. (d =2.00 mm,
po=15Torr, f=0.5 Hz)

£).5 TN T

Fig. 3 Enlarged in the vicinity of A of Fig. 2(b) of Fig. 4 Enlarged in the vicinity of A of Fig. 2(b) of
voltage waveforms. voltage waveforms.
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Fig. 5 Current in the vicinity of A of Fig. 2. Fig. 6 Current in the vicinity of A of Fig. 2.

of current at the time B is slower.

In contrast, Figure 7 shows an example of the first discharge generated at the time A when the
stainless steel electrode serves as the cathode. The first discharge voltage of the time A is higher than
the second discharge voltage of the time C. In addition, it is understood that the amplitude of ¢(¢) at
the time C is larger than that at the time A. ¢(¢) on the CaO at B and D is almost of the same amplitude.
The buildup time of ¢(¢) at the time A is almost the same as that at the time B. The position of the
buildup of ¢() at the time A is at the back of the peak of the applied voltage as shown in Figure 2, and
the position of the second starting voltage shifts to the front of the peak of the applied voltage.

Figures 8 and 9 show expanded figures in the o o

vicinity of the times A and B of the starting PR
voltages in the first positive and negative . - PR A
polarities in Figure 7 (b), respectively. The ) ) ' .
waveform of the gap voltage V, () decreases Lo -
simultaneously with the charge ¢(f) buildup - N £ i
according to the buildup. The charge waveform = """ % 7
has an extremely small amplitude so that the '
first discharge is generated on the stainless | ' _
steel electrode side, as shown in Figure 7. | Y LRI
Figure 10 shows the breakdown voltage against | AN . ’
pod, where py is the gas pressure at 273 K and d i1 vy e — T ‘_
is the gap length. The V; values of the CaO film ¥ ! VLT
electrode and stainless steel electrode, both of = twis. % ,
which serve as the cathode, are shown by the e _ L=
solid and dotted lines in the stationary state, ETR : -
respectively. These value are determined by . *ia
averaging the breakdown voltage. The closed  gig, 7 Voltage and charge waveforms. (d = 2.00 mm,
circles @, open circles O and squares [] are  , —15Tor, £=0.5Hy)

values of the first, second and third breakdown

1
!
!
k
!

'!
i
¥

Fig. 8 Enlarged in the vicinity of A of Fig. 5(b) of Fig. 9 Enlarged in the vicinity of B of Fig. 5(b) of
voltage waveforms. voltage waveforms.
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Voltages, respectively, as shown in Figures 2 and
7. The first V; is highest, and the second and third
ones are lower.

Figure 11 shows the detailed variation in the
breakdown  voltage Ve with  repeated
measurements for each gas pressure. The V;
values of the CaO film and stainless steel
electrodes are shown by O and A, respectively.
When the CaO film serves as the cathode at any
gas pressure, the first Vj is highest. In contrast, the
Vs fluctuates when the stainless steel electrode
serves as the cathode.

The reason for the first V; of the CaO film being
highest is considered to be the nonaccumulation
of charges on the dielectric electrode. This is
supported by the notion that the first buildup of
q(t) 1is faster compare with the following
breakdown, so that it is considered under an
overvoltage condition. After the first time, charges
accumulate on the CaO film and are introduced
into lower breakdown voltage and slow buildup of
q(?). However, if a certain charge attaches on CaO
at once, it can perform as a source of the initial
electron.

Figure 12 shows the variation of buildup time of
discharge current. The first buildup time in the
case of the CaO film electrode is about 2 ms. This
value is shorter than that in the case of the
stainless steel electrode which is typically almost
26 ms. After several breakdowns with repeated
measurements, the buildup time becomes constant
in both cases. In particular, the first buildup time
in the case of the CaO film electrode is about
tenfold shorter than the second buildup time.

3.2 Secondary ionization coefficient

Figure 13 shows the secondary ionization
coefficient y of the CaO film electrode determined
from the data in Figure 10. It is understood that the
first vy is smallest compared with second, third and
the average y’s. It is considered that a higher
voltage is needed for the first discharge, and thus, it
is assumed that the buildup times of discharge
current and charge shorten.

Figure 14 shows the variation in y with repetition
time for the CaO film and the stainless steel
electrodes at a gap length d = 2.00 mm and a gas
pressure py = 30 Torr. The first y is small, but
increases toward a constant value with repeated
measurements. Moreover, the reduced electric field
Elpy decreases toward a definite value with
repeated measurements. From such a result, the
first discharge, when the CaO film serves as the
cathode, lacks an initial charge for the initiation of
breakdown. However, if electrical discharge starts
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Fig. 10 Paschen curve.
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Fig. 11 Variation of breakdown voltage by
repeated measurement.

Fig. 12 Variation of rise time by repeated
measurement.
(d=2.00 mm, py= 15 Torr, f= 0.5 Hz)
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Fig. 13 Secondary ionization coefficient.

at once, residual charges on the surface contribute to
maintaining lower starting voltage of the discharge
as the source of initial electrons. Therefore, this
process should be called as electron release from
CaO or as the restart of the electron from CaO rather
than electron emission from a bulk in CaO. This
result proves the discussion in our previous paper
that the pattern of the self-organized hexagon is
formed with the residual charge on the dielectric
surface in He/Xe mixture by time-resolved
photographs [8].

Figure 15 shows the y of the CaO film electrode
together with those obtained in our previous
investigation [6]. These correspond to the stationary

Fig.

14 Variation of secondary ionization coefficient
by repeated measurement.
(d =2.00 mm, p,= 30 Torr, /= 0.5 Hz)

Fig. 15 Secondary ionization coefficient.

state of discharge and thus could be considered averages. In the range of measured E/p, values, the y
values of CaO is smaller than those of A1,05;and ZrO,, however it is larger than those of SrO and

MgO.

4. Conclusions

We found that if no charge is on the surface dielectric electrode, then the secondary ionization
coefficient y is low compared with the stationary discharge condition. This suggests that the
accumulated charge plays a role as the source of electron for restart of the discharge.
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The paper presents the research results of carbon nanotubes synthesis in different electric arc
parameters and the chamber atmosphere. In order to improve the efficiency of the system the
external magnetic field was applied. The field had been used to produce a stable, rotating arc in the
cathode region. It allowed creation of an intense and uniform jet of vapor which was generated in
the anode spot and flowing to the cathode region ensuring effective mass transfer. Due to the
magnetic field generated by external coil or permanent magnets it was possible to stabilize the arc
cathode region temperature. The arc channel temperature in this region appeared to be crucial for
synthesis and quality of the CNTs.

1. Introduction

The carbon electric arc was a primary processing method that was developed for nanomaterials
synthesis. The plasma reactor consisted of DC supplied two graphite electrodes prepared to generate
an electric arc in a chamber of a low pressure helium atmosphere. The gas present in the plasma
chamber does not react with carbon being the material of the electrodes. The effect of high
temperature in the arc discharge channel leads to the moving of graphite material as the vapor jet
generated in the hot anode spot to the relatively cool cathode surface. This in turn results in erection
and growing of the cathode carbon deposit. This deposit forms a graphite root which has a hard outer
shell and a soft inner core filled with carbon nanotubes (CNTs). The quality of these nanotubes and
the degree of contamination with soot depend strongly on temperature of the anode spot where carbon
sublimation takes place and the temperature of the near cathode arc channel region where the
synthesis of CNTs appears.

2. Reactor concept and research
Synthesis of CNTs followed in a steel chamber in the electric arc discharge, which burned between
two electrodes in an atmosphere of helium at low pressure (from 0.2 to 0.6 bar). The gas in the
chamber doesn’t react with the carbon being the material of the electrodes. The temperature in the
discharge leads to the formation of graphite cathode deposits. The carbon material moving directly
from the hot anode spot to cathode surface. To improve the efficiency synthesis the external magnetic
field was used to produce a stable-rotating arc.

This concept allowed to create an intense and steady stream of vapour, which was transferred from
the anode to the cathode, in order to ensure the effective mass flow of the material. This field was
produced by applying a DC-powered magnetic coil mounted axially on the cathode rod. Fig.1 shows
the reactor concept and Fig. 2 shows view inside the chamber.

The system was equipped with a gas pressure regulator. The vacuum can be adjusted with an
accuracy of 1 hPa (0.01 Bar). This was made possible through the control valve with a vacuum pump
and helium metering valve. The arc voltage was adjusted through the system measuring and
regulating distance between the electrodes. In order to determine the relation between the growth of
CNTs and the arc parameters (determining the processing conditions in the chamber) the following
parameters were measured and adjusted: current and voltage of the electric arc, the pressure inside the
chamber, current flowing in the magnetic coil. Circuit parameters during the tests were adjusted
automatically by the PLC driver, to obtain the optimal rotation of the arc on the cathode surface (area
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about 2 cm®). Anode rod diameter used during the tests was 6 mm. Fig. 3 shows a photo of the
synthesis chamber.

\ \ N \3

1
Fig. 1. Concept of reactor (1 — cathode, 2 — anode, 3 — magnetic coil, 4 - gas inlet, 5 — gas outlet, 6-
electric arc)

03
Fig.2. Reaction chamber (left hand side — a) and view inside the chamber (right hand side — b)
(1 — chamber, 2 — anode, 3 — cathode, 4 — magnetic coil).

Fig. 3. Photo of the CNTs synthesis chamber
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3. Arc burning conditions

All the tests were guided by the equation describing the optimal conditions in the chamber for
synthesis of carbon nanotubes obtained in the helium plasma defined by Przemyslaw Byszewski [1].
The area of efficient synthesis of nanotubes in the helium-carbon arc plasma is situated above the
curve described a common function of the pressure (p) and the current arc (i):

(P +Po)(i-1ig) =Co (D
where:

Po=-0,3atm,i,=40 A, c, = 12,7 A"atm.

In laboratory tests we have defined and checked the range of currents depended on pressure in the
chamber for electrodes with a diameter of 6 mm (Tab.1). The optimal synthesis conditions determines

the curve in Fig. 4.

Tab. 1. Optimal conditions of arc current and pressure in the arc chamber for CNTs synthesis.

Chamber pressure Arc current Chamber pressure Arc current
Bar A Bar A
0,15 68,22 3,95 43,02
0,30 61,17 4,10 42,92
0,46 56,93 4,26 42,82
0,61 54,11 4,41 42,73
0,76 52,10 4,56 42,65
0,91 50,58 4,71 42,57
1,06 49,41 4,86 42,49
1,22 48,47 5,02 42,42
1,37 47,70 5,17 42,35
1,52 47,06 5,32 42,29
1,67 46,51 5,47 42,23
1,82 46,05 5,62 42,17
1,98 45,64 5,78 42,12
2,13 45,29 5,93 42,07
2,28 44,98 6,08 42,02
2,43 44,70 6,23 41,97
2,58 44,46 6,38 41,92
2,74 44,23 6,54 41,88
2,89 44,03 6,69 41,84
3,04 43,85 6,84 41,80
3,19 43,68 6,99 41,76
3,34 43,53 7,14 41,73
3,50 43,39 7,30 41,69
3,65 43,26 7,45 41,66
3,80 43,14 7,60 41,63
3,95 43,02 7,75 41,60
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Fig. 4. Conditions of optimal synthesis of nanotubes.

