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Summary

Microplasmas for Gas Phase Hydrogen Peroxide Production
Cold Atmospheric Pressure Plasmas (CAPs) are discharges that combine low
average gas temperatures with a highly reactive plasma chemistry. This chemistry
has a high potential for a wide array of applications in industry and has been
a focus of research in the past decades. The potential of CAPs is due to the
production of complex radicals and molecules such as O3 , OH and H2 O2 , making
CAPs interesting contenders for new as well as alternative industrial applications.
Hydrogen peroxide (H2 O2 ) is mostly used as an oxidising agent in a wide array
of applications, including bleaching, waste water treatment and plays an important
role in biological applications such as disinfection and wound healing. As water is
the main by-product of reactions involving H2 O2 , it is generally considered to be
a green technology. Reported production yields and energy efficiencies of H2 O2
produced by CAPs cover several orders of magnitude in literature. This is partially
due to the high complexity of the involved chemistry and despite many promising
experimental and theoretical results, many open questions remain. The goal of this
thesis is to investigate the energy efficiency of H2 O2 production in such plasmas,
and to improve our understanding of the underlying plasma chemistry.
The overall research project behind this thesis aims to develop an integrated,
meaning chemical/physical, microreactor. The H2 O2 should be produced in-situ
by a plasma, and used directly as oxidant in a chemical reactor in a subsequent step.
This in-situ production reactor has to be small and, ideally, an economically feasible
alternative to larger scale production plants. Using microplasmas at atmospheric
pressure allows to meet this requirement, as they are relatively low cost and
literature suggests they produce H2 O2 very energy efficiently.
In this work, three different CAP reactors are investigated in the same experimental system with the same methodology. To allow direct comparison of these
systems, a special emphasis is given to developing experimental methods and
reactor designs. This permits to directly identify and subsequently compare key
v

plasma parameters driving the plasma chemistry of H2 O2 production. These parameters include production yield, plasma dissipated power, energy efficiency, gas
residence time, and radical densities.
A radio frequency Atmospheric Pressure Glow Discharge reactor was investigated first. Operated at low powers with humidified helium, this plasma is
homogeneous and experimental conditions are highly reproducible. This facilitates
the refinement of experimental methods and identification of the key parameters
driving the efficient production of H2 O2 . In addition, existing theoretical models of
the chemistry in such a glow discharge allow the direct comparison of experimental
results with theoretical models in this reactor. The agreement is very good, i.e. at a
level corresponding to uncertainties in reaction rates and experimental accuracy.
A Dielectric Barrier Discharge (DBD) reactor similar to the most efficient systems reported in literature is also developed. Humid argon, humid helium and
hydrogen/oxygen mixtures can be studied in the same experimental system. These
plasmas not only differ in their chemistry but also in discharge morphology, and
thus the formation pathway of H2 O2 . While the plasma of a helium discharge is
diffuse, argon is a filamentary discharge. Our results identify the hydroxyl radical
(OH) as main source for formation of H2 O2 . High OH radical densities increase
production yields and are beneficial to the overall energy efficiency. The production
yield in argon of H2 O2 is significantly higher than in helium, highlighting the role
of discharge morphology in the formation process. The transient characteristics of
the filament produce radicals very efficiently, thus combining higher OH radical
densities with low gas temperatures and powers.
In another DBD reactor we further explored the roles of discharge morphology
as well as that of gas residence time in the reactor. Short residence times are found
to increase energy efficiency, as the exposure of recently produced H2 O2 molecules
to plasma filaments is shorter. These are not only the source of high OH radical
densities that form H2 O2 in the first place, but also strongly dissociate molecules.
The energy efficiency is high when the residence time is shorter than the time
constant of the most dominant H2 O2 loss mechanism. Achieving high energy
efficiencies of H2 O2 production requires a delicate balance of formation and loss of
hydrogen peroxide mechanisms. This can be achieved by varying residence time,
dissipated plasma power, humidity and discharge configuration.
To directly address the overall research goal of an integrated reactor system,
one of the DBDs is combined with a chemical reactor. The DBD produces H2 O2
in-situ, which is directly fed to the chemical reactor, where it epoxidates propene to
propene oxide over a catalyst. The limitations and operational conditions of such
combined system are discussed in detail. An economic evaluation of the system is
performed, where results obtained in this work are brought in context with values
from literature.
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Microplasmas for Gas Phase Hydrogen Peroxide Production
Koude atmosferische druk plasmas, of Cold Atmospheric Pressure Plasmas (CAPs)
in het Engels, zijn gas ontladingen die lage gastemperaturen combineren met een
zeer reactief plasma chemie. Deze chemie heeft een hoog potentieel voor toepassingen in de industrie. In de afgelopen decennia zijn CAPs daarom een belangrijk
aandachtsgebied binnen de plasmafysica. Het potentieel van CAPs zit in de productie van complexe radicalen en moleculen, zoals O3 , OH en H2 O2 , waardoor
CAPs interessant zijn voor nieuwe en alternatieve industriële toepassingen.
Waterstofperoxide (H2 O2 ) wordt in de industrie vaak als oxidatiemiddel gebruikt, meestal om te bleken, voor afvalwaterbehandeling en speelt ook een belangrijke rol in biologische toepassingen zoals desinfectie en wondgenezing. Omdat
water het belangrijkste bijproduct is van de reacties met H2 O2 , wordt dit in het
algemeen als een groene technologie beschouwd. Maar de productie-opbrengst en
energie-efficiëntie van H2 O2 geproduceerd door CAPs varieert ordes van grootte in
de literatuur. Dit is deels vanwege de hoge complexiteit van de betrokken chemie.
Veel vragen staan nog open, ondanks veelbelovende experimentele en theoretische
resultaten. Het doel van dit proefschrift is het onderzoek van de energie-efficiëntie
van H2 O2 productie in dergelijke plasma’s, en daarmee de verbetering van ons
begrip van de onderliggende plasma chemie.
Het onderzoeksproject achter dit proefschrift is gericht op de ontwikkeling
van een chemisch-fysische microreactor. H2 O2 moet door een plasma in-situ
worden geproduceerd, en wordt in een volgende stap direct als oxidatiemiddel
in een chemische reactor gebruikt. Deze in-situ plasma reactor moet dus klein
zijn, en in ideaal geval, een economisch haalbaar alternatief zijn vergeleken met
grootschaliger fabrieken. Microplasmas bij atmosferische druk kunnen mogelijk
aan deze eisen voldoen: ze zijn relatief goedkoop en literatuur suggereert dat zij
produceren H2 O2 zeer zuinig produceren.
In dit werk worden drie CAP reactoren in hetzelfde experimentele systeem
en met dezelfde methoden onderzocht. Om een directe vergelijking van deze
systemen mogelijk te maken, wordt bijzondere aandacht besteed aan de ontwikkeling van experimentele methoden en reactor ontwerpen. Daardoor is het mogelijk
om de essentiële plasma parameters direct te bepalen en vervolgens de plasmachemie van H2 O2 productie te vergelijken. Deze parameters omvatten de productie
opbrengst, door het plasma gedissipeerde energie, de energie-efficiëntie, de residentietijd van het gas, en de dichtheden van de radicalen.
Een radiofrequentie atmosferische glim ontlading werd eerst onderzocht. Het
systeem werkt bij laag vermogen met vochtige helium. Het plasma is homogeen
en de experimentele omstandigheden zijn zeer reproduceerbaar. Dit maakt de
verfijning van experimentele methoden en identificatie van de belangrijkste parameters voor de efficiënte productie van H2 O2 eenvoudig. Bovendien bestaan
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er theoretische modellen van de chemie in dergelijke glimontladingen, dus de
directe vergelijking van experimentele resultaten met theoretische modellen is in
deze reactor mogelijk. De overeenkomst is zeer goed, dat wil zeggen op een niveau dat overeenkomt met de onzekerheden in reactiesnelheden en experimentele
nauwkeurigheid.
Een Dielectric Barrier Discharge (DBD) reactor wordt ontwikkeld, omdat deze
volgens de literatuur het efficiëntste productie-vermogen lijkt te hebben. Vochtige
argon, vochtige helium en waterstof-zuurstof mengsels kunnen in hetzelfde experimentele systeem worden bestudeerd. Deze plasma’s verschillen niet alleen in
hun chemie, maar ook in de ontladings morfologie. Dit betekent dat de vorming
van H2 O2 dus ook verschilt. Terwijl het plasma van een helium ontlading diffuus
is, leidt argon tot een filamentaire ontlading. Onze resultaten identificeren het
hydroxyl radicaal (OH) als de belangrijkste bron voor de vorming van H2 O2 . Hoge
dichtheden van OH radicalen verhogen productie-opbrengsten en zijn gunstig
voor de totale energie-efficiëntie. De productie-opbrengst van H2 O2 in argon is
significant hoger dan in helium vanwege de rol van de ontladings morfologie
in het vormingsproces. Het transiënte karakter van het filament zorgt voor een
efficiënte productie van radicale. Dit combineert hogere OH radicaaldichtheden
met lage gas temperaturen en vermogen.
In een andere DBD reactor wordt de rol van de ontlading morfologie en de gasverblijftijd in de reactor verder onderzocht. Korte verblijftijden blijken heel energieefficiënt, omdat de blootstelling van H2 O2 moleculen aan plasma filamenten kort
is. Deze zijn niet alleen de bron van hoge OH-dichtheden, die H2 O2 vormen, maar
hebben ook stek de de neiging moleculen te dissociëren. De energie-efficiëntie is
hoog wanneer de verblijftijd korter is dan de tijdconstante van het meest dominante H2 O2 verliesmechanisme. Een hoge energie-efficiëntie van H2 O2 productie
vereist een delicaat evenwicht tussen de vormings- en verlies-mechanismen van
waterstofperoxide. Dit kan worden bereikt door het variëren van de verblijftijd,
het plasmavermogen, de vochtigheid en de ontladingsconfiguratie.
Eén van de DBDs word gecombineerd met een chemische reactor om het algemene onderzoeksdoel van een geïntegreerd reactorsysteem rechtstreeks te realiseren. De DBD produceert H2 O2 in-situ, die direct toegevoerd wordt aan een
chemische reactor waar propeen boven een katalysator wordt omgezet in propeenoxide. De beperkingen en operationele omstandigheden van een dergelijk
gecombineerd systeem worden in detail besproken. Een economische evaluatie
van het systeem wordt uitgevoerd, waarin de resultaten verkregen in dit werk met
waarden uit de literatuur in verband worden gebracht.
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Mikroplazmák a gáz állapotú hidrogén peroxid termelése
Hideg atmoszférikus plazmák, avagy Cold Atmospheric Pressure Plasmas (CAPs), az
alacsony átlagos gázhőmérsékletet egy reaktív plazmakémiával egyesítik. A terület
számos különböző ipari alkalmazás számára kínál ígéretes lehetőséget, ezért az
elmúlt évtizedekben számos kutatás fókuszában állt. Ez elsősorban annak köszönhető, hogy a folyamat során olyan komplex gyökök és molekulák termelődnek,
mint például az O3 , OH vagy H2 O2 . Ezek új illetve alternatív ipari alkalmazások
számára nagyon jelentősek. A disszertáció célja a hidrogén peroxid (H2 O2 ) plazmatermelés energiahatékonyságának vizsgálta, és a folyamat mögött meghúzódó
plazmakémia jobb megértése.
A kutatás célja egy integrált – azaz kémiai és fizikai – mikroreaktor kifejlesztése.
A plazma által közvetlenül előállított H2 O2 –t egy következő fázisban egy kémiai
reaktorban oxidánsként használjuk fel. Ez egy fontos feltételt jelent jelen kutatás
számára, ugyanis egy ilyen jellegű reaktornak nem csak kicsinek kell lennie,
hanem ideális esetben a létezö tömegtermelő üzemekhez képest gazdaságosan
megvalósíthatónak. Ezt a feltételt légköri nyomáson müködő mikroplazmákkal
teljesíthetjük. Ezek ugyanis relatív alacsony költségűek és a szakirodalom alapján
igen nagy hatékonysággal termelnek H2 O2 –t.
A H2 O2 –t leginkább oxidálószerként használják különböző alkalmazásokban,
pl. fehérítéshez vagy szennyvíztisztításban. Biológiai alkalmazásai is vannak, mint
fertőtlenítés vagy a sebgyógyítás. Zöld technológiának nevezhető, mivel H2 O2 –t
igénylő reakciók tipikus mellékterméke a víz. Hideg plazmák által előállított H2 O2
termelési mennyisége és energiahatékonysága számos nagyságrendben változhat.
Ez részben a kémiai folyamatok komplexitásának köszönhető. A jelenlegi reménykeltő kísérleti és elméleti eredmények ellenére még számos kérdés nyitott a
területen.
A disszertációban három különböző CAPs reaktort vizsgáltunk ugyanabban
a kísérleti rendszerben és ugyanazok az eszközökkel. Külön figyelmet fordítottunk a kísérleti módszerek kidolgozására és a reaktor tervezésére, hogy segítsen a
három rendszer összehasonlításában. Ezáltal a H2 O2 termelés különböző kulcsparamétereinek összehasonlítására nyílt lehetőségünk, amelyek többek között:
termelt mennyiség, plazma által használt energia, a gyártási folyamat energiahatékonysága, a gáz tartozkodási ideje a plazmában, és bizonyos gyökök sűrűsége.
Elsőként egy rádiófrekvenciás parázskisülés jellegű (atmospheric pressure glow
discharge) reaktort vizsgáltam. Alacsony hőmérsékleten nedves, azaz magas páratartalmu, héliummal üzemeltetve ez a plazma homogén és diffúz, a kísérleti
körülmények igen könnyen reprodukálhatóak. Ez lehetővé teszi a kísérleti módszereink pontosítását és segíti a hatékony H2 O2 termelést befolyásoló kulcsparaméterek meghatározását. Létező kémiai plazma modellek lehetővé teszik a kísérleti
eredmények közvetlen összevetését az elméleti modellekkel ebben a reaktorban.
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Az elméleti és a gyakorlati eredmények megegyezése kiválónak mondható.
A szakirodalom által nyilvántartott leghatékonyabb rendszerhez hasonló dielektromos akadálykisülés (Dielectric Barrier Discharge, DBD) reaktort is kifejlesztettünk. Ugyanabban a kísérleti rendszerben tudjuk tanulmányozni a nedves
argon, nedves hélium és hidrogén/oxigén plazmákat. Ezek a plazmák nemcsak kémiájukban különböznek, hanem kisülési módjukban is és ezáltal a H2 O2
előállításában is. Eredményeink igazolják, hogy az OH gyökök a H2 O2 kialakulásának a legfőbb forrásai. Az OH molekulák magas sűrűsége növeli a H2 O2
termelési mennyiségét és hozzájárul egy magasabb energiahatékonysághoz. A
kisülési módnak jelentős szerepe van a termelésben, amely itt a plazma szálak
(plasma filaments) tranziens karakterisztikájának köszönhető. Alacsony gázhőmérsékleten nagyon hatékony kémiai folyamatokat tesz lehetővé.
Egy másik DBD reaktor tovább tanulmányozza a kisülési módus, valamint a
gáznak a reaktorban való tartózkodási idejének a szerepét. A rövid tartózkodási
időket különösen fontosnak találtuk a rendszerünkben: minél rövidebb a tartózkodási ideje a gáznak a reaktorban, annál rövidebb az éppen előállított H2 O2 molekulák expozíciója a plazma szálakhoz. Ezek nemcsak a H2 O2 és OH molekulák
forrásai, hanem ugyanakkor erős disszociációs hatással vannak a molekulákra.
A magas energiahatékonyságú H2 O2 termelés eléréséhez egyensúlyozni kell a
hidrogén peroxid keletkezési és vesztességi mechanizmusait. Ezt a következő paraméterek változtatásával lehet elérni: gáz tartózkodási idő, plazma által használt
energia, nedvesség ill. páratartalom és kisülési konfiguráció.
Az integrált reaktor rendszer kutatási céljának elérése érdekében az egyik DBD
rendszert kombináltuk egy kémiai reaktorral. A DBD a H2 O2 –t helyben termeli és
közvetlenül a kémiai reaktorba táplálja, ahol egy katalizátor segítségével propént
propénoxiddá epoxidálja. Egy ilyen összetett rendszer működési körülményeit és
feltételeit részletesen vizsgáltuk. Végeztünk egy gazdasági kiértékelést is, amelyben a mi kombinált rendszerünket szakirodalmi adatokkal összevetettük a saját
eredményeinkkel.
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Chapter 1
Introduction