4. Magnetic field measurement
A series of measurements of magnetic field in the reactor chamber were done with the Gaussmeter

(Hirst GM04). Sample measurements of the magnetic field strength (for the coil current 20 A) around
the cathode are shown in Fig. 5.

100

T T
% 100 110

Fig. 4. Magnetic field around the cathode (in mT). Isolines show the location of the same field
strength).

5. Test results

The final product is a mixture of carbon nanotubes, amorphous carbon, carbon black, graphite, etc.
(Fig. 5) with different proportions, depending on process conditions. Therefore, in order to analyze
the final product the purification and characterization are required.

P SIS I ir et i AT PRL Y £ L AR 5 o 7
Fig. 5. Sample photo of the cathode deposit (whole deposit - left hand side and separated parts - right
hand side).
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Cathode deposits contained several to tens percent of carbon nanotubes, carbon black and the catalyst
particles. Most of the samples were pre-treated by burning at a temperature of 450°C in air for 2 hours
to remove carbon black, fullerenes and nanotubes with defect. The residue after burning remained the
nanotubes with good conformation and oxidized catalyst. At the SEM images it is possible to observe
an improve of the quality of the deposit after the pretreatment operation (Fig. 6).

Fig. 6. - MWNTs nanotubes before pretreatment (left hand side) and after (right hand side)

In order to remove the iron III oxide (from nanotubes with the iron catalyst) milligrams of sample
was heated in strong hydrochloric acid (36%). In our research a visible aggregation of CNTs followed
in the acidic environment and therefore the reagent access to the interior of "clusters" was very
difficult. The effective operation of elution Fe,O; should be at least 20 - 25 hours or longer. Control
of elution was carried out from time to time by applying a few drops of suspension on a porcelain
plate. After the spot has dried the pellet was carefully washed with water. The plate was then heated
in gas burner flame. Orange-brown traces indicated the presence of iron. Because in many samples
after washing from Fe,O; and burning the white precipitate was yet identified in the following
etching trials we used hydrofluoric acid, which was able to dissolve the compounds iron and silicon.
The reactions were made at a temperature 50°C for 16 hours. The results were better than cleaning
deposit with hydrochloric acid (Fig. 7).

Fig. 7. MWNTs after burning at 450°C and purification with hydrogen fluoride

At the end of elution of the catalyst slurry was filtered at low vacuum through a Schoot’s glass filter.
The sizes of nanotube aggregates were so large that they had not passed through the pores of the filter
G1 (100 -160 pm). The resulting filtrate was completely clear and colorless. The precipitate on the
filter was repeatedly washed with small amounts of distilled water to completely neutralize the
filtrate. Next it was dried in air and then in an oven at 120°C for 2 hours. After drying the sludge layer
was cracked, fragile and easily separated from the filter.
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6. Conclusion

The results of this research show that the distance between the electrodes has a significant influence
on the diameter and purity of synthesized carbon nanotubes. It has been proved that with the distance
between the electrodes increase the purity of the sample was better (the synthesis efficiency
increases). It was expected linear relationship between the distance of electrodes and the arc voltage.
However it appeared that the change in arc voltage isn’t always proportional to the difference change
in distance between the electrodes. The proportional relationship is true only for large distances
between electrodes. Wear of the carbon anode with a diameter of 6 mm was in the range from 8 to 25
mm/min. During the synthesis of CNTs it was possible to convert up to 80% of the anode material in
the cathode deposit. 30% of these 80% was a hard crust. The rest consisted of a soft material made
from up to two thirds of nanotubes and 1/3 of of carbon black and fullerenes.

ACKNOWLEDGEMENTS

The work was supported by the by Polish Ministry of Science and Higher Education Grant
N510 390138 in 2010-2012.

7. References
[1] Huczko A., Nanorurki weglowe, Bel Studio, Warszawa 2004, ISBN 83-88442-86-4, pp. 159

273



COMPACT PLASMA SYSTEM
FOR ORGANIC COMPOUNDS DECOMPOSITION

Lukasz Szymanski

Technical University of Lodz, Institute of Mechatronics and Information Systems,
18/22 Stefanowskiego Street, 90-924 Lodz, Poland

E-mail: lukasz.szymanski @p.lodz.pl

The aim of the paper is to study a stream rate and quantity of organic fluid waste production by an
average analytic chemical laboratory, to find out the required conditions of its thermal treatment
in electric arc plasma and to demonstrate a concept of compact system able do utilize from one to
a few kilograms of reagent per hour. The main part of the device is the plasma reactor equipped
with the electrode spacing adjustment actuator and the power and flow control unit. The collected
wasted solvents must be filled in the container feeding the reactor. The gasified waste is heated in
the reactor space and must pass across the plasma column going to the compact chlorine absorber
and catalytic oxidizer.

1. Introduction

In a chemical analytic laboratory practice small amounts of diverse reagents, mostly liquid
organic substances are used for many purposes such as chromatography. They are the chlorinated
solvents, solvents from the group of alcohols, esters, and aliphatic or aromatic hydrocarbons. Annually
particular analytic laboratory have been using from several to a dozen of tones of those reagents,
which as containing some dirt must be qualified as the waste. Small daily production rate of those
wastes (rating from several to some tens of kilograms) must be collected and temporary stored before
transportation to a place of utilization. The cost of building and exploitation fulfilling the suitable
requirements of store-house is in this process the financial largest burden.
The avoidance of stockpiling and transportation of those waste is the economic challenge in the
procedure of utilization of the used reagents. So far any device able to utilize those wastes “in situ”
where they are produced had not been offered. Such device had to be placed in/or close to the
laboratory and may be working in measure of the need (batch mode) on principle how the office
document shredder.
The aim of the paper is to study a stream rate and quantity of organic fluid waste production by an
average analytic chemical laboratory, to find out the required conditions of its thermal treatment and
to demonstrate a concept of compact device PDUCR (Plasma Destructor of Used Chemical Reagents)
able do utilize from one to a few kilograms of reagent per hour.

2. Reactor concept

Thermal plasma in the state of LTE (Local Thermodynamic Equilibrium) or near LTE (in a
reduced pressure) can be an efficient medium for breaking bonds of unwanted molecular chains. It
can be used for gas and fluid waste destruction into valuable friendly products. In the field of gas and
fluid waste treatment plasma reactor with cylindrical and divergent channels have been used in the
laboratory testing. This kind of reactor have been successfully used in thermal destruction of fluid
chemical reagents. The device will be able do utilize from one to a few kilograms of reagent per hour.

In Fig.1. the compact device PDUCR and required installation are presented. The main part of the
device is the plasma reactor (1) equipped with the adjustment actuator (2) and the power and flow
control unit (5). The collected wasted solvents must be filled in the container (4) feeding the reactor
(1). The off gas must be flowing through compact chlorine absorber and catalytic oxidizer (3) before
fan (6) cools it down admixing with ambient air. PDUCR will be supplied in the inert gas delivered
from the bottle (7) in the slow rate and atmospheric pressure. Fig. 2. shows a photo of the reactor with
actuator and catalytic oxidizer only (numbered as 1 in Fig. 1.).
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Fig. 1. PDUCR installation (parts numbered described in the text)

Fig. 2. Photo of parts of system (reactor with actuator and catalytic oxidizer).

3. Simulation of the course of reaction

To find the most effective conditions for these waste destruction in the thermal plasma, the
thermochemical calculations have been done before the PDUCR designing and employing it in the
experiment. A major advantage of plasma processing is that the heat input may be accomplished in an
atmosphere of any desired composition and reactivity. In practice there are only a few variations of
chemical strategies available for thermal processing i.e. pyrolysis, oxidation, reaction with hydrogen
and water. To optimize the conditions of the reaction we have calculated the decomposition of
solvents within the range of temperatures from 400 to 2400K using the CHEMSAGE program based
on the minimization of Gibb’s free energy [1].
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The results of the quantitative and parametric analysis of the chemical reagents waste stream shown
that the organic solvents may be selected as the representative stream of wastes to demonstrate the
treatment process in the device - PDUCR. The organic solvents after pyrolytical treatment produce
similar gaseous products mainly hydrogen, carbon monoxide and if the solvents contain chlorine -
hydrochloric acid. Those we decided to choose methanol being typical solvent used in fluid
chromatography and representing alcohols, ketons and esters.

In Figures 3 and 4 the results of thermochemical calculations presenting the methanol decomposition
are presented.
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Fig.3. Phase ratio of methanol during its thermal decomposition

90

804 ----.. N erer O
o . . . . . . .
270' """ f A i mme e CH4
E'go. ............................... . = =C2H2
P e=fif==C 0
S 50 o SR e T R SRR £4=C 02
‘g . . . . . . .
RTINS P AR R —=X=H
-§30 e=CumH 2
S ==} 20
£
)
[(&]

, : oo oo oo, o]
800 1000 1200 1400 1600 1800 2000 2200

Temperature [K]

Fig. 4 Thermal decomposition of methanol gaseous fraction

It can be seen in Fig. 3 that 1200K of temperature is required to convert the whole volume of the fluid
into gas phase. This is because the soot is formed in the temperature range bellow 1200K. Up to
1200K the soot is only partially oxidized but crossing over the 1200K nearly all soot particles are
oxidized to form carbon monoxide. Considering the Fig. 4 results we can notice that also the mass
ratio of methane and carbon dioxide decreases and disappears crossing the threshold point (1200K).

All of those is done due to steam generated from the water self extraction in the alcohol that works as
oxidant.
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Fig.5 Phase ratio of methanol (66%) admixed with carbon tetrachloride (34%) during thermal
decomposition
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Fig. 6 Thermal decomposition of gaseous fraction of methanol and carbon tetrachloride mix
(66%/34%)

However solvents may contain chlorine. The ratio of solvents with chlorine to the solvents without
chlorine amounts 1/4 for general laboratories up to 1/3 for university laboratories. We have assumed in
our calculations the worst case in which the admixed solvent amounts 34% and that it is very reach in
chlorine so we selected carbon tetrachloride.

In Figs. 5 and 6 you can see the phase ratio and thermal decomposition of gaseous fraction of
methanol and carbon tetrachloride mix (66%/34%). In this case the mixed solvent is so rich in carbon
so after 1200K threshold the residue of 2.7 weight % of soot remains. In such extreme conditions a
little volume of water should be added to avoid sooting that allows keeping the installation clean.

In Fig. 6 the thermal decomposition of gaseous fraction of methanol and carbon tetrachloride mix
(66%/34%) is presented. We can see here 33 weight % of hydrochloride that must be converted into
salt before hydrogen and carbon monoxide burning.
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4. Conclusion
The PDUCR is now tested to find out its technical performance. PDUCR is dedicated for analytic
chemical laboratories to make utilization of spent reagents in place of their formation. Such solution is
essential economically as it allows to avoid of stockpiling and transportation of those waste before
utilization of spent reagents. PDUCR is able to utilize those wastes “in situ” where they are
produced. It can be placed in/or close to the laboratory and may be working in measure of the need
(batch mode) on principle how the office document shredder.
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Atmospheric pressure glow barrier discharge in argon with acetylene admixture was used for
carbon nanotubes deposition. It was shown that initially filamentary dielectric barrier discharge
burning in pure argon at atmospheric pressure can be converted into homogeneous discharge by an
acetylene admixture. Using fast ICCD camera it was proven that this homogeneous discharge is an
atmospheric pressure glow discharge. The discharge was studied by electrical measurements and
optical emission spectroscopy. The optimum conditions for carbon nanotubes deposition were
searched, the deposited carbon nanotubes were studied by scanning electron microscopy.

1. Introduction
Dielectric barrier discharges (DBDs) burning at atmospheric pressure in filamentary form are widely
used in industrial applications [1]. Homogeneous DBDs, which were discovered in late nineteen
eighties and nineties, brought new possibilities of DBD applications. A homogeneous DBD can be
obtained in helium or neon and this type of DBD is called atmospheric pressure glow discharge
(APGD) [2,3]. Another type of homogeneous DBD can be obtained in nitrogen and this discharge type
is called atmospheric pressure Townsend-like discharge (APTD) [4].The uniformity of the plasma
favours these discharge types also for thin film deposition techniques such as plasma enhanced
chemical vapour deposition (PECVD) [5-9].
APGD in the mixture He/H,/CH, was also used for carbon nanotubes (CNTs) deposition by Nozaki et.
al. [10]. Latter, Nozaki et. al. [11] developed atmospheric pressure radio-frequency discharge
(APRFD) for CNTs deposition. APRFD is driven by radio-frequency (13.56 MHz) power source, it
uses metallic electrodes only and it burns again in the mixture He/H,/CHy,.
In this paper an APGD in argon with admixture of acetylene was studied and it was used for CNTs
deposition. Firstly, the discharge was studied using electrical measurements, by fast ICCD camera and
by optical emission spectroscopy. Secondly, the discharge was used for CNTs deposition and the
optimum deposition conditions for CNTs deposition were searched.

2. Experimental

The experiments were carried out in a metallic discharge reactor with the dimensions 500 mm X
500 mm x 500 mm. The bottom electrode was circular with diameter of 40 mm, the upper electrode
was circular with a diameter of 36 mm. The upper electrode was covered with quartz glass, 1.8 mm in
thickness, the bottom electrode was covered by aluminium nitride plate with dimensions 50 mm X
70 mm x 0.6 mm. The bottom electrode was attached to a heater and its temperature could be elevated
up to 750°C. The electrode temperature was measured by a thermocouple. The CNTs were deposited
on silicon substrates with dimensions 15 mm x 10 mm x 0.5 mm. The discharge gap between the
substrate and the upper electrode was set to 1.75 mm.

Before starting the experiments the discharge chamber was pumped down to a pressure of 20 Pa and
then filled up with argon to a pressure of 101 kPa. In the case of substrate heating the heater
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temperature was set to 300°C during the filling and after reaching the pressure of 101 kPa the heater
temperature was increased up to 750°C.

The argon flow was set to 7 slm and an acetylene flow of 15 sccm was added. Atmospheric pressure
during the deposition was maintained by slight pumping. At the CNTs deposition also the hydrogen
flow of 100 sccm was added. The hydrogen admixture suppressed the graphite soot deposition on
electrodes and it improved the quality of deposited CNTs. The deposition time was 15 min. A high
voltage power supply with frequency of 6.8 kHz and applied voltage of 2.6 kV (peak-to-peak) was
used for discharge generation.

Jobin Yvon FHR 1000 spectrometer with a CCD detector (focal length 1 m, grating 2400 gr/mm) was
used for optical spectroscopy in the UV/VIS spectral range (300 - 750 nm). To obtain the optical
spectra from the weakly glowing discharge the 7 cm diameter lens was attached to the side window
and this lens focused the light from the discharge to the input of the optical fibre. Temporally and
spatially resolved, but spectrally unresolved, measurement of discharge emission was carried out with
an intensified CCD camera PI-MAX1024RB-25-FG-43 (Princeton Instruments), controlled by a ST-
133 controller and working in image mode. The camera was synchronized with the applied voltage.
The applied voltage and discharge current were recorded by the digital oscilloscope HP 54820A
Infinium (500 MHz, 2 GSa/s).

3. Results

The discharge diagnostics was done by electrical measurement and optical emission spectroscopy. The
dependence of ignition voltage on admixture concentrations is shown in figure 1. It can be seen that a
small admixture of acetylene (up to 1%) to argon significantly decreases the ignition voltage for such
mixture in comparison with ignition voltage for pure argon. This is due to Penning ionization of
acetylene molecules by argon metastables. The ionization potential of acetylene is 11.40 eV, the
energy of argon 1ss metastable is 11.55 eV, thus the Penning ionization of acetylene is possible. On
the other hand, the ionization potential of methane is 12.61 eV, thus the Penning ionization of methane
by argon metastables is not possible. Therefore no significant decrease of ignition voltage was
observed after adding of methane to argon, see again figure 1.

3.0
o5 | -
S 20 ¢F -
<
=5 15 .
10 | CH, o |
_CoHp —a—

0-5 N 1 N 1 N 1
0 1 2 3 4 5 6

admixture (%)

Fig. 1. The dependence of ignition voltage U, on admixture concentrations.

The discharge current in the argon DBD consists of sharp current peaks, whereas the discharge current
in APGD in argon with acetylene admixture has the form of broad peaks superimposed by many
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smaller and shorter peaks, see figure 2. This current course indicates that the discharge does not
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Fig. 2. The time dependence of applied voltage and discharge current in APGD in argon with 0.41%
admixture of acetylene. Full line — discharge current, dotted line — applied voltage.

Fig. 3. ICCD images of discharges. (a) filamentary DBD in pure argon, (b) filamentary DBD in argon
with 0.41% admixture of methane, (c), (d) APGD in argon with 0.41% admixture of acetylene.
Exposition time: (a)-(c) 80 us (one half period), (d) 5 us. Horizontal lines indicate the dielectric
surfaces, the upper electrode is the instantaneous cathode in all images.
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burn at the same time in whole discharge gap. The images of discharges taken by fast ICCD camera
are presented in figure 3. Again the change of the discharge after acetylene adding can be clearly seen.
The images of DBD in argon and in argon with methane admixture show the filamentary structure of
these discharges. The image of DBD in argon with acetylene admixture shows a luminous layer at
instantaneous cathode, see figure 3c. This identifies this discharge with APGD. The images with
shorter exposition time show that this discharge is not fully homogeneous, see figure 3d. However,
this is not significant at CNTs deposition.

The CNTs were deposited at substrate temperatures from 650°C to 750°C. It was found that CNTs
deposited at 650°C have lower density and lower quality than CNTs deposited at 750°C. Also the
influence of discharge was studied, no CNTs growth was observed without discharge. The silicon
substrates were prepared as follows. The SiO, layer with thickness of 300 nm was created by thermal
oxidation, on this oxide layer a iron catalyst layer with thickness of 4.7 nm was vacuum evaporated.
The CNTs were deposited directly on such prepared substrate without any pretreatment process. The
deposited CNTs are shown on SEM images, see figure 4 and figure 5. It was determined from these
images that the nanotube diameter was about 20 nm and nanotube length was about 5 pm. It can be
seen from this value of CNTs thickness that deposited CTNs were multi-wall carbon nanotubes.
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Fig.4. SEM image of deposited CNTs. The substrate temperature at deposition was 750°C.
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Fig 5. SEM image of deposited CNTs. Side view from the scratch in the CNTs layer.
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DECOMPOSITION OF CHLORINATED ORGANIC
COMPOUNDS USING NON-EQUILIBRIUM PLASMA
REACTOR

Bogdan Ulejczyk, Krzysztof Krawczyk, Magdalena Hajduk, Marta Musiat,
Barttomiej Wngk, Michal Mtotek, Krzysztof Schmidt-Szatowski

Faculty of Chemisty, Warsaw University of Technology, Noakowskiego 3, 00-664 Warszawa,
POLAND
E-mail: bulejczyk(@ch.pw.edu.pl

In this paper the results of decomposition of chloroform, tetrachloromethane and trichloroethylene
in argon — oxygen mixtures in a new type of non-equilibrium plasma reactor are described. The
newly designed reactor was made of a quartz-glass tube of inner diameter of 16.4 mm and a
porous stainless steel tube of outer diameter of 10 mm. The porous stainless steel tube was a high
voltage electrode. Gas permeating through a porous wall of the high voltage electrode was passing
through the active zone of plasma, located around of the high voltage electrode.

The reactor was powered by a pulsed supply system. Chlorine was main reaction products of

VOCs decompossition. The conversion of chlorinated organic compounds in the new reactor
reached 98%.

1. Introduction
Volatile organic compounds (VOCs) cause the greenhouse effect. They often possess toxic properties.
Moreover some of them cause decomposition of ozone. Sources of emission of VOCs are very diverse
and concern almost each field of technology, such as use of fertilizers in agriculture, transportation,
manufacturing processes, generation of electricity. Significant part of emission of VOCs comes from
small and dispersed sources, where VOCs are used in degreasing and painting processes. Reduction of
emission of VOCs from these sources is a great challenge, because concentration of VOCs is small.
Moreover composition and concentration of VOCs change in time of technological process. For
example in the degreasing process the main components of contaminations are from solvent. In the
painting process the main air contaminations are from paint. It causes that the method should be able
to work at various conditions.
For the utilization of pollutants in the place of their emissions one can use biological decomposition
[1], catalytic decomposition [2], plasma decomposition [3-5] or plasma-catalytic processes [6]. Huge
potential of application in the reduction of emissions VOCs can be seen in plasma decomposition.
Plasma which is used for the decomposition pollutants, can be generated in electron beam [7] or
various electric discharges: corona [8], barrier [9], gliding [4], microwave [3], spark [5].
In this paper, we presents results of the decomposition of CCl;, CHCl; and C,HCI; using a semi-
corona discharge. The decomposition process was run in a new construction of the reactor to improve
the efficiency of the chemical reactions initiated by the discharge. In this reactor, a high-voltage
electrode was made from a porous tube of stainlees steel. Gas stream was passed through channels in
the porous tube into the active zone of discharge, located around of the high-voltage electrode. This
construction enables a good contact of the gas stream with plasma.