1.1

Cold Non-Equilibrium Atmospheric Pressure Plasmas

Plasmas are the most abundant form of ordinary matter in the universe to our
current understanding. The night sky is littered with billions of bright plasmas
in form of stars. They have played with mankind’s imagination since the first
sentient being contemplated the universe and thought to understand its role in
it. The complex structure and evolution of stars brought forward heavier atoms,
and their energy and light are the source of all life as we know it. Even before as
our understanding of these plasmas has developed to this level, the ancient and
modern myths triggered by looking up to sky in a dark night have lost nothing of
their fascination1 .
Stars are plasmas formed by partially or completely ionized matter. They consist
of neutral, charged, metastable and reactive species mixed with photons. However,
plasmas are also found on earth in the complex form of lightning or as auroras
(“northern/southern lights”). Artificial, man made plasmas have already found
their way into everyday life, mostly in the form of lighting, and are increasingly
finding application in industry. The semi-conductor industry in particular has
driven research in plasma applications and continues to develop new applications
using plasmas.
Plasmas can be divided into thermal and non-thermal plasmas. In contrast to
1 "Then I will tell you a great secret, Captain. Perhaps the greatest of all time. The molecules of your body are the
same molecules that make up this station and the nebula outside, that burn inside the stars themselves. We are starstuff,
we are the universe made manifest, trying to figure itself out. As we have both learned, sometimes the universe requires
a change of perspective." Ambassador Delenn to Captain Sheridon, Babylon 5.
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thermal plasmas like stars or lightning, non-thermal plasmas are not in thermodynamic equilibrium. Thus a single temperature is not able to describe the plasma:
in general, heavy atoms, molecules and reactive species have a significantly lower
mean energy than the energetic electrons in the plasma. The difference in temperature can be of several orders of magnitude, keeping heavier constituents as cold as
room temperature while electrons still have high temperatures. In fact, these can be
so high they are usually expressed in terms of energy, as 1 eV represents ~ 11600 K.
This duality enables the combination of an effective, reactive chemistry with low
average gas temperatures; hence the name of cold non-equilibrium atmospheric
pressure plasmas - CAPs. Their low gas temperature is ideal for applications
involving heat sensitive surfaces such as polymers and living tissue.
CAPs are usually created by applying high voltages across a set of electrodes
suspended in a gas. If the voltage is sufficiently high, atoms or molecules in the
gap between the electrodes can be ionized. Free electrons are accelerated by the
electric field and in turn ionize further atoms/molecules of the background gas,
thus giving rise to a plasma discharge between the electrodes. The voltage at which
this process occurs is generally referred to as breakdown voltage. For diffuse plasmas,
breakdown is can often be described by the Paschen Law.
The Paschen law essentially relates the voltage applied V across the gap to
both gas pressure p and electrode spacing d: electrons have to be accelerated
sufficiently to be able to cross the gap between electrodes as well as to ionize
enough molecules/atoms in their path. In addition, secondary electron emission
by ion impact is considered important in the breakdown process. If a discharge
is to be lit at a certain voltage, both gas pressure and electrode gap have to be
chosen accordingly to allow enough ionizing collisions to take place in order to
produce an avalanche of electrons. If that is not the case, the voltage needs to be
increased. This implies that the product of p · d has two extremes and that their
product has a minimum: the optimum combination of gas pressure and electrode
distance requiring a minimum voltage for breakdown. This relation can be clearly
seen in figure 1.1.
At higher gas pressures, the breakdown in a gas often takes the form of a
streamer discharge as the electron avalanche gives rise to a space charge. If the
electric field induced by space charge becomes comparable to applied electric field,
it enhances the local field in the high field region. A self-propagating structure
generally referred to as a streamer emerges.
The minimum of the Paschen Law explains why discharges operating at atmospheric pressure are often referred to as microdischarges. Compared to commercial,
large scale applications operating at low pressures and electrode distances of several tens of centimetres or even meters, these discharges have significantly smaller
gap distances. In the present case the term micro in microdischarge is merely
figurative, as dimensions of ~1 mm are often still considered as a microdischarge.
2
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Figure 1.1: An example for Paschen curves in various different gases. Adapted image from [1].

Their benefits are manifold and are mostly due to their non-equilibrium character:
gas heats up at a lower pace while the high surface to volume ratio allows to
efficiently remove excess heat from the system, effectively allowing to use their
highly reactive chemistry at room temperature.

1.2

Hydrogen peroxide production

This PhD thesis is the outcome of an interdisciplinary research project to develop
an Integrated microreactor for the epoxidation of propene. The project aims are twofold:
to produce hydrogen peroxide (H2 O2 ) in-situ using a plasma, and to utilize it to
oxidize propene (C3 H6 ) in a catalytic reactor. The final application should produce
propene oxide (CH3 CHCH2 O, abbreviated as PO in this work) economically and
in a sustainable, ecological manner. The present work is focussing on the physics
and chemistry involved with the production of H2 O2 using cold non-equilibrium
atmospheric pressure plasmas. The research concerning the chemical reactors
are described in the PhD thesis of D.M. Pérez Ferrández [2]. As the underlying
3
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research project defining the research goals and design considerations are common
to both PhD theses, an overview of relevant research results and conclusions
concerning the project were co-authored by both candidates and included both
theses (Chapter 6 and as Chapter 4 of [2])2 .
The research aim specific to the plasma reactor is to investigate the plasma
chemistry involved in H2 O2 production and to find ideal plasma conditions. From
the application point of view, the energy efficiency η of the hydrogen peroxide
production process is the most important factor. It is generally expressed as mass
produced per unit of energy. The plasma reactor has to be energy efficient to be
an economically sustainable alternative to currently established H2 O2 production
methods (see more in the following section on H2 O2 production methods). At the
same time, the plasma reactor should be simple to operate and require minimal
initial investments, such that the final product may be integrated with the chemical
reactor developed by D.M. Pérez Ferrández. Such an integrated reactor, with in-situ
production of H2 O2 , would make the epoxidation reactor independent of H2 O2
market prices.
As reactor size is also an important factor for in-situ applications, the use of
microdischarges at atmospheric pressures has been considered. An ideal application would allow us to efficiently produce H2 O2 with the smallest experimental
setup necessary, improving economical sustainability while reducing material and
investment costs - ideally leading to an actual or close to a lab-on-chip solution.
From the scientific point of view, the determining parameters of the plasma
chemistry to produce peroxide have to be understood. The following section
highlights literature on H2 O2 production, which has been reported for H2 O and
H2 /O2 plasmas.

Hydrogen Peroxide and its production3
Hydrogen peroxide is a weakly acidic and colourless liquid which was discovered
1818 by Luis Jacques Thenard. With the introduction of electrolytic processes in
United States in the 30’s of the previous century, hydrogen peroxide use increased
significantly and mainly found application as industrial bleach. Nowadays, it
is widely used to prepare other as oxidising agent and to produce peroxygen
compounds. These are molecules with an oxygen - oxygen single bond. It has
further found application in waste water treatment [3, 4, 5], stain free detergents [4]
and plays a role in biological applications such as disinfection and wound healing
[6]. It is considered a green technology, as the direct epoxidation of propene
with liquid H2 O2 produces water as the only by-product [7]. In 2006, the global
2 Sections

in the present work based on that co-authored section are clearly indicated.
of this section have been shortened for a Chapter co-authored with D.M. Pérez Ferrández. For the
complete text of the co-authored sections, the reader is referred to Chapter 6.
3 Parts
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production of H2 O2 reached 2.2 million metric tons sold at 0.54 USD/kg [8], while
newer estimates from 2014 are as high 6.3 million tons / year. [9].
H2 O2 has been considered in the production process of propene oxide since the
early 90’s of previous century. PO is a bulk chemical largely put to use to manufacture polyether polyols required for the production of polyurethane plastics. Other
major products are polypropylene glycol, propylene glycol ethers, and propylene
carbonate. For the epoxidation of propene, high commercial prices of hydrogen peroxide are a considerable economic driver for innovation. Minimize both handling
costs and H2 O2 losses by in-situ production could have a considerable economic
impact for producing PO. Highly concentrated peroxide is very corrosive and decomposes over time, both of which are reasons for high market prices of hydrogen
peroxide.
In the Hydrogen Peroxide to Propene Oxide (HPPO) process, the newest industrial
standard for PO production, the required H2 O2 is produced via the antraquinone
process (AQ [10]): a cyclic operation where the alkyl antraquinone is reused, being
oxidized and reduced in the process. The H2 O2 produced by the AQ process is
immediately used in the epoxidation of propene over a catalyst (TS-1) [11]. Several
industrial production plants are already operating with this technology ([12, 13],
see 6.1 op pagina 125), with capacities up to 300,000 metric tons PO per year. Due
to the high complexity of the HPPO process requiring several reactors, only a large
scale investment is economically feasible.
This work aims to produce H2 O2 directly in the gas phase using a plasma. The
gas phase H2 O2 is then delivered to an epoxidation reactor4 which performs the
epoxidation of propene in the gas phase. The energy efficient H2 O2 production
and delivery in the gas phase is thus the main purpose of the plasma reactor
and motivates the choice of discharges made in this work. Table 1.1 summarizes
production yields and energy efficiencies of H2 O2 by plasma sources reported
in literature. For a more complete overview the reader is referred to [14, 15].
Reported energy efficiencies span several orders of magnitude, and include various
approaches such as single phase sources (in liquid or gas) or multi phase sources
(such as discharges in contact with water or with water droplets/vapour). Reported
energy efficiencies are in the order of several grams per kilowatt hour.
One of the most efficient methods identified is the recent work on a gas phase
dielectric barrier discharge operating with H2 /O2 mixtures, with reported energy
efficiencies of 80 to 134 g/kWh [16, 17]. Dielectric Barrier Discharge (DBD) reactors
have already found applications in many industrial processes, such as e.g. air
purification and ozonizers [18, 19]. In addition, the formation of H2 O2 directly
from the reaction of H2 and O2 seems beneficial from the thermodynamic point of
view.
4 Developed

by D.M. Pérez Ferrández [2].
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Table 1.1: Overview of hydrogen peroxide production using plasma in literature. Adapted with permission from [15].
P HASE

Y IELD

E FFICIENCY

[mg/h]

[g/kWh]

liquid water

~86

0.43 - 0.55

[20, 21]

liquid water

10 - 0.21

0.96 - 3.64

[22, 23]

liquid water

30 - 640

0.1 - 1.6

[24, 25]

RF/MW discharge

liquid water

~10

0.46 - 0.64

[26]

vacuum UV

vapour or

-

13 - 33

[27]

electrolysis

liquid water

-

112.4 - 227.3

[28]

2.3- 2600

0.04 - 8.4

[29, 30, 23]

48 103

24

[31]

20 - 140

0.57 - 80

[32, 33]

M ETHOD

I NPUT

spark
pulsed corona
contact glow liquid

discharge electrolysis

discharges in bubbles

Ar/Air +
water surface

MW
gas/liquid

gas

gliding arc

steam
vapour
droplets in Ar

R EF.

DBD above liquid

Air/water surface

0.25 - 120

0.04 - 2.7

[34, 35]

DBD above liquid

Ar + O2 + vapour

-

1.7

[36]

DBD

humid gas

1.8 -160

0.14

[37]

DBD

H2 /O2

150 - 2800

12.5 - 134

[17, 16]

Another energy efficient approach is using of a gliding arc reactor operating
with a gas (Ar) and a liquid phase (water vapour spray). Energy efficiencies of up
to 80 g/kWh have been reported in such a system [33]. The use of water instead of
H2 /O2 mixtures has great potential to minimize production costs. In addition to
their high energy efficiencies, by-products of both methods will mostly be water –
thus turning them into ecologically sustainable alternatives. As a primary goal is
to deliver H2 O2 in the gas phase, the approach of using plasma sources operated
in a gas phase was the considered, where the medium is a humid, inert noble gas
or non-explosive hydrogen oxygen mixtures.

Formation pathways of H2 O2
The underlying chemistry leading to the formation of H2 O2 depends on both
discharge type and gas mixtures and are thus significantly different for discharges
operating with water vapour or with hydrogen / oxygen mixtures. Various formation pathways are described in [31, 14]. The two dominant formation pathways for
low electron energies are described in the following. For electron energies of up to
1 eV vibrational excitation of water [31]
6
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H2 O + e− → H2 O∗ + e-

(1.1)

and the subsequent dissociation by either water or hydrogen
H2 O∗ + H2 O → H + OH + H2 O

(1.2)

H2 O∗ + H → H2 + OH

(1.3)

leads to the production of a hydroxyl radical (OH), which in turn recombines to
form H2 O2 . At electron energies from 1 eV to 4 eV, the main production process
for the hydroxyl production shifts to dissociative attachment [31]
H2 O + e− → H - + OH

(1.4)

H2 O + e− → H + OH + e− .

(1.5)

and electron dissociation

To efficiently produce H2 O2 from the three-body recombination of two hydroxyl
radicals
OH + OH + M → H2 O2 + M,
(1.6)
other radicals involved in the destruction of H2 O2 have to be rapidly quenched as
well as the thermal dissociation of peroxide has to be avoided.
In the case of H2 /O2 , the production pathway can be different and involves the
formation of a hydroperoxyl (HO2 ) radical in the presence of abundant O2
H2 + e− → e− + 2H

(1.7)

O2 + H + M → HO2 + M

(1.8)

and the subsequent recombination to peroxide
HO2 + HO2 → H2 O2 + O2 .

(1.9)

It should be noted that the use of H2 /O2 mixtures do not only raise safety
concerns for potential applications, as these mixtures are potentially explosive at
atmospheric pressure (above 4 % O2 in H2 ), but also raise economic concerns. In
comparison to discharges operating with water vapour, these discharges require
higher investments, both in terms of initial equipment investment (explosion
hazards) as well as in terms of operational costs (high price of He, Ar and H2
compared to water). These concerns are lessened by the using water vapour
7
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admixes. Despite high costs of Ar and He, these gases lower the breakdown voltage
and thus potentially benefit energy efficiency. Another benefit is the reduction of
losses through vibrational and rotational excitation which lead to gas heating.
While both chemistries meet given project requirements of being relatively
small, operating at atmospheric pressure and delivering gas phase hydrogen
peroxide to the chemical reactor, their chemistries are not fully understood yet.
This particularly holds for the chemistry involving plasmas in contact with or in
the presence of a liquid phase [38], such as the very efficient gliding arc discharge
described by Burlica et al [6, 33]. The chemistry of atmospheric pressure glow
discharges (APGDs) operating with up to 1 % water vapour, on the other hand,
has been modelled yielding high energy efficiencies up to 10 g H2 O2 /kWh [39].
Thus two types of plasma discharges have been studied in this work: an APGD
and a DBD (similar to the ones used in literature). They were designed to allow
optimal spectroscopic access to study relevant plasma parameters. The approach
of using a glow discharge was taken as these discharges are homogeneous. Larger
volumes of gas are thus uniformly treated. This stands in contrast to intermittent,
transient microdischarges in a DBD. An global kinetic model [39] is applicable to
an APGD, allowing to connect experimental data with theoretical models. The
DBD approach was chosen to allow comparison between these fundamentally
different plasmas in the same research settings, using the same methods to deepen
understanding of H2 O2 production mechanisms. It was further motivated by the
excellent energy efficiencies reported by Zhao et al. [17] for DBDs.

Goals and research questions
• Establish dependencies of discharge power, humidity, gap width, residence
time, gas flow, and gas mixture composition on the energy efficiency of H2 O2
production.
• Validation of chemical reaction set compiled by Liu, Bruggeman and Iza [39]
for H2 O2 production in He - H2 O discharges.
• Determination of main loss and production mechanisms of H2 O2 .
• What is the role of discharge morphology on H2 O2 production and energy
efficiency?
• Assessing the differences between H2 / O2 and H2 O chemistry in the context
of H2 O2 production and evaluating the results of Zhao et al.[17].
• Is an integrated microreactor for the epoxidation of propene economically
feasible? What limitations can be identified and how can these be met by
improvements to our understanding of plasma chemistry, catalyst chemistry
or chemical reactor design.
8
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1.3

Outline of the thesis

The structure of this thesis is as follows:
• Chapter 2 describes experimental methods applied throughout this work.
It further contains basic design considerations for all plasma reactors used.
H2 O2 detection methods are described and discussed in detail.
• In Chapter 3 experiments conducted with the Atmospheric Pressure Glow
Discharge reactor are presented. This chapter aims to link experimental
results with a detailed model of the plasma chemistry, identifying the main
production and destruction processes involved with H2 O2 production.
• Chapter 4 introduces results obtained by a dielectric barrier discharge (DBD),
with a special focus on exact power measurements and a high experimental
reproducibility. The use of different background gasses allows to investigate
different discharge morphologies. Basic parameters of energy efficiency such
as gas flow, composition, humidity and discharge power are investigated and
can be compared to the glow reactor. H2 - O2 and H2 O chemistry is compared
in the same reactor.
• In Chapter 5 a DBD reactor with full spectroscopic access is described. OH
radical density measurements and gas temperature measurements are made.
The flexible design allows to investigate the effects of residence time, inter
electrode gap distance and electrode configuration on hydrogen peroxide
production in He / Ar - H2 O mixtures.
• Chapter 6 brings the DBD reactor described in Chapter 4 together with a
chemical microreactor for the epoxidation of propene. It aims to identify
issues and evaluate feasibility of bringing the DBD developed in this work
together with reactors built by D.M. Pérez Ferrández, who is also co-author of
this Chapter5 .
• In the Conclusion chapter, a summary and final conclusions of results are
presented. These involve both the results concerning the plasma physics and
chemistry as well as the considerations of the project.