2. Experimental
Decomposition of CHCl;, C,HCI; and CCly in the argon-oxygen mixture was carried out in the reactor,
which are shown in Fig. 1. The reactor consisted of a quartz tube, high-voltage and ground electrodes.
The high-voltage electrode was made of a stainless steel porous tube with an outer diameter of 10 mm.
The electrode had small flow resistance (Fig. 2), which was due the high (19%) effective porosity.
Gas was introduced by the porous electrode into the active zone of discharge. It is the main advantage
of the reactor. The grounded electrode was made by applying a silver paste into the quartz tube. An
outer diameter of the quartz tube was 19 mm and the wall thickness was 1.2 mm.
Total gas flow was keept at 10 NI/h. Concentration of oxygen in gas was 25% vol. Concentration of
CHCIs, C,HCI; and CCly in gas was keept at 0.4% vol.
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Purity of oxygen and argon was 99.999%. Purity of C,HCl; and CCl; was 99%. Purity of CHCI; was
98.5%

Fig. 1. Schema of reactor. 1 — high-voltage electrode, 2 — grounded electrode, 3 — dielectric barrier.
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Fig. 2. Influence of gas flow on the gas pressure

The reactor was powered by a pulsed supply system. The frequency, the current and voltage traces of a
given pulse were recorded by using oscilloscope Tektronix TDS 3052 with a voltage probe Tektronix
P6015A and a current probe Tektronix TCP202. The discharge power was calculated according to the
formula:

P=f[10U®A@) (1

P — discharge power, W

f — frequency, Hz

I—current, A

U — voltage, V

t — time of the pulse start and end, s

Products of the plasma decomposition of VOCs were analyzed using gas chromatography and titrate

analysis. Hewlett-Packard HP 6890 with an FID detector and packed column with 5% Fluorocol on

60/80 Carbopack B was used to determine the concentrations of CHCl;, C,HCl; and CCl,. Cl, and HCI

were periodically passed by two bubblers with KI solution. In this solution Cl, reacts with KI to I, and

KCI. HCI was absorbed in this solution. The solution was titrated with a 0.05 M Na,S,0; solution to

determine the amount of I,. 0.1 M NaOH was used to determine the amount of HCI. Basing on these

measuring data a flow rate of products of the VOCs decomposition was calculated.

The VOCs conversion and the specific energy was calculated according to formulas:

_Imicci-wicey IHCHCO-WICHC  WIGHCH-WIGHCE o,
wiccl WCHCL] WIC,HCY]

X — overall VOCs conversion

W[CCly], Wo[CHCIs], Wo[C,HCI;] — VOCs flow rate at the inlet, mol/h

WI[CCly], W[CHCI;], W[C,HCI;] — VOCs flow rate at the outlet, mol/h

285



_ WHCl _ WIHC 3)
HCl HCl
3-W[CHCY] 3 WGHCY]
Xyl — CHCl; or C,HCI; conversion to HCI
W[HCI] — HCI flow rate at the outlet, mol/h
_ -W[COCY] @)
CCl4
2-W[CCy)
Xceu — CCly conversion to COCl,
W]Cl;] — CCl, flow rate at the outlet, mol/h
_ WG] Y 2MCL] Y 2mcL) )
- ce ce
2-I[CCl] 3-WCHCY] 3-WGHCY)]
Xcp — CCly, CHCI; or C,HCI; conversion to Cl,
WICl,] — CI, flow rate at the outlet, mol/h

SE=7P'3'6 (6)

0
SE — specific energy, kJ/mol of gas
W, — total gas flow rate at the inlet, mol/h

cnR

3. Results and discussion
Fig. 3 shows the results for CHCl;, C,HCl; and CCl,; decomposition. In this figure one can see that the
overall C,HCl; and CHCI; conversions were much higher than overall CCl, conversion. Overall
CHCI; and C,HCIl; conversion was high (0.95-0.98) in the investigated range of the specific energy
changes. CCl; was more difficult to decompose than C,HCl; and CHCl;. Overall CCl, conversion
increased from 0.6 to 0.78 with specific energy increasng from 16 to 38 kJ/mol.
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Fig. 3. The dependence between type of VOCs and overall VOCs conversion

Fig. 4-6 shows the results for VOCs decomposition for various specific energies. The main product of
VOCs decomposition was Cl,. The product of CHCl; and C,HCl; decomposition was also HCl. COCI,
was formed during the CCly decomposition process. All these products are easy to remove from gas
steam by absorption.

Fig. 4-6 shows that the conversion of VOCs to Cl, increase with increasing specific energy. The
conversion of VOCs to HCl or COCl, decreased with increasing specific energy. These results
demonstrate that the composition of the products can be regulated by controlling the specific energy.
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4. Conclusions
Non-equilibrium plasma reactor with gas passing through the porous electrode into the active zone of
discharge can be effectively used in the decompositon of VOCs.
The overall CHCI; and C,HCI; conversion was 95-98%.
CCl, was more difficult to decompose than CHCl; and C,HCl;.
Overall CCl, conversion reached 78%.
Main products of VOCs decomposition was Cl,.
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The conversion of CCl, in air was investigated at normal pressure in a new type of dielectric
barrier discharge reactor. In this reactor, the gas stream was introduced into the reactor through
internal channels of the high-voltage electrode to active zone of DBD. This design allows the
introduction of the gas in the entire volume of the reactor. The reactor was powered by three
different power supplies. Maximum reached conversion of tetrachloromethane depended on the
power supply. 55, 72 and 89% were the maximum achieved conversions of tetrachloromethane for
tested power supplies.

1. Introduction
Volatile organic compounds (VOCs) cause the greenhouse effect. They often possess toxic properties.
Moreover some of them cause the decomposition of ozone. Hence, there is a need to reduce their
emission. Sources of emission of VOCs are very diverse and concern almost each field of technology.
A significant part of of VOCs was emitted to the air as solvents and products of many processes [1].
The issue of cleaning gases from VOCs was the subject of numerous studies that were carried out in
many research centers. For the utilization of pollutants in the place of their emissions one can use
biological decomposition [2], catalytic decomposition [3], plasma decomposition [4-6] or plasma-
catalytic processes [7].
Huge potential of application in the reduction of VOCs emissions can be seen in plasma
decomposition. Plasma, which is used for pollutants decomposition, can be generated in electron beam
[8] or various electric discharges: surface [9], corona [10], barrier [11], gliding [5], microwave [4],
spark [6].
In this paper, we present results of the decomposition of CCl, using the dielectric barrier discharge
(DBD). Plasma, which is generated in the barrier discharge, is a non-equilibrium plasma. This plasma
is characterised by a moderate temperature of the gas and the presence of the high-energetic electrons
(1-10 eV). In such conditions, chemical reactions are initiated by the inelastic collisions of gas
molecules with high-energetic electrons. Therefore, very stable compounds are activated and oxidized
in the presence of oxygen.

2. Experimental
Decomposition of CCly in the air (synthetic air to the FID) was carried out in the reactor, which is
shown in Fig. 1. The reactor has a special design of the high-voltage electrode. This electrode has
internal channels. Gas is introduced into the whole reactor by one group of channels. The gas passes
through the discharge zone. Then the gas is carried from the reactor by the next channels. This design
aims to improve the energy efficiency supply of DBD.
The reactor was powered by three power suply systems: AC, pulsed of low frequency (<1 kHz) and
pulsed current of 15 kHz frequency. The frequency, the current and voltage traces of a given pulse
were recorded by using oscilloscope Tektronix TDS 3052 with a voltage probe Tektronix P6015A and
a current probe Tektronix TCP202. The courses of the discharge current and voltage, for each power
supply system, are shown in Fig. 2-4. The discharge power and specific energy were calculated
according to the formulas:
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P=f[10U®A@)

P — discharge power, W
f — frequency, Hz

I - current, A

U — voltage, V

t — time of the pulse start and end, s

SE:P-3.6

w

SE — specific energy, kJ/mol of gas
W — total gas (air nad VOCs) flow rate at the inlet, mol/h

SRR S SRR

(1)

)

Fig. 1. Schema of reactor. 1 — high-voltage electrode, 2, 3 — internal channels, 4 — discharge zone, 5 —
dielectric barrier, 5 — grounded electrode.
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Fig. 4. Traces of pulses voltage and current for pulsed current of 15 kHz frequency power supply
system.

CCly concentration was analyzed using Hewlett-Packard HP 6890 with an FID detector and packed
column with 5% Fluorocol on 60/80 Carbopack B. Products of CCl,; decomposition were analized
using titrate analysis. Gas was periodically passed by two bubblers with KI solution. In this solution
Cl, reacts with KI to I, and KCI. COCl, reacts with H,O to HCI and CO,. The solution was titrated
with a 0.05 M Na,S,0; solution to determine the amount of I, and 0.1 M NaOH was used to determine
the amount of HCI. Basing on these measuring data a flow rate of products of the CCl, decomposition
was calculated.

The CCl, conversions were calculated according to formulas:

mlCCL-wiccL] | o 3)
w,[ccl]

X — overall CCl, conversion, %
W[CCly] - CCl, flow rate at the inlet, mol/h
W[CCl,] - CCl, flow rate at the outlet, mol/h

WICOCH]

COCIZ (4)
2mccy]”
Xceu — CCly conversion to COCl,, %
W[COCI,] — COCI, flow rate at the outlet, mol/h
cn MCL) 100 )

"2 miccy)]
Xcp — CCly conversion to Cly, %
W[Cl,] — CI, flow rate at the outlet, mol/h

Total gas flow was keept at 10 NI/h.
Concentration of CCly in gas was keept at 0.1% vol.

3. Results

Results of decomposition CCl, for various power supply systems and various specific energy are
shown in Fig. 5-7. The specific energy influenced on CCl, dconversion for each power suply systems.
It is seen in Fig. 3-5 that the overall CCl, conversion increases with the increasing sepecific energy for
all power supply systems. Power supply systems work in different power ranges. This is a construction
feature of these systems. Therefore, at the same gas flow rate, the specific energy ranges were different.
The pulsed power supply system of low frequency (<1 kHz) was working at the lowest specific energy.
For this reason, the lowest overall CCl, conversions were obtained. The power supply system with
pulsed current of 15 kHz frequency was working at the higest specific energy. However, the obtained
conversions were not the higest. The highest overall CCl, conversion was obtained for the AC power
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supply system, which was intermediate range of the specific energy. For this system the overall CCl,
conversion in air reached 98% for specific energy above 20 kJ/mol.