5 D.M. Pérez Ferrández is the second PhD funded by the Technology Foundation STW working on the
epoxidation side of this project. Co-authored content is clearly indicated, Chapter 6 is also published in her
PhD thesis [2].
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Chapter 2
Experimental Methods

Abstract
This chapter introduces the methods applied to obtain the results presented in this dissertation. It introduces the energy efficiency η of the hydrogen peroxide production process in
a discharge as primary comparison parameter for fundamentally different discharges. Four
different plasma sources are presented and described in detail: a RF atmospheric pressure
glow discharge reactor, two kHz dielectric barrier discharge reactors and a dielectric barrier
microplasma reactor. The electrical characteristics of the sources including the energy
efficiency and the discharge power are discussed and differences in methodology between
the different setups are explained. Various approaches for determination of discharge gas
temperature are described. The detection of H2 O2 using a colorimetric method is discussed
and possible alternatives as well as both the advantages as well as possible shortcomings of
the used method are presented. Finally, the determination of OH radical densities using
Laser Induced Fluorescence is presented.

Chapter 2.

2.1

Introduction

A precise and clear understanding of plasma parameters is of key importance to
questions concerning plasma chemistry. The plasma sources used in this work
to investigate the chemistry of hydrogen peroxide (H2 O2 ) production have been
characterised in terms of discharge power, gas temperature and H2 O2 yield. Measuring these parameters has to be done with care as they are essential in comparing
fundamentally different sources with each other. Discharges in literature investigated in terms of their H2 O2 production cover a wide range of different excitation
methods, gas mixtures, configurations and may even be involving different phases,
such as in contact with liquid surfaces or with a fine aerosols of liquids.
As a consequence, the energy efficiency η of the production process is a key
parameter for comparison [14]. Using this parameter, it is also possible to make
simple estimates concerning the economic viability of a production methods and
is hence often used in comparative studies. The energy efficiency η is defined as
the ratio of product mass and the power consumed in the production process, thus

η=

mass produced
;
Power

[η ] =

g
;
kWh

(2.1)

(2.2)

The two key values for the energy efficiency are thus mass of H2 O2 produced
and the power required for the production. In this thesis, two fundamentally
different types discharges have been investigated: an atmospheric pressure glow
discharge (APGD) and dielectric barrier discharge (DBD). These require a different
approach to determine the power as described in the subsequent sections of this
Chapter. In all reactors, the same method to H2 O2 detection method was used.
Another important parameter is the gas temperature (TGAS ). It can conveniently
be measured by means of optical emission spectroscopy on molecules found in
these types of discharges.
This Chapter will first provide an overview of the experimental setup and will
outline the basic approach to measuring plasma dissipated powers in both types of
sources. After that the methods for measurement of TGAS , H2 O2 densities as well
as a number of methods such as Fourier Transform Absorption Spectroscopy and
Laser Induced Fluorescence on OH radicals will be described.
12
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Figure 2.1: Schematic setup to illustrate the common parts of all sources
used in this work. The gases are mixed (1) and humidified (2) (Ar +
x % H2 O or He + x % H2 O) at room temperature. H2 /O2 mixtures are
premixed and bypass (2). Gasses are fed to plasma reactor via a traced line
(3) and the effluent gas is led to a detection vessel (4).

2.2

Plasma Geometries - Experimental Setups

This section aims to introduce the variety of plasma reactor setups used in this
work. These reactors were developed specifically for this thesis and have a basic
section in common. A schematic description of the experimental setup can be seen
in figure 2.1.
The setup common to all reactors is described in the following. A set of mass
flow controllers (Brooks 5800, 10 slm and Brooks 5850, 300 sccm) are used to control
the gas flow and admixture concentration to the reactor (see (1) in figure 2.1). Gases
may be humidified with the help of a water bubbler (250 ml, Duran (2) ), enabling
to add up to 2.7 % ± 0.3 % water vapour to the total gas flow. The humidification
vessel is placed in a container filled with tap water for thermal stability with a
thermocouple inserted into the vessel measuring the liquid temperature. The
discharges are generated in either humid argon or helium, or using buffered, nonexplosive H2 /O2 mixtures. The design of the reactors, their equivalent circuits and
power supplies (3) are described in the following subsections.
Typical flows through the system are 2 slm. Assuming the gas flow passing
through the bubbler is saturated with water vapour at room temperature, the
water vapour concentration that fed to the reactor can be controlled by varying
13

Chapter 2.

the humid fraction of gas (F2 ) with respect to dry gas fraction (F1 ). The saturated
water vapour pressure Psat may be calculated from F2 using the Antoine equations
[40] and the temperature inside the bubbler. The water concentration C may be
determined by the ratio of Psat to the pressure in the reactor, Psystem (atmospheric
pressure)

C=

Psat
Psystem

F1
.
F1 + F2

(2.3)

Leaving the vessel, the gas feed lines are traced and kept above room temperature to avoid condensation. The effluent gas is bubbled through a detection
solution allowing to measure H2 O2 densities, (4) in figure 2.1. The H2 O2 yield is
by measuring the colour change due to the reaction of hydrogen peroxide with
an ammonium metavanadate solution (NH4 VO3 ) in the liquid phase [41], as described in section 2.5. A blue diode (LED450-06, Roithner LaserTechnik GmbH)
is used as the light source for the absorption measurements. The light passing
through the absorption cell is detected by a low resolution UV-VIS spectrometer
(Avantes AvaSpec-USB2 Fiber Optic Spectrometer). The stability of the light source
is monitored simultaneously by a similar spectrometer (Ocean Optics HR2000).

2.2.1 The Atmospheric Pressure Glow Discharge Reactor (APGD)
In case of the APGD, the plasma is a capacitively coupled RF atmospheric pressure glow discharge operating at ambient pressure as investigated in [42, 43]. In
this configuration, the plasma is an APGD which can operate in He with small
admixtures of molecular gases such as H2 O. Similar sources have been reported
in the literature [44, 45]. The reactor consists of two stainless steel electrodes (35
mm × 5 mm) positioned adjacently to form a 1 mm gap in between. Both ends
of the electrodes are rounded off to avoid high local fields and breakdown at the
edges of the gap. The discharge reactor dimensions and its range of operational
characteristics are listed in table 2.1. The reactor design is detailed in figures 2.2
and 2.3. The reactor allows visual access via side windows made of quartz. These
are sealed against the body of the reactor with sets of two O-rings, one sealing the
window against a lid, the other sealing the lid tightly against the reactor body. The
body is made of machine cast PVC. More technical drawings of the APGD can be
found in the Appendix.
The RF power is generated by amplifying the RF signal generated by signal
generator (Power Amplifier E&I AB-250 and Agilent 33220A 20 MHz Arbitrary
Waveform Generator). A bidirectional coupler with thermal probes (Amplifier
Research PM2002) to monitor forward/reflected power is placed between the
amplifier and the matching network, which is necessary to efficiently couple power
14
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Figure 2.2: Construction view of the APGD reactor: gas enters through a
SwageLok connection (1) between the electrodes (2). The quartz windows
(4) of the reactor are sealed against the lid and the body (3). Gas leaves
reactor towards detection through a heated pyrex tube (5).

Figure 2.3: Electrical equivalent circuit of the APGD reactor: PM denotes
the powermeter, Matching the matching network. I and V are current and
voltage probes, respectively, TK-80BK A a thermal probe inserted into the
grounded electrode.

into the reactor. The matching is achieved with a home made coil, which consists
of a wire wound around a 10cm piece of PVC tubing. In this case, no capacitor to
ground was used to simplify current measurements. A current monitor (Pearson
2877) and a voltage probe (Tektronix-P6015A, I and V in figure 2.3) are used
to monitor current and voltage (VI) signals in conjunction with an oscilloscope
(Agilent Technologies, 250 MHz, 2 GSa/s). The APGD is operated around 10
15
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Table 2.1: Dimensions and operational characteristics of the reactors developed for this work.

electrode length
electrode width
gap
plasma volume
flow rates
water concentration
diss. plasma power
Operation: continuous
modulation frequency

APGD
35
5
1
175

1-4
9.55 MHz
20 kHz

DBD I
DBD II
38
5 - 92
9
12
1
0.5 - 2
342
60 - 1073
0.5 - 4
0.5 - 3
0.1 - 4
0.5 - 10
22.5 kHz
not modulated

[mm]
[mm]
[mm]
[mm3 ]
[slm]
[% of flow]
[W]

MHz, with 0.5 W to 4 W dissipated plasma power. The operational frequency may
vary within 1 MHz, depending on gas mixture and water concentration to obtain
optimal matching conditions.
The discharge can be operated with power-modulation (on-off) of the RF power
using an additional signal generator to modulate the amplitude of the RF signal
produced by the primary signal generator. The duty cycle of the modulated (20
kHz) signal is varied from 100 % down to 20 %, with a precision of around 1 %.
Below 20 % the discharge becomes increasingly difficult to operate stably and
measurements become less reproducible.

2.2.2

The Dielectric Barrier Discharge reactor (DBD I)

The first of the Dielectric Barrier Discharges used in this work is referred to as DBD
I1 , to denote the initial design. Version II is described in the following section. The
DBD concept is well known and has been investigated extensively [48], e.g. in the
context of ozone production. First investigations have been conducted in 1857 [49].
In a DBD, one or both electrodes are covered with a dielectric limiting the current
transport through the plasma. At early stages of breakdown, the discharge is
similar to breakdown between to metallic plates. At atmospheric pressure, electron
avalanches build up charge very quickly, constrict and cross the gap as streamers.
These are uniformly distributed over the discharge surface, and upon reaching
the other adjacent dielectric surface, almost instantly disrupt again. The charge
deposited by one of these microdischarges becomes an important parameter. As
the surfaces are dielectric, the quick rise in surface charge disrupts the local field
in an area larger than the filament itself. This effect limits the lifetime of such a
1 The DBD I is an improvement of an initial design used by two bachelor students who contributed to
this thesis [46, 47].
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Figure 2.4: Construction view of the DBD I reactor. The reactor body is
made of pyrex, on to which the electrodes are painted using silver paint (3).
Electrical connections are made using brass spheres (2). Gas supplied is to
the reactor (1) and exits towards detection (4) in glass capillaries.

Figure 2.5: Electrical equivalent circuit of the DBD I reactor: measuring
the voltage across a capacitor in series with the reactor (LV) and across the
entire system (HV) allows the deduction of the power.
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filament to a few nanoseconds and the comparably slow dissipation of the surface
discharge inhibits the formation of a new filament at the exact same location in
subsequent periods [50, 51].
It is possible to excite a discharge using a kHz AC power source (Amazing1
Plasma Driver, 22.5 kHz). The dielectric used here are sheets of 1 mm thick pyrex
glass, stacked to form a gap of 1 mm between the glass plates as seen in figure 2.4.
The conductive electrodes are layers of silver paint (3) painted onto the reactor.
Electrical connections are made with the help of brass spheres (used for making
high voltage connections) glued to the silver layer (2). The plasma is excited in
the feed gas supplied to the reactor (1) and completely fills the discharge chamber
below the electrodes.
To avoid corona discharges in air at the edges of the electrodes, layer of silicon
rubber glue was applied on the outside of the reactor covering the conductive
silver layer. Temperature measurements of the silver surface using an infrared
spectrometer suggest they do not heat up significantly in typical operational conditions, ranging from slightly above room temperature at low powers ( < 1 W), to
about 68° C at high powers ( > 5 W). The dimensions and characteristics of the DBD
I are listed in table 2.1, more technical drawings can be found in the Appendix.

2.2.3 The improved Dielectric Barrier Discharge reactor for spectroscopic access (DBD II)
The DBD II reactor was constructed with lessons learned from the DBD I reactor
design and the construction of the RF APGD:
• The sandwich construction of the DBD I sealed the reactor efficiently, however,
both visible and spectroscopic access were limited.
• As the glass layers of the DBD I were heated in the glueing progress, the
transparency in the UV range changed and was too poor for measurements
below 350 nm.
• On the other hand, the window sealing mechanism from the RF discharge
was improved (larger and deeper grooves), while the complete frame was
enlarged to minimize the chance that the plasma can heat up the the entire
reactor body.
• At temperatures of around 90 C, the PVC slowly deforms, hence cooling for
longer operational times was considered.
• In order to be able using absorption methods such as Laser Induced Fluorescence, the gas in and outlet were redesigned.
18
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Figure 2.6: Top and side view of the DBD II. Gas is fed to the reactor (1)
between the two electrodes. The HV electrode (2) cannot be moved, while
the position of the grounded electrode (3) can be adjusted freely. Both electrodes can be cooled by separate cooling circuits (4). The windows (5) seal
quartz windows to the frame of the reactor in a similar fashion as in the
APGD.

These considerations allow for varying discharge parameters over a wider range
of possibilities within the same reactor2 .
One of the prime features of this setup is that the gap between the electrodes
can easily be varied. The large upper electrode allows seamless scaling of the
gap while keeping as parallel as possible. Both electrodes (HV (2) and grounded
(3) electrode in figure 2.6) can be cooled ((4) in figure 2.6 and (8) in figure 2.7).
The grounded electrode was designed such that the total length of the electrode
may be varied from 100 mm down to 5 mm. The gas in- (1) and outlets (6) in
figure 2.6 allow a laser to pass through the length of the reactor unperturbed. The
observation windows (9), sealed using o-rings in a similar design to the APGD
reactor described in section 2.2.1, are made of quartz.
It should be noted that cooling the setup was determined unnecessary at a later
point (see Chapter 5); thus the electrical equivalent circuit of this setup is similar to
the one of DBD I in figure 2.5 in absence of water.
2 Its characteristics, design evaluation and hydrogen peroxide measurements were subject of a Master
thesis by L.P.T. Schepers [52] and are compared to other reactors in this work in table 2.1
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Figure 2.7: Cross section and detail view of the DBD II. (7) is a screw connection to the power supply. Both electrodes are hollow to allow for cooling (8). The quartz windows (9) are sealed by o-rings to the frame and the
windows (11). The grounded electrode surface (10) is a 1 mm pyrex glass
with a painted silver electrode, similar to the DBD I.

2.2.4

Microreactor

The framework for funding this thesis aimed to develop an “integrated micro reactor”
for the epoxidation of propene (also see Section 1.2 on page 3). The cooperation
partners involved in this project 1.2 and their know-how made exploring the option
of a literal micro reactor feasible. Thus a glass chip originally intended for a liquid
phase chemical reactor project by the company Lionix was used to design a micro
reactor setup, seen in figure 2.8. A holder was designed to allow applying high
voltages across the chip supplied by a kHz AC power source (Amazing1 Plasma
Driver, 22.5 kHz). A metal rod ((1) in figure 2.8) served as high voltage electrode
on one side of the chip. To avoid breakdown between HV electrode edges and the
space between rod surface and the glass chip, the setup was placed in a oil bath
which also acted a thermal sink. In this configuration, the high voltage electrode
covered 70 % of the channels inside the chip. The gas supply was attached using
flexible teflon tubes glued into the body of the holder (2)3 .
The micro-channel inside the glass chip is 300 µm by 150 µm and has a total
3 More

details on the construction are fund in the Appendix.

20

Experimental Methods

Figure 2.8: Microreactor: to generate a discharge inside a micro-channel
of a glass chip (thin dotted line inside 4), the setup is immersed in an oil
bath covering both HV electrode (1) as well as the grounded electrode (3).
Microflow connectors (2) feed gas to the microchip through channels inside
the reactor body made of PVC (5).

length of 300 mm. The chip is square shaped with 22.5 mm length and is 1.5 mm
thick, as seen in figure 2.9. To keep the pressure drop in this system within reason,
low gas flow rates (~300 sccm) and good connections to the inlets of the chip (6) are
required. A frame made of PVC (1) serves as connection piece for both gas supply
as well as gas exhaust, with o-rings between frame and chip (2) sealing the micro
channel entrances. In order to be able to observe the discharge, a stainless steel
membrane (4) was chosen as grounded electrode which was secured tightly to the
chip by a frame (5) screwed into the PVC frame of the chip using nylon screws.
It is possible to visually observe the plasma inside the micro-channels. The
plasma was confined to the area directly covered by the HV electrode, and would
extend beyond that through the gas in the channel at higher voltages. However,
several challenges were identified in this approach:
• Pressure drop across the system: for the gas to exit the micro reactor at atmo21
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Figure 2.9: Explosion view of microreactor holder (1) and detail of chip
with micro-channel: the system is a sandwich construction pressing the
chip (3) against a set of o-rings (2) to seal the gas feed openings (6) with the
help of window screwed (5) down into the body of the holder. A stainless
steel mesh inserted between window and holder body is used as grounded electrode (4). It is fine enough to be visually transparent, allowing to
observe the discharge.

spheric pressure, even at very low gas flow rates of 100 sccm, the connections
to the microchip holder are exposed to high pressures of above 5 bars. This
poses problems with the gas delivery system, both for the mass flow controller and the humidification systems, which were not designed to be leak tight
at pressures above 4 bar. While this approach worked temporarily, a better
solution must be found for continuous operation.
• Using low flow rates such 100 sccm pose a problem to both humidification
system as well as to detection of H2 O2 : the low gas flow has to overcome the
weight of the deionized water column in the bubbler and similarly displace
the detection liquid in the detection vessel. While the humidification can be
performed with a CEM system (Controlled Evaporation Mixing system as
used in [53, 54]), the detection vessel would require major redesign for this
purpose.
• Long detection times: in the DBD I and APGD reactor cases, individual
measurements at flow rates of 2 slm required between 20 to 40 minutes for a
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stable signal. At the flow rates achievable in this case, detection times of over
10hrs would be needed for the same volume of detection liquid.
Despite the identified challenges, the microreactor was run continuously at maximum powers for over four hours on several occasions. Smaller detection liquid
volumes where used in order to compensate for long detection times (assuming
same absorption path lengths, a significantly smaller detection liquid volume reacts
more sensitively to the same amount of peroxide passing through the cell). In all
attempts, no H2 O2 was detected. The complete lack of any absorption signal in
combination with the experimental challenges mentioned above led to the decision
not to continue with the microreactor approach.

2.3
2.3.1

Power Measurements
Power determination in APGD

The APGD is a capacitively coupled RF glow discharge operated by amplifying
the RF signal generated by a signal generator and using a matchbox to couple the
power into the reactor. As described in [55], the conventional approach to measure
power by
P=

1
T

ˆ
U (t) · I (t)dt,

(2.4)

can be strongly influenced by the capacitance introduced by the voltage probe in
the circuit. This changes the impedance of the setup and thus also the coupling of
the power into the system, reducing our matching network to a simple coil. The
use of a high power RF source for operations at low power made matching this
system very challenging and had to be considered for the reproducibility of power
measurements.
Thus a power meter was used in addition to the current and voltages probes.
This bidirectional coupler was used to obtain both reflected and forward power
using thermal probes between power amplifier and matching box. To calculate
the power dissipated by the plasma alone P plasma , it is necessary to correct the
measured forward power going into matching box and the reactor, P applied , for
losses in the matching box. It can be assumed this is heat dissipated in the resistance
the coil represents. The same heat dissipation was observed at the same applied
current for both cases with or without a plasma (gas flow only). This was observed
over the whole operational range (up to 150 mA IRMS , warming 25 K to ∼329 K
over a range of 45’).
Thus an approach as used in the similar case of [55] may be chosen:
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Figure 2.10: Total applied power in case of pure He (labelled He), He + 0.7
% H2 O and losses in the matching circuit (plasma off).

P plasma ( IRMS ) = P applied ( IRMS ) − Pmatch ( IRMS ),

(2.5)

Pmatch ( I

with
RMS ) being considered as heat losses in the coil and IRMS the measured current root mean square. With all losses established as a function of the
applied RMS current, it was possible to set and monitor specific dissipated plasma
powers, P plasma ( IRMS ). This method is later referred to as subtraction method. All
powers used as parameters and discussed in this report are the plasma dissipated
power, unless indicated differently.
To illustrate the power measurements, figure 2.10 depicts all constituents: the
total applied power to the system P applied ( IRMS ) and the power losses dissipated
in the matching box Pmatch ( IRMS ). The dissipated plasma power is the difference
between the total applied power and losses in the matching box. P applied ( IRMS ) is
typically in the range of 0.2 - 7 W, resulting in up to 4 W plasma dissipated power
after correction for Pmatch ( IRMS ). Power dissipation at the upper end is limited by
a transit to arcing.

2.3.2

Power determination in Dielectric Barrier Discharges

Both DBD sources are described in detail in sections 2.2.2 and 2.2.3, and basically
consist of parallel electrodes covered with dielectric plates powered by sinusoidal
voltage in the kHz range. The dielectric barriers in this case give rise to the filament24
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Figure 2.11: Current voltage signal (left) and Lissajous figure (right) of He
+ 2.5 % H2 O at different powers (fit of slope AB: 4.4pF)

ary nature of DBD at atmospheric pressure and high water vapour concentrations
(above 0.5% admixtures, see chapter 4). The presence of filaments can be seen
as typical current spikes in the current / voltage graphs, as in e.g. figure 2.11.
Measuring the current of an individual filament require probes with very low rise
times to be resolved without ringing (below 1 ns), as seen in the current waveform
showing many individual, overlapping peaks. Thus the conventional approach to
calculate the power as in equation 2.4 can not be applied. A solution to this was
introduced by Manley [56] and has been applied for discharges similar to the ones
in this work for decades.
The method uses a measurement capacitance in series with the plasma source,
forming an electrical equivalent circuit of two capacitances in series. If the measurement capacitance Cm is much bigger then the capacitance of the DBD, the influence
of the measurement capacitance on the whole system is negligible. The charge
Qm measured across the measurement capacitance represents the same charge as
on the plates of the DBD. The current through the measurement capacitance is
physically integrated, and hence short current pulses of all filaments are correctly
included in the power measurement, without resolving them individually.
The charge is determined by
Qm = Cm V,

(2.6)

and can be measured by current and voltage across the measurements capacitance. Plotting the sinusoidal high voltage driving the plasma against the charge
will result in a symmetric figure due to the periodic nature. Such a plot is commonly referred to as Lissajous figure. Actual figures are shown in figure 2.11. In
this case, they closely resemble an ideal Lissajous figure. The slopes A-B and C-D
correspond to the capacity of the DBD itself if there is no discharge present. The
slopes B-C and D-A correspond to the capacitance of the DBD in the presence of a
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Figure 2.12: Calculating the power dissipated in the DBD using Manley’s
method [56]. In (a) P applied and losses of the DBD I as a function of applied
current RMS can be seen. The losses cannot be measured beyond a certain
current RMS without lighting a plasma in air. In (b) the comparison of
calculated and measured current in case of the DBD II, and capacitance
of the DBD derived from it, show no significant difference between the
methods.

discharge. Integrating over the area enclosed by the figure represents the energy
dissipated by the discharge during a full period, and thus

P applied =

1
T

ˆ
Qm dt.