The main product of CCl, decomposition was Cl, for all power supply systems. A smaller amount of
COCl, was formed for two power supply systems (Fig. 3,4). It is worth noting that the ratio of ClI, to
COCl; ranged from 15 to 40 and from 7 to 15 respectively for AC and pulsed of low frequency (<1
kHz) power supply systems.

The use of pulsed current of 15 kHz frequency power supply system caused that COCl, was not
produced and chlorine occured only as Cl,. These results show that the composition of the products of
CCl, conversioncan be controlled by applying the appropriate power supply system.

100 R s
[ ]
*
80 2 e
/
n\a [ ]
= 60
[*]
I
[
2
E 40
o
20
0 T T T ‘\ = T T T
0 5 10 15 20 25 30 35 40

Specific energy, kJ/mol
+ Overall « COCI2 o CI2
Fig. 5. The dependence between the CCl, conversion and specific energy for AC power supply system.
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Fig. 6. The dependence between the CCl, conversion and specific energy for pulsed of low frequency
(<1 kHz) power supply system.

292



100

80 /

60

Conversion, %

40

20

0 T T T
0 50 100 150 200
Specific energy, kJ/mol

+ Overall o CI2

Fig. 7. The dependence between the CCl, conversion and specific energy for pulsed current of 15 kHz
frequency power supply system.

4. Conclusions
The reactor with the special high-voltage clectrode can be effectively used for decompositon of CCl,
in air.
Effects of CCl; decomposition depends on the type of power supply system.
The best overall CCl, conversion have been obtained for the AC power supply system (98%).
Main product of CCly decomposition was Cl,.

COCl, was not produced in the reactor powered by pulsed current of 15 kHz frequency power supply
system.
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The diffuse mode of a dielectric barrier discharge shows under certain conditions (p = 200 hPa,
f=10...200 kHz, d < 1 mm) deviations in the lateral homogeneity of the light emission density.
The formation of self-organised structures may then be favoured. In this contribution, the
transition from a hexagonally patterned discharge to a random distribution of filaments during a
voltage reduction is observed and investigated. The patterns are examined with the triple
correlation function. Following this, a measure of order is introduced that corresponds to the
quality of the pattern. It is shown that this quantity bifurcates supercritically during the transition
of the two structures. It is furthermore shown that the bifurcation voltage of the angular order does
not coincide with the bifurcation voltage of the radial order. The latter generally occurs at a lower
voltage.

1. Experimental setup and methods
Dielectric barrier discharges are plasma sources whose electrodes confine a discharge gap that hosts at
least one dielectric barrier. These discharge systems permit applications such as ozone generation,
plasma display panels, and surface modification [1-3]. Recent investigations even deal with the
application in the medical sector [4-5].
Laterally extended systems are systems, in which the electrode distance d is generally much smaller
than the lateral extension. They have been found to produce diffuse discharges, whose lateral
homogeneity deviates yielding self-organised patterns. Since the mid-1990s, many different structures,
such as hexagonal, concentric or rectangular patterns have been found.
The subject of this contribution is the transition from a regular hexagonal pattern into a random
arrangement of strongly localised discharge areas, the so-called filaments. The transition is induced by
a constant reduction of the applied voltage.
A schematic of the discharge cell is drawn in Fig. 1. It consists of two glass plates with a thickness of
0.7mm each at a distance of 0.5mm from each other. They are both covered with an ITO (indium tin
oxide) layer on the outside to permit an observation in current direction. These layers act as electrodes.

gas ITO glass spacer glass ITO

observation

Fig. 1.: Schematic of the discharge cell. The glass plates with a thickness of 0.7mm are at a distance of
0.5 mm from each other. Both have been covered with an ITO layer, that acts as electrodes and allows
the lateral observation in current flow direction.
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The glass plates have been roughened to a roughness some orders of magnitude smaller than the
diameter of one filament. That way, erosional effects the filament could have on the dielectrics may be
compensated. The discharge cell is mounted into a closed chamber, which is evacuated and refilled
with helium at a pressure of p=200hPa after each measurement. The discharge is electrically supplied
by a function generator whose sinusoidal signal is amplified to an amplitude of several hundred volts.
The frequency is set to 80 kHz. The applied voltage is measured via voltage divider, the current is
measured via voltage drop over a 10Q resistor. In order to distinguish the discharge current from the
displacement current, a capacitive Wheatstone bridge is used.

The lateral light emission of the discharge is monitored by an ICCD camera with a resolution of
512x480 px, 200 ps exposure time, and a frame rate of 250 fps.

Upon acquisition, the images of the discharge are post-processed using a recursive algorithm that
extracts the position of the filaments. Criterion for a filament to be detected is a minimum area and
brightness. The position of a filament is defined as weighed center of its luminescence density.

For further analysis, the Triple Correlation Function (TCF) is applied to the filament positions. Unlike
the two-dimensional fourier transformation, which is commonly used to analyse spatial patterns, the
TCF ignores the geometry of the substructures and considers only the filament positions. This
technique is already utilised in the field of dusty plasmas [6-7], but has to the authors knowledge never
been used to patterned discharges. Its purpose is to analyse the filament positions and to estimate a
probability distribution of finding a second filament at a certain angle and distance from a first
filament.

Considered is any filament triple (i, j, k). The interfilamentary distances r = |ji| and r = |jk| as well as
the enclosed angle ¢ = angle(i, j, k) are determined. As we want to investigate a hexagonal lattice, we
know that there is a typical nearest neighbour distance d, of filaments. Hence, the value of r is limited
to I'max» Which is chosen to be slightly larger than the typical neighbour distance dy. Triples with r
larger than r,,,, are discarded, the other ones are sorted into bins with the dimensionsAr and Ag. The
counts for these bins give the abundance of occurrence ny(r, ¢). Finally, the normalised abundance y is
computed as nynormalised to the radius r .

Fig. 2.: Graphical representation of the Triple Correlation Function (TCF). The distances r' and r and
the angle ¢ of any filament triple (i,j,k) are determined. Filaments within a distance r'y,, are
considered for calculation of both r and ' relative to j, others are solely used for calculation of r
relative to j.
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2. Breakdown of order during voltage reduction

In order to produce a hexagonally patterned discharge, the applied voltage is set to 400 V. The lateral
emission is observed as the voltage is reduced by steps of 1V each until the discharge disappears.
While the lateral discharge pattern at the applied voltage down to about U = 363 V is clearly
hexagonal, the arrangement of the filaments becomes random for values of U < 363 V, see Fig. 3.
During the entire process, the number of filaments is constantly reduced. Nevertheless, rate of filament
reduction is unaffected by the the apparent breakdown of order at approximately U=350V, see Fig. 4.
The transition is examined using the TCF. A preceding analysis of the breakdown via 2D Fourier
transformation already revealed evidence of a bifurcation process, but produced due to the global
nature of that method a rather large scattering of the corresponding values, which makes the
determination of a bifurcation type impossible [8].
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Fig.3.: Upper row: Light density distribution images at voltages close to the bifurcation point. Lower
row: Triple correlation functions of the corresponding light density distribution. f= 80 kHz sinusoidal,
Helium, without gas flow, exposure time 200 ps.
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The lower row of Fig 3. shows the corresponding TCF's for the luminescence density images in the
upper row. For distances below the distance of nearest neighbours dy (e. g. dy = 3.15 mm in figure 3,
TCF at U = 363 V), the abundance is close to zero. The same lower limit for the distance of
neighbouring filaments is also responsible for the nearly vanishing abundance at small angles.
Physically, the lowest filament distance is determined by the inhibition of ignition in the vicinity of a
filament [9-10]. Hence, the minimal filament distance is independent from the hexagonal pattern, and
so the low abundance for small distances and small angles stays stable after the pattern breakdown
(Figure 3, TCF at U = 342 V). For an intact hexagonal pattern (Figure 3, TCF at U = 363 V), the
abundance at the distance d, has three peaks, namely at 60°, 120°, and 180°. As the hexagonal pattern
dissolves with decreasing supply voltage, the peaks get broader. At the end of this transition, the peaks
have completely disappeared in azimuthal direction. In radial direction, only a small modulation stays
visible.

As the peak at (1, @) = (dy, 60°) is a well defined feature of the hexagonal pattern, its height ys = y(do,
60°) is taken as the basis for a measure of order. To classify the angular order, yq relative to the
average abundance at the fixed distance d,is calculated. Similarly, for the radial order yg, relative to
the average abundance at the fixed angle of 60° is chosen. Hence, two quantities being a measure for
the hexagonal order are defined:

H — Y60 1

g (y(do9)e )
_ Y60

Hraa = G eom, ®

Figure 5 shows the order analysis using H,,, and H,,q for the previously observed breakdown in figure
3. Basically, both plots display the same behaviour: for high voltages the measure of order remains
nearly constant. For very low voltages (approximately 340 V in figure 5), the peak yg, vanishes in the
noise. This is due to low order and additionally due to a decreased number of filaments (Figure 4).
Hence, below a certain supply voltage H,,, and H,,q are not meaningful anymore.

The transition from a nearly constant H,,,, or H,q to a decreasing order is rather abrupt, so obviously
there is a bifurcation from an ordered to an unordered system via a supercritical bifurcation. For a
reliable computation of the bifurcation point Uy, the curves are fitted with a set of linear functions. In
all measurements, the bifurcation point Uy, for the radial order is at lower voltages than the
bifurcation point Uy, ., for the angular order. However, the absolute bifurcation point may vary.
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Fig.5.: Analysis of the transition from the hexagonal pattern to the stochastic arrangement of the
filaments. Evaluated are the ratios of the 60°-peak at nearest neighbor distance to the mean
background in angular and radial direction, Hane = Yoo /<y(do, ®)>¢ and Hq = yeo/<y(r, 60°)>,,
respectively.
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While bifurcation was reproduced, the actual value for the bifurcation voltage varies between 350 V
and 365 V. The analysis via TCF thereby reveals a distinct bifurcation in the radial and angular
measure of order.

In order to discuss the transition from a physical point of view, one has to bear in mind that it occurs
close to the ignition voltage of the discharge. Above the ignition voltage, the discharge is ignited
everywhere, where the the applied voltage is sufficient. This would result in a discharge pattern with
the highest packing density, hence a hexagonal pattern. Reducing the voltage below ignition voltage
results in a pattern that consists only of the filaments that are maintained by residual surface charges,
reignition of new filaments in unoccupied places can no longer occur. Thus, filaments may arrange
randomly with an arbitrarily large inter-filament distance. This is consistent with the observed
behaviour below the bifurcation voltage.
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acknowledge the supportive work of Peter Druckrey, Uwe MeiBiner and Thomas Schumann.
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Water is known to generate reactive oxygen species (ROS) - OH, H,O, etc. when irradiating by
vacuum ultraviolet (VUV) emission. In the work numerical simulation of ROS interaction with
DNA in model cell were carried out. Results show, that VUV irradiation (A=172 nm, I=100
mW/cm?) of model cell consisting of cytosol and nucleus leads to 5 times decreasing of non
injured nucleotides concentration during 8 107 s.