(2.7)

This is a simple method for measuring the applied power to the system. In
order to obtain the plasma dissipated power, the same approach as in the case of
the APGD has been chosen: as function of current RMS, the applied power can be
corrected for the corresponding losses at the same current (see equation 2.5). This
approach is discussed in detail in Chapter 5.
In cases were it is not possible to monitor the current and the voltage simultaneously, the current was by measuring the voltage across the measurement
capacitance and calculation of the current. As seen in figure 2.12(b), the difference
between measured and calculated current at highest voltages is found to be below
8 %. This has little influence on power measurements at operational voltages.
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2.4

Gas temperature measurements

In this work, a number of methods have been explored to obtain the gas temperature, depending on discharge nature and the experimental design of the reactors.
This parameter is not only crucial to understanding the plasma chemistry, but
especially important to H2 O2 production as the molecule is known to thermally
dissociate at temperatures above 450 K. Optical emission spectroscopy (OES) can
be used as a measure of the gas temperature T G [57]. It is widely used as it is a
non-invasive method [58, 55] using rotational spectra of molecules such as N2 ,
N+ 2 or OH for temperature determination [55, 42].
Due to differences in reactor design, OES was not always possible and methods
differ from reactor to reactor.

Gas temperature determination in the APGD
Two methods were applied in conjunction to determine the gas temperature of this
source: OES using the rotational bands of N2 (C-B) at 337 nm (2.13(c)) and using a
thermocouple (Fluke 80BK-A type K) inserted into the grounded electrode of the
reactor (see figure 2.3 more details).
For OES, an optical fiber was used to collect emission spectra from the plasma
and coupled to a spectrometer (Jobin Yvon HT-1000 monochromator) to measure
the N2 spectra. An addition of 0.2 % N2 relative to the total gas flow was added
to improve the signal to noise ratio. This small addition slightly changed plasma
colour, however, there was no detectable change in current-voltage signals or
applied power. It can be expected that this admixture is sufficiently similar in
gas temperature to the mixture without N2 . The obtained emission spectra were
compared to synthetic spectra from Specair [59] using an experimentally obtained
slit function (by measuring the broadening of a Hg I line obtained at 312.56 nm
from a low pressure mercury lamp). In figure 2.13(a), a spectrum of a discharge at
2 slm with 1 % water is plotted with 3 different simulated spectra. Even though the
spectra seem to suggest a TGAS = 360 K ± 10 K. Slight variations in the slit function,
the signal to noise ratio and background subtraction can enlarge this error to even
± 25 K.
As the changes in gas temperature of the plasma in this work are also in the
order of 30 to 60 K, this method provides only little information on effective
temperature variations in our case. Clear differences between various settings such
as low power, low water concentration and high power, high water concentration
mixtures could be expected and should be detectable reliably.
Thus the alternative method of using a thermocouple inserted into the grounded
electrode of the reactor was explored. The thermocouple calibration was validated
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using boiling water and water ice. The reactor electrode reached its steady state
temperature within ∼50 min (see figure 2.13(b)), with fluctuations of around ± 0.2 K
and a reproducibility in the range of 2 - 7 K. Gas temperatures using OES generally
yield a 10 - 30 K higher TGAS than those obtained thermocouple measurements
(figure 2.13(c)). This is to be expected as a thermal gradient between the bulk of the
plasma and the interior of the electrode needs to be present to ensure heat removal.
At typical operational parameters for the APGD both methods concur within 10 K.

Gas temperature in the Dielectric Barrier Discharges
OH(A-X) emission band can be used to determine the gas temperature of plasmas in
presence of water. Different rotational transitions of the spectrum of OH(A-X)(0,0)
can be resolved and the relative intensities can be used to obtain the rotational
temperature.
In case of the DBD I source described in section 2.2.2 was not accessible to OES
with a reasonable signal to noise ratio. Using a thermocouple, the temperature
of the electrode on the outside of the DBD I was measured to be around room
temperature for most of the operating range. Operation at very high powers well
beyond the operational limits heat the electrodes up to 320 K.
Thus the improved reactor build for Laser Induced Fluorescence (LIF) measurements (chapter 5) was used for TGAS measurements. Recorded fluorescence
intensities from the excitation of different rotational transitions can be used for
Boltzmann plots to obtain TGAS as described in [60, 53]. A concise description of
the method can be found in Verreycken et al [61, 53]. Spectra simulation programmes
such as Lifbase [62] can be used to simulate theoretical spectra for various rotational
temperatures, allowing to fit measured spectra. The Boltzmann method requires to
use of a high resolution spectrometer to resolve the measured intensities Ii of the
excited level i of a OH molecule,

Ii ∝ (2Ji + 1) Bi exp(

Ei
)
k B Trot

(2.8)

In this relation, Ji is the total angular momentum of level i, Bi the corresponding
Einstein B coefficient [63], Ei the rotational energy of that level from [64], k B the
Boltzmann Factor and Trot the rotational temperature. A typical Boltzmann plot
from LIF can be seen in figure 2.14.
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Figure 2.13: Comparing gas temperature measurement methods. TGAS obtained using the rotational band of N2 (C-B) at 2 slm He + 1 % H2 O + 2 sccm
N2 in (a). TGAS measured inside the grounded electrode is plotted in figure
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360 K ± 25 K.

29

250

Chapter 2.
10.0
LN(I/(2J+1)B)
Polynomial Fit of Sheet1 LN(I/(2J+1)B)

9.5

ln( I /(2J+1)B)

9.0

8.5

8.0

7.5

7.0

0

100

200

300

400

500

600

-1

E (cm )
i

Figure 2.14: TGAS measurements using OES spectroscopy on OH in the 0.5
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T GAS = 318 ± 26 K.

2.5
2.5.1

Hydrogen peroxide detection
Background

H2 O2 production in the gas phase is one of the goals of this work. However,
the detection of H2 O2 in the liquid phase is well established and, depending on
the applied method, can be performed with high sensitivity towards H2 O2 . A
number of well established detection techniques in chemistry take advantage of
the strong oxidizing properties of H2 O2 . Reduction/oxidation titration methods
detect concentrations of reaction products, where the reaction is marked visually
by a colour change of an indicator solution. However, standard methods such
as iodometric titration [65] or permanganate titration [66] also have a rather low
sensitivity and are mostly suitable for higher concentrations of H2 O2 .
As these methods are also known to interfere with other active species in the
liquid phase, they have not been considered in this work. Other alternatives to the
liquid phase detection are discussed in section 2.6. A good overview of alternative
spectrophotometric, fluorescence or chemoluminescence method can be found in
[67].
From spectroscopic methods used for the detection of low concentrations
of H2 O2 , a colorimetric method using a solution of ammonium metavandate
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(NH4 VO3 ) was chosen. The reduction of VV to VVII induces a colour change from
yellow to orange, with its maximum intensity at a wavelength of 450 nm as reported in [41]. The method has been shown to be highly selective to H2 O2 in the
presence of many other reactive species such as Cl− , NO3− , Fe3+ and FeOx with a
reported detection limit of 0.143 µmol/l. Possible issues with selectivity are further
limited as the effluent is not in contact with air until after it left the detection. Due
to the reported stability of the NH4 VO3 solution over 180h, its high selectivity it
was chosen as primary method in this work.
Recently, it has been shown that a continued exposure NH4 VO3 by NO2 reverts
the colour change used for absorption in this work [68]. This decolouring effect is
visible in figure 2.16, leading to a negative production in the first few minutes due
to residue air in the system (mainly from the humidifier) which gives rise to NOx
as shown in the case of [69, 70].

2.5.2

Theoretical Background

The concentration c of H2 O2 absorbed by the detection liquid and leading to a
change in absorption signal, can be determined using the Beer-Lambert Law
I = I0 e−εcd

(2.9)

with I/I0 being the ratio of measured to reference intensity, d the optical absorption
path length and e the molar extinction coefficient of the detection liquid as reported
in [41]. For every measurement run, the first obtained spectrum is used as a
reference signal. Solving the equation for c, the H2 O2 yield (in [mol/l] in a sample)
can be obtained for each measurement:
c=−

1
I
ln( )
εd
I0

(2.10)

Performing a measurement every minute results in a graph like in figure 2.154 .
The slope of a linear fit of these individual measurements is the H2 O2 yield in
[mol/l·min] in the detection volume. Combined with the measured plasma power
the energy efficiency η in units of [g/kWh] can be calculated. All measurements in
this work have been performed using this method, and the actual [mmol/l] are
representing the concentration per sample volume. Transforming this concentration into molar densities and considering the flow through the system allows to
calculate gas phase (volume) densities of hydrogen peroxide, n H2 O2 in [ppm].
4 It should be noted that the graph in figure 2.15 is obtained with a different matching box used for
development of the APGD and the detection method. Another system was used in Chapter 3 and for
publication purposes.
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Figure 2.15: An example for the peroxide yield measured with 2.6 % water
concentration as a function of time and at different the total flows.

The plasma was switched on at least 15 min before measurements to allow the
setup to reach operational temperatures, to stabilize the discharge and to avoid
thermal drift of the setup which could have an influence on the power consumption
of the setup.

2.5.3

Influences on detection

Possible influences on the detection efficiency of this method were scrutinized to
ensure the reproducibility of results. Several parameters have been established
in the search of improving both detection limits as well as reproducibility of
measurements:
1. Capturing vessel: Conventional optical absorption vessels are often meant
for single measurements. One sample is measured at a time, the whole vessel
and the entire sample are replaced. To allow continuous measurements, a new
vessel was designed where gas may continuously enter, without disturbing
the detection measurement. The details of the new vessel used throughout
this theses are found in figure 2.16(c). This design eliminates possible sources
for errors. such as imprecision in sample volumina, cross contamination or
detection liquid loss (spilling). In addition, the automation of the detection
process increased the number of measurement points from 5 to over 50. Both
methods are compared in table 2.2.
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Table 2.2: Comparison of detection vessel to conventionally available
equipment.

path length
min. detection volume
sample method
automated measurements

O CEAN O PTICS
50 mm
10 ml
dilution
no

NEW VESSEL

27 mm
25 ml
automatic
yes

2. Absorption path length and vessel design: The same sample of diluted H2 O2
was measured using two detection vessels with 50 and 28 mm absorption
path length as depicted in figure 2.16(c) on the following page. Several
batches of detection solution with different age were available at the time of
this comparison, allowing to investigate if the age of the detection solution
has an influence on detection sensitivity. As seen in figure 2.17(a) on page 35,
the same concentration is measured in both vessels. The age of the detection
solution does not seem to influence the concentration measurements either.
3. Gas mixing in capturing vessel: Effluent gas from the reactor enters the detection vessel through a fairly large gas sieve in the bottom, forming bubbles
and interacting with the liquid in the volume above. The efficiency of molecules passing between the phases depends on surface to volume ratio of
the gas bubbles and the time these spend rising through the liquid column.
To establish if there are any losses of H2 O2 molecules, two recipients were
placed in series. The first vessel (bubbler 1 in figure 2.16(d)) was exposed to
effluent from the reactor while the concentration of H2 O2 was measured in
both vessels simultaneously. No absorption signal was detected in the second
vessel as seen in figure 2.16, even after a measurement time 4-5 times longer
than the usual measurement times.
4. Condensation: At certain relative humidity and room temperatures of the
laboratory, water vapour may condense on the inside of the tubing and the
detection vessel. It was observed that a fine film of condensation in the
detection vessel can strongly influence results. H2 O2 may be captured in thin
liquid films prior to reaching the detection vessel. These absorb H2 O2 well
and may saturate with H2 O2 and after some time, thus no longer directly
influencing the ongoing measurement. However, laboratory conditions are
not stable during the course of the day, triggering a release of H2 O2 stored
in these films. In order to avoid contamination of an ongoing measurement,
the gas feed lines leading to and from the reactors ((3) to (4) in figure 2.1 on
page 13) were traced and kept at temperatures above 40 C.
This solution, however, exposed the detection liquid to a considerable amount
of heat as the inlet into the detection vessel had to be traced carefully (flow
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Figure 2.16: Detection vessel design and light source considerations. In
(a) the stability of the light source used in this work is compared to a conventional halogen lamp. Using an improved capturing vessel (left in (c)) instead of commercially available cuvette for optical absorption spectroscopy
(on the right in (c)) allows automatic measurements but raises questions on
the importance of gas mixing in the vessel. Results in (b) indicate that no
H2 O2 is detected in the new absorption setup when measured as depicted
in (d).

cooling leading to condensation). It was found that additional heat dissociates
the peroxovanadium compound (figure 2.18(a)) and may, in turn, influence
the detection. Frequent measurement breaks and careful replacement of the
detection fluid were thus necessary to avoid excessive heating.
5. Light source stability: Due to their high stability in light output intensity,
a LED was chosen as light source over conventional halogen lamps. The
chosen blue LED (LED450-06, Roithner LaserTechnik GmbH, maximum light
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Figure 2.17: Characterisation of the detection vessel developed for OAS
measurements with standard cuvette (a). Shorter absorption path length
and rounded access windows of new detection vessel are not influencing
detection sensitivity. However, due to the smaller volume of the standard
cuvette, the detection solution saturates at lower absolute concentrations
of H2 O2 than in the new vessel. The age of the detection solution is not of
great influence in our case (b).

intensity around 450 nm) fluctuates on average below 0.3 % in its intensity
(below 0.2 % during one set of measurements), while a halogen lamp can
fluctuate by as much as 6 %. This improves the signal to noise ratio, allowing
for significantly shorter integration times and higher reproducibility. In
cases with low production yield, the signal stability was further improved
by the use of a bifurcated cable (Avantes 112 FCB UV600) and an additional
spectrometer (HR-2000 Ocean Optics) monitoring the stability of the LED
directly, thus allowing to correct the absorption signal for fluctuations or
drifts of the light source (scripts in Matlab for post processing found in [52] ).

6. The detection limit in the case of the example provided in figure 2.15 is
0.150 ± 0.1 µmol/l, which is around 5 ppb in the detection volume. As seen
from figure 2.15 the measurement yield was in the order of [mmol/l], thus a
factor 103 above the detection limit.
The reproducibility of the c H2 O2 measurements are within 10 % . The errors in
this work are thus determined by the discharge conditions and not by the detection
methods.
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Figure 2.18: Detection vessel temperature influences H2 O2 detection (a): a
drop of H2 O2 added to three different samples of detection solution, causing the reduction of the initial (reference) signal by ~ 45% (formation of reddish peroxovanadium compound). Sample one (top, red), is heated to 65 C
leading to dissociation of the peroxovanadium compound (“negative” absorption signal). At room temperature (centre, blue), the compound slowly
dissociates over time. A preheated solution of 65 C (bottom) does not react
to H2 O2 at all (constant 0% absorption signal). Temperature gradients in
the system may lead to condensation of effluent pior to reaching the detection solution (b).

2.6

Alternative H2 O2 detection methods

A number of alternative H2 O2 detection methods have been considered initially as
an alternative to the ex-situ optical absorption method described in this section. The
main challenge to H2 O2 detection in the gas phase lies in detecting low densities
in-situ in the presence of water. While there are options, such as Fourier Transform
Infrared Absorption (FTIR), mass spectroscopy or gas chromatography, they are
generally challenged to detect H2 O2 in the order of 10 ppm, particularly when
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large water vapour concentrations are present in the plasma.

2.6.1

Cobalt carbonate solution and titration methods

Another alternative spectroscopic method for the detection low concentrations of
H2 O2 is based on a similar colorimetric reaction involving the oxidation of CoII
to CoIII [71, 72] in a concentrated bicarbonate solution. The cobalt(III) carbonate
complex ([Co {CO3 }3 ] Co) produces an intense green colour with several absorption bands in the visible (440 nm and 635 nm) and in the UV at 260 nm, with the
later recommended for analysis. While stability of the complex is debated [73, 71],
it has a reasonable detection limit for the method of 100 µg/L (US Peroxide). Due
to the high stability of the NH4 VO3 complex, it was given preference of the cobalt
carbonate solution.
Measurements in figure 2.17(a) were used to establish comparison of the metavanadate method to standard titration methods in chemical analysis.
• A well established method to determine H2 O2 concentrations in advanced
oxidative processes in industrial applications is the iodometric titration [65].
H2 O2 oxidizes iodide (I2 ) to iodine (I − ), which is titrated with thiosulfate
(S2 O3− ) and starch solution. The detection limits of this method lies around
0.1 wt % in the case of peroxide and is known to be both imprecise at low
concentrations and is subject to interferences by any oxidant from the effluent
of the reactor.
• As alternative, titration using a permanganate solution was tested. Similar to
the iodometric titration, this method relies on the reduction of the permanganate(VII) ion (MnO4− ) to the manganese(II) ion (Mn2+ ) as first described in
[66]. This reaction is bound to the same limitations as the iodometric titration
Both methods reproduced concentrations obtained by the metavanadate method
within 20 %, albeit at concentrations of three orders of magnitude higher than a
fully saturated sample. As both method require high concentrations and manual
labour, they were not considered as alternatives.

2.6.2 Fourier Transform Infrared Spectrometer/ Interferometer (FTIR)
Infrared absorption techniques are convenient tools to rapidly qualitatively analyse
absorption spectra of gasses or liquids with high sensitivities for molecular species
[74, 75]. Specifically in the case of hydrogen peroxide, detection sensitivities in the
order of 1 - 5 ppm of have been reported [76].
In our case, a multipass cell FTIR (Bruker Tensor 27 using a MCT/InSb-detector
D318/Z, spectral range 10.000-600 cm−1 ) has been used to analyse the effluent
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of both He-H2 O as well as He - H2 /O2 admixtures using the DBD I. For this,
the DBD I was attached to a multi-pass cell (MPC; variable long path gas cell
A135G/3Q, range 1.3-19.8 m) of 6.1 l volume using teflon tubing and a vacuum
valve. The MPC cell may be vacated of air using an oil free vacuum pump. At
pressures below 1 mbar, a valve towards the DBD I was opened and the effluent
gas from the plasma flushed the MPC chamber. Gold coated mirrors allow to
extend the absorption path length, thus measurements at various path lengths
with a maximum of 19.75 m were conducted. FTIR spectra obtained using this
technique without a plasma in operation in the DBD I were used as background
spectra before individual measurements. Similarly, a 0.2 m perspex FTIR cell was
used in continuous operational mode, meaning the effluent gas from the discharge
constantly replenished the absorption volume.
In the case of the experiments presented in this thesis, a strong signal from
the water in the humid gas posed a source of interference for possible signals
produced by peroxide due to the overlap of both signals. This is not surprising,
as water densities in the gas phase exceed H2 O2 densities [39] by a factor 104 . In
addition, metallic surfaces, specifically made of gold, are excellent catalysts H2 O2
dissociation. For the continuous mode perspex cell, the absorption path may have
been too short.

2.6.3

Gas Chromatography

Gas Chromatography (GC) is a very versatile technique in analytical chemistry.
Gasses or vaporised liquids enter the GC using an inert carrier gas (usually He
or N2 ) and are fed through a coated tube, usually made of either glass or metal
(often also referred to as column). Molecules from the gas are absorbed at different
points and times into the coating of the column. These times so called retention
times are characteristic for each species and allow for their identification. Various
methods may be used to detect the changes induced by the absorbed species, most
commonly based on changes in thermal conductivity (TCD, thermal conductivity
detectors) of the column.
This method is generally not used for H2 O2 , as the high temperatures in the
column of the GC dissociate H2 O2 . However, in the absence of O2 in the gas to be
analysed, H2 O2 may still be obtained as it dissociates into water and oxygen. In
our case, an online GC was tested with the DBD I reactor. As a GC cannot operate
at high gas flow rates (in this case > 100sccm) a measurement with comparable
production rates of H2 O2 would have taken several hours. In addition, the same
signal to noise ratio might be expected as in the FTIR case, with the abundance of
water masking the H2 O2 signal.
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2.6.4

Cold trap

In combination with experiments involving gas chromatography, the possibility
was tested to analyse the effluent gas by freezing H2 O2 out in a cold trap. For this,
a small vessel with heated in and outlets was cooled well below the melting point
of H2 O2 (-43°, cold trap at -100°) using liquid N2 . The design of the vessel was
adapted to flows for the GC, allowing for a very basic design and simple handling.
The cold trap was successfully tested, but faced the same limitations to flow as the
GC. After capture times of 5h, 8h and 12h liquid was collected. The volumes are in
line with the amount of water passing through the system in those times. H2 O2
was detected in none of the cases, using both ammonium metavanadate as well as
iodometric titration.
Both methods were not considered as primary detection methods for both the
long measurement times as well as their complexity.

2.7

Laser Induced Fluorescence on OH radicals5

The OH radical is the main source for the formation of H2 O2 and knowledge of OH
radical densities is thus one of the key parameters to understand H2 O2 chemistry.
At an excitation wavelength of ~ 283 nm, the density of OH nOH in the plasma can
be probed using linear Laser Induced Flourescence (LIF). Recently, a simplified
4-level model of LIF on OH was developed to calculate densities using Rayleigh
scattering in nitrogen as an absolute calibration method. This model has been
validated by Verreycken et al in similar conditions to the ones in this work [53, 77].
The LIF measurements are performed with fluorescence light created by the
P1 (2) transition, which occurs by exciting the f1 (2) rotational level of OH(X; n´´ = 0)
at 282.58 nm to the F1 (1) rotational level in OH(A; n´ = 1). The P1 (2) transition line
is clearly separated from neighbouring emission lines and involves the f1 (2) level,
which has the largest relative population of all rotational levels in the temperature
range 300 to 380 K[62]. All measurements in this work are performed in the gap
between the two electrodes of the DBD II reactor. The desired wavelength is created
by a frequency-doubled dye laser (Sirah CBR-LG-24-HRR), using Rhodamine 6G
as dye, pumped by a Nd:YAG laser (Edgewave Innoslab IS6II-E) at 532 nm at a
repetition frequency of 1 kHz and a width of 6 ns FWHM. Filters are used in any
measurements to avoid additional corrections and inaccuracies for the transmission
of the filter. The edges of the glass electrodes proved a strong source for scattering,
which was reduced by masking the laser beam on the outside of the reactor to
cover the electrode edges.
5 This section is a summary of a method described in more detail in the work of Tiny Verreycken PhD thesis
[53] at Eindhoven University of Technology.
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2.7.1

LIF theoretical background

The LIF signal, S LIF , is determined from images recorded with an intensified charge
coupled device (iCCD). These images recorded are not only the LIF emission but
also light emission by the plasma Sem , scattered laser light Sscat and the laser light
itself Sray . To understand the individual contributions to one image in composed,
the terms of the following empiric formula can help
Signal = Sem + Sscat + Sray + S LIF .