1. Introduction
Effect on the biological objects (molecules, cells, tissue) by means of reactive oxygen species (ROS)
is one of quickly developing direction at the meeting point of medicine and physics. In most cases gas
discharge is used for this purposes. Investigations are carried out in wide range of medical problems
from wound treatment to oncology [1]. It was shown [2] that depending on intensity effect of ROS can
lead to different results: from increasing of cells reproduction velocity to their apoptosis. It was found
that in the base of these results lays ROS generation in the intercellular media.
One of the possible ways of ROS generation is decomposition of water molecules. Role of water
decomposition products in DNA destruction was investigated in [3-7]. In [3,4] water solutions of
thymine were irradiated by Hg lamps at the wavelengths A=254 and 185 nm. Quantum yield for
thymine destruction at 254 nm was found to be equal to 4-10” independently of O, concentration.
Quantum yield at 185 nm depended of O, concentration in solution and reached 0.25 at O, 2.5 107
M. These results were explained by appearance of water decomposition high reactive products *OH,
H® and their interaction with thymine with generation of stable products of its destruction in the case
of O, presence. Destruction was found to take place due to attachment *OH and O, with double bond
5,6 breaking . In works [5,6] thymine in aqueous solution was decomposed with quantum yields of 0.3
and 0.4 under N,-saturated and aerated conditions by far UV light (185 nm), and quantum yields 2 10~
“and 3 10 * by near UV light ( 254 nm). Mechanism of destruction was found to be the same as in
[3.4].
Works [3-7] shows that under VUV irradiation of nuclear acids big role play reactive oxygen products
of water photolysis. Under influence of VUV emission (A<190 nm) water is effectively decomposed
with *OH radical formation. The main reaction of decomposition is:

H,O + hv — °OH + H*®

k(cm™)

SO N— AA)

1o~ :
1600 1700 1800 1900

Fig.1.Absorption coefficient of distilled water [9].
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Quantum yield of photolysis at wavelength A=172 nm is equal to 0.42 in the case of liquid water [8].
Absorption coefficient of liquid water in wavelength region A<172 nm has values 10°-10* cm™ [9]
Figure 1. These high values provide 90% emission absorption in thin 10°-10* cm water layer .

As effective VUV light sources excimer lamps based on barrier discharges in high pressure rare gases

[10,11] can be used. Radiation efficiency of excilamps can reaches 60%, they produce light with
different wavelengths Ar (120 nm), Kr (147 nm), Xe (172 nm).

In this work calculations of DNA destruction in the model cell irradiated by VUV emission was
carried out. As a source of ROS were considered products of VUV photolysis water molecules.

2. Calculation model and results
In the Fig.2 simplified scheme of a cell, which was used in calculations, is presented. Cell was
proposed to consist of 2 layers: layer 1 — cytosol and layer 2- nucleus, containing DNA. It was
proposed, that cytosol is consisted of water with pH=7 [12] and antioxidant gluthatione with
concentration 5 mM.

»
|
X

0 X2
Fig. 2 Simplified scheme of cell. I - VUV emission, 1 - cytosol, 2 - nuclear.

Thickness of layer 1 was equal to 1p [13]. Thicker layers were not considered because of fast VUV
absorption across it. As the layer 2 was proposed to be uniform media consisted of nucleotides with
density p,,()c,0)=2'1019 oM ( x>X») at initial time moment. As a nucleus has complicate structure, it
wasn’t considered completely, thickness of layer 2 was proposed to be Ax,~10° cm. This in vivo
corresponds to surface DNA layers of nucleus.

VUV emission with intensity / was proposed to penetrate to cytosol (layer 1) and to decompose water
with ROS production. ROS by means of diffuse penetrate to nuclear and interact with DNA.
Concentrations of ROS in layer 1 were calculated by means of system of equations:

ON.(x,t) 0 ON, (x,1) _
_t S. =1,., L 1
P ax( . ——)=S5,(x,1) i (1)

where Ni(x,7)- concentration of i-th product of water photolysis, S, (x,7) = ZE, z . —sources
1

of generation and decomposition of i-th product, D; — diffusion coefficient of i-th product, L=12 -
number of unknown products

As it was shown in overview, stable products of DNA - ROS interaction appear in the case of O,
presence. That is why two equations for determination in layer 2 concentration of non injured by ROS
nucleotides p,(x,f) and concentration of stable injured nucleotides - p(x,?), have been formed due to
DNA-ROS interaction with O, presence, were solved together with system (1):

LLAC) (x D _ PN @)

apfa(tx’t) _ —Z Fj (.X,t)

where Fi(x,t)=pu(x,t) Ni(x,1)-k; (cm™s™) — number of nucleotides in volume unite injured by ROS i-th
component per time unit, Fi(x,1)=(p,(x,0) - pu(x,1))-k; -No> (cm™s™") — number of stable injured
nucleotides in volume unit, having been formed due to DNA-ROS interaction with O, presence per
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time unit. Initial and edge conditions for O, concentration were following:
Noa(x,0)=Np,(0, t):1.7'1017 cm’ (it was proposed, that O, penetrates inside cell through its membrane).
Values of ROS diffusion coefficients were taken from [14,15,16], values of ROS reaction velocities -
from [17]. Reaction velocities of DNA  with *OH, H® and e,, at neutral pH for one nucleotide
were taken equal to 1.3-10" cm’s™, 1.2:10" em’s™" and 2.2:10" cm’s™ correspondingly, reaction
velocity of injured nucleotides with O, - 1.6:10" cm’ s [18]. Reaction velocities of gluthatione
with ROS were taken equal to 0.8-1.6-10° cm’s™ [19,20].

Results of calculation for the cases of irradiation of model cell by Xe excilamps (A=172 nm) with
surface intensities 100 mW/cm® are presented in the Figure 3. During time interval 6-10 ~ s
gluthatione concentration falls due to fast destruction in reactions with ROS and long time of
generations [21]. After that concentrations of ROS (*OH Figure 3) increase leading to decreasing of
non injured nucleotide concentration. Their concentration became 5 times lower by the time of 8 107
s from beginning of VUV irradiation.

~19(N) =100 mW/om?
10" 4 1

1018_;

1017_;
1016_: 2

10" 4
10“~§ 3
10" 4
10" 3
10" 4
10" +
10° 4
10°4.1 | |

0,00 0,02 0,04 0,06 0,08

Fig.3 Time dependence of concentrations N(cm™): 1- non injured nucleotides, 2-gluthatione, 3-
*OH radicals. I=100 mW/cm’.
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GlidArc plasma reactor power regulation by leakage reactance control is presented. The system
allows adjusting the power of discharge while maintaining stable plasma generation conditions.
Power regulation relies on discharge current value, which is sinusoidal in all range of regulation
while the power supply voltage is constant.

1. Introduction

When a electric arc discharge of constant pressure is concerned, voltage between electrodes in a
set distance of each other is not dependent on current changes. Limiting the current value, on which
the arc discharge power is dependent, must therefore be done outside the arc discharge.

As far as alternating current is concerned it is important for the current to flow constantly, because
a currentless breaks cause de-ionization of the space between electrodes which deteriorate plasma
reactor's work stability and worsen the generated plasma quality. If the current limiting was due to
additional resistance connected to the power circuit of the reactor there would be breaks in the
current's flow and the reactor’s efficiency would decrease. Using capacitor as a current limiter would
require its huge capacity as well as causes dangerous oscillations and unstable reactor's work.

The only efficient way to limit the discharge power is limiting current with inductance. Installing
inductors into current circuit complicates needlessly the power system and decreases its efficiency.
The effective method of discharge power regulation in reactor is limiting current by variable leakage
reactance of power transformers [1],[2],[3].

F A R, Iz B I
il Y M [ it e

Fig. 1. Simplified equivalent scheme of loaded transformer.

When we assume, in order to simplify our speculations, that a transformer works in the short
circuit conditions, with the arc discharge resistance equal to R,..= 0, then for a equivalent scheme from
Fig. 1 we can note:

z. =R +R))+ jlx, + X,)=R_+ jx, (1.1)
and
U
I, :Z_f: (1.2)
U
1 =3Z—N (1.3)

z
Resistances R, and R, are constant values, specified by resistance of copper used for primary and
secondary windings of transformer. Reactances X; and X, can be influenced by changing of

303



transformer's windings geometries. Changing leakage reactance of transformer we can change
impedance Z, and therefore we can influence the arc discharge current value.

2. Analyzed system

We used for experiment three-electrode GlidArc plasma reactor, with electrodes’dimensions
presented in the Fig. 2. The appliance was powered from three one-phase transformers, connected into
Yyyn three phase system (Fig. 3). Discharge initiation was executed with two additional ignition
electrodes, powered from separate ignition system. This allowed to control the discharge power in the
reactor without worsen conditions for its ignition. [4],[5],[6].

e T r

Fig. 2. Geometry of plasma reactor electrodes; a) basic dimensions of discharge chamber with working
electrodes; b) ignition electrode

Table 1. Plasma reactor data

Number of ignition electrodes 2

Number of working electrodes 3

Process gases argon, nitrogen, helium, air
The volumetric flow rate of gas through the nozzle 0.5+8 m’/h

If the primary and secondary transformer's windings are set in one limb and are wound
concentrically, the leakage reactance is of the lowest value. When the windings are set separately in
different limbs, the leakage reactance is of the highest value. Calculating reactance of that kind of
transformer is difficult because you must take into account the geometry of the magnetic circuit,
partition the flux yoke into separate components and consider a great deal of different factors.

In our case the primary and secondary windings are separated into different limbs. The primary
winding is made of higher number of windings than the calculated number. It was tapped and
distributed into both limbs (Fig. 4). Regulation of discharge power in the reactor works due to
switching tapped primary winding with the constant number of windings. By changing connections
pattern you can regulate short circuit impedance within certain limits, that is between 5.7 Q and 13.4
Q.
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The highest discharge power is obtained at feeding transformer from tapped AA0+B0B4, and the
lowest at feeding from tapped AA4. By changing tapped secondary windings the voltage in reactor's
electrodes is regulated.

L1
L2
400V | 50H=z
L3
N Coil L~ Coil2
PV I
A |
|
|
|
I
AD | PV__ B
I
Al I BI
Al : B2
A3 : B3
aa_ | B _pa
Ignition | L... L
system
]
Fig. 3. Power system of GlidArc reactor Fig. 4. Position of transformer's windings
Table 2. Power system parameters
Power transformer Ignitron system
Power 9.2kVA 60 VA
Voltage 230V 230V
Current 40 A 025 A
Input frequency 50 Hz 50 Hz
The output voltage 1.4 kV 15kV
The output current 6.5A 40 mA
The output frequency 50 Hz 20 kHz

3. Transformers experiments

In tables 3 and 4 results of transformers experiments are given. Experiment of short circuit was
done with feeding transformer with rated voltage and short circuiting the secondary winding by
connecting its terminals with copper wire.
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Table 3. Unloaded transformer parameters

Tap AA4 (the highest possible leakage reactance)

Primary side Secondary side

U, 1 P, U, tap CCO U, tap CC1 U, tap CC2
230V 05A 20W 600 V 1000 V 1400 V
Tap AA0+B0OB4 (lowest possible leakage reactance)

Primary side Secondary side

U, 1, P, U, tap CCO U, tap CC1 U, tap CC2
230V 05A 20W 600 V 1000 V 1400 V

Table 4. Transformer's short circuit state

Tap AA4 (maximum leakage) Tap AA0+BOB4 (minimum leakage)

Tap CCO Tap CCO

U, L P L U, I P, L
230V 17A 600 W 62 A 120 V 155A 320 W 6 A
Tap CC1 Tap CC1

Ui I P, L Ui L Py b
230V 17 A 600 W 3.8A 175V 27 A 760 W 6A
Tap CC2 Tap CC2

U, 1 Py L U, I P, I
230V 17A 600 W 2.7A 230V 40 A 1400 W 6A

At the no-load state the transformer uses 115 VA and at the measuring short circuit state 9.2 kVA.
The lowest transformer's impedance is chosen in the manner that the short circuit current at the rated
voltage is limited to 40 A at the primary side and 6A at the secondary side. For the maximal

impedance the values are 17 A and 2.7 A.

4. Discharge power regulation

Plasma reactor was powered with voltage of 1.4 kV from the tapped CC2 of the transformer's
secondary side. Measurements were done for two plasma-creating gases: nitrogen and argon. By
changing the leakage reactance of the transformers with changing tapped primary winding, and with
the constant windings number, we can regulate discharge power in nitrogen from 2400 W to 8400 W
(table 5). Power regulation is possible thanks to limiting the current value. Feeding voltage of reactor
in all the scope of regulation is constant and the current's waveform is sinusoidal. This way we obtain

constant conditions for ignition and developing of discharge in all range of power regulation.

Table 5. Power regulation by changing tapped (nitrogen)

It is also possible to regulate power by changing transformers' turns ratio (Table 6). In this case
the discharge power regulation is done by simultaneous limiting the current value and reactor's supply

Tap P, (total)
AAl1+BOB3 8400 W
AA2+ B0B2 5800 W
AA3+ BOB1 3600 W
AA4 2400 W
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voltage value. For tapped secondary side CC2 the voltage changes from 1400 V at discharge power
7200 W to 1100 V at discharge power 4400 W.

Table 6. Power regulation by changing the number of windings (argon)

Tap P (total)
AA1+BOB3 7200 W
AA2+B0B3 6200 W
AA3+B0B3 5200 W
AA4+B0B3 4400 W

5. Summary

Discharge power regulation in the gliding arc reactor by changing leakage reactance of
transformers allows stable conditions of reactor's work in all the scope of settings. The power
regulation is done by changing discharge current value with its sine waveform. Change of
transformers' reactance does not affect the arc voltage. When it is necessary to change supply voltage
it can be done in two ways: 1) changing the number of windings of the primary side by switching
tapped; 2) by switching tapped on the secondary side.
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Atmospheric pressure plasma jet (APPJ) was developed for decontamination purposes. Features of
the device are ability to work with various feed-gases at the atmospheric pressure in several gas
flow, frequency and current- voltage regimes. LabVIEW based TGAs virtual measurement sub-
system for monitoring and measurement process through subsequent setting of electrical and gas-
flow parameters (digital control of flow-meters), conditioning and amplification of electrical
signals and collection of the data from peripheral measuring devices was applied.

1. Introduction

Plasma and Advanced Oxidation Processes (AOPs) are well known of excellent efficiency
towards variety of chemical and biological contaminants [1-4].

Many research groups concentrate on the efforts of designing plasma sterilizing device
working in the ambient conditions [5-17] using variety of methods such as barrier discharges,
corona reactors or plasma jets. The main objective of this research was development of operator-
and environmental- friendly low temperature atmospheric pressure plasma decontamination device,
which should have operation cycle length at least the same as traditional set-ups, should be applicable
toward broad range of materials and surfaces without damaging them irreversibly.

2. Experimental set-up
Experimental set-up, consisted of the following sub-systems:
- gas and liquid dosing sub-system,
- electrical discharge generating sub-system
- control and data acquisition sub-system
- chemical and biological analyzing sub-system

shield

electrode

Fig.1. Schema and photo of atmospheric pressure plasma jet.

The main part of the device, which is presented in Fig. 1. was RF-powered changeable rod
electrode of tungsten or acid-proof stainless steel. 3 types of electrode shapes: flat surface, screw-type
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and turtle-type surface of diameters ranging from 4 to 6 mm were tested. The electrode was powered
by a regulated RF supply (AG 1021 RF generator, T&C Power Conversion) via impedance matching
network. It was possible to power plasma reactor with frequencies from 10 kHz to 20 MHz. The
schema of electrical supply is depicted in Fig. 2.

ﬁ A : plasma
_ & ]
RF generator RF matching | plasma :
box | |
1
plasma generator
L= -

_ data
oscilloscope acquisition
1 1
[

Fig.2. Electrical supply of APPJ.

LabVIEW based TGAs virtual measurement sub-system was developed for the purpose of this

project. Main screen of the system, presented in Fig.3, enables whole monitoring and measurement
process through subsequent setting of electrical and gas-flow parameters (digital control of
flowmeters), conditioning and amplification of electrical signals. TGAs also automatically collects the
data from Tektronix TDS2024B oscilloscope, voltage and current probes.
Elaborated application was divided into 4 modules: data acquisition, digital signal processing,
reporting and flow-rate control. Main loop consists of decision events and event handler. Change of
the settings on the front panel by user leads to direct communication and data streaming to generator,
oscilloscope and flow meters. Application also uses functions defined in external module- report,
which enables creating of reports in MS Office documents. Basic operations on discrete sequence
representing measured signal are performed in the main loop. It is a data set of constant number of
elements (2500 for each channel). Whole TGAs system represents integrated virtual environment
communicating with devices using built-in communication tools for management of devices’ work
parameters and for data acquisition. Physically those tasks are realized via RS232 port or USB port.

Fig. 3. Developed TGAs subsystem for control of gas flow and electrical parameters.

309



3. Results and discussion
Current/voltage characteristics on the primary and secondary side are presented in Fig. 4. Discharge
homogeneity changed in dependence on all tested parameters: feed gas, gas flow rate, power supply
parameters. The most homogenous plasma was generated in gas mixtures containing argon and helium
and at gas flow rates exceeding 7,5 I/min. This is in a good accordance with literature data. From the
discharge homogeneity point of view, the most beneficial were flat and turtle shape tungsten
electrodes.

Primary side (U=48 V,1=0,2 mA)

voltage [V] —current [ud]

Secondary side (U =308 V, =1 mA)

voltage [V] —— current [ud]
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Fig. 4. Voltage/current characteristics

From the RF generator point of view, the most stable operation, which resulted in the lowest ratio of
reflected power was achieved at frequency range 12-15 MHz (depending on the feedgas type).
Examples of the discharge regimes in feed gas mixtures oxygen/argon and oxygen/helium (30/70%)
with the current/voltage characteristics on secondary side are shown in Fig.5.

In dependence on the gas flow rate, discharge plasma sizing from 10 to 20 mm and 5-15 mm
in diameter and length was produced. It is possible to achieve temperatures below 40°C compromising
applied power, frequency and gas flow-rate.
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Fig. 5. Examples of discharge regimes obtained in APPJ.

310

i

m

/
/
|
-
/
/

5]




0,5 l
= 0,45 - @ 02/He
£
e WO2/Ar
2 04 - /
S ¢
® 0,35 - n
g
g 03 - - u
o
o 2
2 0,25 !
o
o

0,2 T T

30 40 50 60
Fraction of the carrier gas [%]

Fig. 6. Ozone concentration in dependence on the fraction of carrier gas: helium or argon. Process gas:
oxygen, total flowrate: 10 I/min, P= 55 W, =14,05 MHz.

Ozone concentration was measured in dependence on the gas type, gas flow rate, power and
the type of electrode. Comparison of ozone concentration depending on the fraction of the argon and
helium as a carrier gas added to oxygen, at 5 mm diameter, flat-surface electrode condition is
presented in Fig. 6. Achieved ozone concentrations were low and ranged 0,82 g/m’.

4. Conclusions
Compact device: atmospheric pressure plasma jet for decontamination purposes was developed.
Achieved temperatures of the working gas in the outlet vicinity depended on the discharge conditions-
mainly on the gas flow rate and it was possible lower temperature below 40 °C. Device may be applied
for the treatment of the heat-sensitive surfaces in the future.
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Four different chemical models were applied to analyses energetic process of oxidation NO and
NO, reacting with plasma products. The potential energy surface of systems comprising NO and
NO, were characterized. The NO oxidation processes , well known at the molecular level, were
modelled by ab initio quantum chemistry methods in attempt to detect the presence of any
transitions states and calculate the relative reaction energy, E; and the activation energy, E, of each
reaction. The MP2 level of theory was further applied to reactions (1) NO + Os and (2) NO, + O3
with three different basis sets and finer potential energy scan resolution and the activation energies,
E, were determined.

1. Introduction

Of interest to industry are techniques to destroy NO, at the post-combustion stage, commonly
called end-of-pipe removal or abatement techniques. These include selective catalytic reduction
(SCR), selective non-catalytic reduction (SNCR) and plasma chemistry. SCR and SNCR techniques
require substantial investment in equipment and have limitations in efficiency. These problems
motivate development of an energy and chemicals efficient, widely applicable, and of- pipe exhaust
NO, abatement technology. Industrial plasma systems appears to offer technically feasible and
commercially interesting solutions based on the Gas State conversion of NOj into industrially useful
by-products, such as nitric acid.
The overall oxidation process by plasma generated ozone can be described by the following global
reactions some or all of which reactions almost certainly incorporate intermediate stages in which
intermediate species are generated:

NO+O3 —)N02+02 (1)
NO; + O3 = NO; + O, 2)
NO, + NO; — N,Os 3)
2NO, + O3 = N,05 + O, 4)
N,Os + H,O — 2HNO; &)

The detailed mechanisms of these reactions are complex and not well known but their understanding is
key to making this method of NO, conversion efficient and applicable in practice. One way to
determine major factors which govern the process might be to perform exhaustive and expensive
experimental studies but there would be no certainty that these would reveal the important processes.
An attractive alternative seems to be molecular modelling based on quantum chemical methods.
Quantum chemistry today delivers very powerful tools for studying varied chemical problems.

We have applied quantum chemistry methods to describe the energetic of elementary reactions
comprising the oxidation process. The modern theoretical techniques, involving the density functional
theory (DFT) and ab initio multiconfigurational approach (MCSCF), are well suited for this kind of
calculations. In the following we present our theoretical investigations of the energetics of the
molecules generated by intermediate reactions incorporated within the global reactions (1) — (4) and
the energy change of each intermediate reaction defined as AE = E;ymmediates — Ercactants:  From these we
hope to determine the relative thermodynamic probability of competing reaction paths, e.g. (1) — (2)
— (3) = (5) versus (1) = (4) — (5) might be in competition.
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2. Computational details and discussion

To investigate such oxidation processes, however, each reaction must be characterized at the

molecular level and this was attempted using a total of six quantum chemical techniques:
1. Techniques to determine relative energies of reactions:

a. Density Functional Theory (DFT) based Becke-3-Lee Yang Parr (B3LYP)

b. Complete Active Space Self-Consistent Field (CASSCF)
2. Techniques to investigate transition states as work towards estimation of activation energies:

a. Hartree Fock (HF)

b. Moller Plesset Perturbation (MP2)

c. Density Functional Theory (DFT) based Becke-3-Lee Yang Parr (B3LYP)

d. Coupled Cluster with Singles and Doubles (CCSD) substitutions
Techniques la and 1b above were applied in the attempted determination of the relative energies,
defined as AE = Epoqucts — Ereacanss, for reactions (1) —(4) above. The equilibrium geometries and
electronic energies of substrates and products, namely the oxygen molecule, the ozone molecule, the
mono-nitrogen oxide molecules, NO and NO, and the product molecules NO; and N,Os, were
calculated as well as their zero-point vibration energy (ZPE).

DFT calculations were carried out using the parallel version of the Parallel Quantum Solutions
quantum chemistry software [1] while the CASSCF calculations were carried out using the DALTON
quantum chemistry software [2].

The calculations were done at the DFT/B3LYP/6-311G(d,p) and the CASSCF
(o- and w-derived)/6-31G(d,p) levels of theory. It was demonstrated that the DFT/B3LYP technique is
superior to the ab initio CASSCF approach. The DFT method provides an efficient way of estimating
the static and dynamic correlation energies for the strongly multi-configurationally species such as
those considered in this work. Good agreement between the DFT/B3LYP and the experimental
geometries as well as harmonic frequencies, where available experimentally, was achieved. In
contrast, the CASSCF approach either tended to give the wrong structure of the molecule, e.g. the NO;
molecule, or could not be applied due to computational problems, as for the N,Os molecule.
Accordingly, the ZPE corrected relative energies for reactions (1) — (4) above were computed at the
DFT level only. The negative values of AE“™ showed that energy was released and all the reactions
are exothermic.

However, AE = Efinal products — E reacrans, alone is not sufficient to determine the relative probability of
competing reactions paths. Only by determination of the complete energy scheme of each competing
reaction path, including any critical intermediate or transmission reactions and the energy change for
intermediate reactions, AE; = Eiyermediates — E reacranss €an the relative thermodynamic probability of
competing reactions be found. Four different quantum chemistry methods were, therefore, applied to
try to determine the presence or absence of transitional or intermediate states. The methods partially
characterized the potential energy surface computed as a function of the bond distance between the N-
atom of the mono-nitrogen oxide (NO or NO,) and the O-atom of ozone.

The 6-311g (d, p) 5d basis set level of theory was used in all four of the quantum chemical
techniques.

2.1 Determination of relative reaction energies, E,

From application of the DFT and MCSCF methods described in previous work [1] the relative
energies, defined as E, = Efnal products — Ereactantss fOr the reactions (1) — (4) were determined by
calculating the equilibrium geometries and electronic energies of substrates and final reaction
products. These are the oxygen molecule, the ozone molecule and a few nitrogen oxide molecules
NO,, as well as their zero-point vibration energy (ZPE). The following table [1] shows the relative
energies (E; = Efinal products — Ereactants) and the relative energies corrected for the zero point energy (ZPE)
for reactions (1) — (4) calculated at the DFT/B3LYP/6-311G(d,p) and the CASSCF(c- and mw-
derived)/6-31G(d,p) levels of theory.
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Table 1. The relative energies, E;= Epoqucts-Ereactants, and relative energies corrected for the zero —point
vibrational energy, E,“™, of the reactions (1)- (4) calculated at the this method.

Reaction Metod E, [keal/mol] E,*"® [Kkcal/mol|

NO + 05 = NO, + 0, DFT/B3LYP -62.78 -62.31
CASSCF -31.36 -30.54

NO, + 05 = NO; + 0, DFT/B3LYP -37.56 -38.59
CASSCF -15.63 -14.69

NO, + NO; — N,0s DFT/B3LYP -21.62 -16.90
CASSCF - -

2NO, + 03 — N,05 + O, DFT/B3LYP -59.18 -55.49
CASSCF - -

2.2 Determination of activation energies, E,

Reactions (1) and (2) above have been computationally modelled assuming a direct reaction of
ozone with NO, proceeding via formation of transition states followed by breaking of the O-O, bond
according to the following schemes:

NO + O; = {ON...0...0,}* - NO, + 0, (6)
NO, + O; = {O,N...0...0,}* - NO; + 0, (7

In the present study we applied four different quantum chemical models to characterize the potential
energy surface of a system comprising nitrogen oxide reacting with ozone: HF, MP2, DFT/ B3LYP
and CCSD [3].

Energy was computed as a function of the distance between the N-atom of the nitrogen oxide and

the O-atom of ozone. All calculations were carried out using the Gaussian 03 [4] suite of programs for
electronic structure calculations. All calculations were performed using the 6-311g (d, p) basis set.
To compute the potential energy scans, the distance between the N-atom of nitrogen oxides (NO and
NO,) and the O-atom of ozone was systematically varied between 1.25A and 2.50A in increments of
0.05A. At each point, the geometries were optimized using HF, MP2 and B3LYP levels of theory.
For calculations using the CCSD quantum chemical method, the structures optimized at MP2 levels of
theory were used and only single point calculations were carried out. The optimized geometries were
verified as global minima by carrying out the frequency calculations. The geometries with positive
frequency values were considered to minima while the geometries with one negative frequency
correspond to transition states. The grids were intensified between 1.40A and 1.80A to increments of
0.01A to better locate any transition states.

Following results from these calculations, reactions (1) and (2) were again modeled using the MP2
level of theory but at higher energy scan resolution with varying finer increments down to as low as
0.0001A and with three different basis sets, namely 6-311G(d,p) , cc-pVDZ and aug-cc-pVDZ.

The plots of potential energy vs. N-O bond distance for the reactions of NO and NO, with O; indicated
the presence of transition states in both reactions in the HF, MP2 and CCSD models but no clear
indication could be seen in the B3LYP analysis. N-O bond distance for the O;-NO reaction was
indicated at about 1.6 A by all three positive models while N-O bond distance for the O3-NO, reaction
was calculated at 1.6 A by the MP2 and CCSD techniques and at 1.78 A by the HF method.

A tentative conclusion could be drawn that the reactions of ozone with nitrogen oxides do not go
directly from reactants to products but involve at least one intermediate state. Further analysis would
require multi-reference wave functions, such as obtained from CASSCF calculations, and inclusion of
dynamical correlations energy via second order multi-reference perturbation theory.

As stated above, in an attempt to better define the potential energy surfaces, the MP2 level
of theory was further applied to reactions (1) and (2) with three different basis function sets
and finer potential energy scan resolution. Figure 3 shows the potential energy surface for the
three basis sets for reaction (1) (NO with Os) and Figure 4 shows the same for reaction (2)
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(NOZ with 03)1

These finer energy scans show the presence of transition states. With respect to reaction
(1) of NO with O3, the MP2/6-311g(d,p) and MP2/cc-pVDZ basis sets show the transition
state at an N-O distance of 1.605A while in the MP2/aug-cc-pVDZ basis set the transition
state is at 1.6146A and, in this case, the transition state is an in-plane type complex Figurel.
With respect to reaction (2) of NO, with Os, all three basis sets showed a transition state at an
N-O bond distance of 1.626A in the form of a non-planar complex Figure 2.

1.255 MP2/6-311G(D,P)
1263 MP2/cc-Pvdz
1.266 MP2/aug-cc-pVDZ

Transition State for NO + O; reaction
Figure 1. The molecular and transition state geometrical (NO+ Os) parameters obtained at the
MP2/6 311G(d,p) , MP2/cc-pVDZ and MP2/aug-cc-pVDZ levels theory (bond lengths in A,
valence angles in degrees).
1.274 MP2/6-311G(D,P)

1.282 MP2/cc-pVDZ
1.283 MP2/aug-cc-pVDZ

Transition State for NO, + O; reaction
Figure 2. The molecular and transition state geometrical (NO, +O;) parameters obtained at the
MP2/6-311G(d,p) , MP2/cc-pVDZ and MP2/aug-cc-pVDZ levels theory (bond lengths in A,
valence angles in degrees).
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Figure 3. Potential energy vs. N-O distance for the reaction of O; with NO modeled using the MP2
level of theory with three basis sets, 6-311G(d,p), cc-pVDZ and aug-cc-pVDZ.
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Figure 4. Potential energy vs. N-O distance for the reaction of O; with NO, modeled using the MP2
level of theory with three basis sets, 6-311G(d,p), cc-pVDZ and aug-cc-pVDZ.

3. Conclusions

The NO, — Os reaction oxidation processes, well known at the molecular level, were modelled by ab
initio quantum chemistry methods in an attempt to detect the presence of any transition states and to
calculate the relative reaction energy, E,, and the activation energy, E,, of each reaction.

For reaction (1), E, was calculated to be 1.1 kcal/mol for the 6-311G(d,p) basis set, 1.3 kcal/mol for
the cc-pVDZ basis set and 2.2 kcal/mol for the aug-cc-pVDZ basis set. This compared reasonably
well with the experimental Arrhenius activation energy of 1.2 kcal/mol.

For reaction (2), E, was calculated to be 8.7 kcal/mol for the 6-311G(d,p) basis set, 8.5 kcal/mol for
the cc-pVDZ basis set and 8.2 kcal/mol for the aug-cc-pVDZ basis set, a factor of 4 higher than the
experimental Arrhenius activation energy of 2.2 kcal/mol.
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