(2.11)

Corrections for the optical emission by the discharge and scattered light from the
laser can be achieved by subtracting images obtained at same laser wavelength
and discharge settings, by detuning the laser wavelength slightly to avoid LIF. This
is illustrated in figure 2.19.
This method requires water concentration, gas temperature and LIF signal
intensity as input. The latter is determined by averaging the signal of an area in
figure 2.20. The arrow indicates position and length of the grounded electrode,
while the grey blocks approximate the electrode gap. The segments a-e along the
electrode length indicate the distance from one end of the electrode to the other in 1
mm steps. Dimensions in the image can be estimated fairly precisely by calibration
of the pixel/length ratio. The horizontal lines indicate the FWHM of the laser beam
used to excite LIF as determined from Rayleigh scattering.
x
The x-axis here is assumed along the line of the electrode edge. S LIF
at a certain
position x of the image is found by plotting the LIF signal intensity as function
position on the y axis and limiting it to the FWHM6 of the laser. This results
in a bell shaped intensity distribution, which is symbolized by the inset in red
on the right of figure 2.20. The S LIF required as calculation input is the average
intensity obtained by summing individual intensities over an arbitrary length and
subsequent normalization over that length. An nOH calculated in this way thus
represents an average density of a defined section of the image. As seen from
figure 2.20, these densities can vary as e.g. sector c will result in higher nOH than
sector a or e. The experimental accuracy of this method is in the order of 20 % (see
[53] and also further).

The OH radicals in the excited state with a density of nOH ( A) ( x, y, z, t) [m3 ], are
the source for the measured intensity of the LIF signal (#counts) [78]
S LIF =

1
4π

ˆ
η

hc
n
( x, y, z, t) Adxdydzdt,
λ OH ( A)

(2.12)

where η in [#counts sr J−1 ] is a calibration constant that depends on the solid angle
6 The beam passing through the reactor in general has a FWHM in the order of 0.25 - 0.28 10−3 m, with a
beam cross section of 4.9 - 7.510−8 m2 . In comparison to these values, the average size of a single plasma
filament is around ~10−4 m.
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Figure 2.19: Illustration of LIF signal processing: raw image of 2 slm He
+ 0.63 % H2 O at (image #1, Sem + Sray + Sscatt + S LIF ), “background” light
with laser detuned from the P1 (2) transition line to avoid LIF (#2, centre,
Sem + Sray + Sscatt ) and the final signal used for the calculations a difference
(#3, S LIF ). The yellow bars indicate the position of the electrode dielectric
edges (1 mm apart), the arrow the approximate position and length of the
electrode.

Figure 2.20: Typical LIF image in Ar + 2.7% at 0.7 W, 0.5 cm electrode
length and 1 mm gap. The arrow indicates electrode length and position,
the white bars the FWHM of the laser and the grey blocks the gap width.
The inset on the right is a the result of plotting the intensity perpendicular
to the electrode.

and the efficiency of the detector, λ and A are the wavelength [m] and Einstein
emission coefficient [s−1 ] of the observed transitions, respectively. η is a constant
of the system and can be obtained by Rayleigh scattering (see below). A model
for the excitation from the ground state (OH(X) and de-excitation of the OH(A)
molecule involving 4 levels allows to normalize nOH ( A) ( x, y, z, t) to the density of
OH radicals in the ground state nOH ( A) /nOH (X ) .
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2.7.2

Rayleigh scattering for calibration constant η

Rayleigh scattering measurements in the same reactor at room temperature and
atmospheric pressure have been performed at a wavelength of 282.58 nm in pure
nitrogen. The Rayleigh scattering signal SRay (#counts) can be expressed as [78]
SRay = ηNn

∂ β=0 σ0
VRay IL t L
∂Ω

(2.13)

where the wanted unknown η is in [#counts sr J−1 ]. The density of scattering
particles is Nn (~2.5·1025 m−3 at 300K ), ∂ β=0/∂Ω in [m2 sr−1 ] the Rayleigh scattering differential cross section, VRay in [m3 ] the volume of the Rayleigh scattering
emission, IL in [Wm−2 ] the laser irradiance and t L in [s] the laser pulse temporal
length.
The cross section in equation 2.13 is the differential cross section for linearly
polarized incident light, as discussed in detail in Verreycken et al [77] as the same
setups and optics are used. The differential cross section is 8.8 · 10−31 m2 sr−1 .
The second part of equation 2.13 can be rewritten using the definition of laser
irradiance IL as a function of space and time. It is assumed that the energy density
follows a Voigt distribution f s (y, z) as described in [77] to account for the nonuniformity in space. Simplifying the expressions for both volume of the Rayleigh
EL
scattering emission to VRAY = A4 x and for laser irradiance IL = At
allows to
L
rewrite the expression for the Rayleigh scattering signal SRay to

SRAY = ηNn

∂ β=0 σ0
EL 4 x,
∂Ω

(2.14)

where 4 x is the length of the detection volume [m] and EL the laser energy per
pulse [ J].
The calibration constant η can then be determined from the slope α of the
measured Rayleigh intensity as a function of the laser energy per pulse times the
pressure

η = αk B T

∂ β=0 σ0
4x
∂Ω

 −1
.

(2.15)

To obtain the Rayleigh intensity SRay from the images, the FWHM of the
Rayleigh signal 4s is determined. The Rayleigh intensity within an area 4s · 4 x
is summed and plotted as a function of energy times pressure to determine the
calibration constant η (see figure 2.21).
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Figure 2.21: Linear fit of the Rayleigh intensity as a function of the energy
times pressure.

2.7.3 LIF calibration using a model for excitation and de-excitation
of OH
In order to obtain the number of exited OH(A) radicals from equation 2.13, a simplified 4 level model developed by Verreycken et al is used. The model simulates the
stimulated emission and the laser excitation from the ground level, schematically
illustrated in figure 2.22. It takes in to account vibrational (VET), rotational (RET)
and electronic (Q) energy transfer reactions, summarized in table 2.4, together with
the rates for total quenching (electronic + vibrational relaxation) of OH(A;ν’ = 0, 1)
and vibrational relaxation. The model further assumes thermal equilibrium of the
rotational states. The assumption can be made as RET is infinitely fast compared
to quenching, emission and VET. This can be seen from the rate for vibrational
relaxation in the ground state VX , which is 2 orders of magnitude smaller than
the rate for vibrational relaxation in the excited state VA ([81] and coefficients in
table 2.3). This is a very common assumption at atmospheric pressure as seen in
e.g. Dilecce et al [79]. The value of dimensionless overlap integral g required for the
model is calculated with the theoretical absorption line width and the experimental
laser width ∆λlaser is 0.23 [53].
As a consequence of this assumption, the quenching, emission and VET rates are
rotationally not resolved. The model by Verreycken et al thus considers vibrational
levels ν = 0 and ν = 1, only accounting for VET from ν = 1 to ν = 0. The Boltzmann
ν0 =1,J 0 =1.5

factor f B

is used only for the stimulated emission originating from the
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Table 2.3: Parameters and rate constants for the 4-level model from[53].
Rates for RET, VET and quenching are calculated as k He NHe + k H2 O NH2 O .
Gas temperature was measured with the help of Boltzmann plots and assumed constant at T = 316 K.

PARAMETER
λ A00
λ A10
λ A11
A00
A10
A11
B12
B21
ν”=0;J”=2.5
fB
ν0 =1;J 0 =1.5
fB
∆τ
∆s
∆λlaser
g
Q00
Q11
VA
VX

VALUE
308.900
[nm]
282.792
[nm]
314.535
[nm]
1.451·106
[s−1 ]
4.606·106
[s−1 ]
8.678·106
[s−1 ]
1.8
[mJ−1 ]
2.8
[mJ−1 ]
0.153
0.1
5.8
[ns]
290
[µm]
1.43 ± 0.3
[pm]
0.23
[m−1 ]
8
1.1·10
[s−1 ]
8
1.0·10
[s−1 ]
7
1.1·10
[s−1 ]
1.1·105
[s−1 ]

R EF.
[62]
[62]
[62]
[62]
[62]
[62]
[62]
[62]
[62]
[62]
measured
measured
measured
[53]
[79, 80]
[79]
[79]
[81]

F1 (1) level.
The partial differential equations of the model are


ν”=0;J”=2.5
ν0 =1;J 0 =1.5
dN1
N1 + B21 f B
N2 ) + A10 N2 + L0 N3 + VX N4
dt = f t ( t ) IS − B12 f B
dN2
dt
dN3
dt
dN4
dt

0

0

0

= f t (t) IS ( B12 f Bν”=0;J”=2.5 N1 − B21 f Bν = 1;J =1.5 N2 ) − L1 N2
= VA N2 − L0 N3
= ( A11 + Q11 ) N2 − VX N4

with the following variables:
• Ni is the population of level i [m3 ],
• Bij is Einstein B coefficient from levels i to j [mJ−1 ],
ν,J

• f B is the temperature dependent Boltzmann factor of a level with vibrational
level ν and total angular momentum J.
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Table 2.4: Total quenching (electronic + vibrational relaxation) rate coefficients (Q) for OH(A) (ν´ = 0, 1) and vibrational relaxation (V) in units of
10−17 m3 s−1 estimated at 300 K. The collisional quenching rate by He is
neglected [82], the VET rate for He is estimated by Verreycken et al.
COLLISIONAL
PARAMETER

Q
Q
VET

INITIAL LEVEL

A ( υ 0 = 1)
A ( υ 0 = 0)
0
A ( υ = 1 → ν 0 = 0)

HE
(1017 m3 s−1 )
0
0.0002
0.0002

H2 O
(1017 m3 s−1 )
68
66
7.3

R EF.
[79, 80]
[79]
[79]

• VA and VX are the vibrational energy transfer rates [m3 s−1 ] in the excited
and ground state respectively
• Qij is the quenching rate [m3 s−1 ]
• Is laser spectral irradiance [Wm−1 ], IS = 4υELτΓ A which is derived in detail in
L L L
[53] using experimentally measured linewidths. Γ is a dimensionless overlap
integral 4υ L the laser line width [m−1 ] and A L the area of the laser beam at
the observation point [m2 ].
• Lν is the sum of all vibrational level loss processes ν, L0 = Q00 + A00 and
L1 = Q11 + A11 + A10 + VA .
• Aij is the Einstein A coefficient [s−1 ] from vibrational level i in the excited
state to vibrational level j in the ground state.
The initial condition of the set of partial differential equations is the equilibrium.
This assumes that rotational distribution of OH radicals in the ground state follows
a Boltzmann distribution at the given gas temperatures. That temperature during
the laser pulse is assumed to be constant at 316 K. Collisional quenching is assumed,
meaning that both rotational and vibrational numbers are conserved. Further, no
other spontaneous emission than A11 , A10 and A00 is modelled since the rates
for other spontaneous emissions (e.g. A01 and A12 ) are more than two orders of
magnitude smaller [62].
For the 4-level model, equation 2.12 for the LIF signal thus becomes

S LIF

1
=
ηhc4 x 4y4snOH
4π

ˆ 

A11
A
+ 10
λ11
λ10




A00
N2 (t) +
N3 (t) dt.
λ00

(2.16)

From this, the OH radical densities can be derived. A detailed sensitivity
analysis of this model and a sensitivity is analysis may be found in section 2.5.3
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Figure 2.22: Radiative and collisional schemes for the 4-level model from
[53].
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Figure 2.23: LIF signal intensity as a function of laser energy per pulse.

of [53]. It is clear that an exact knowledge of the laser profile is crucial, since the
calibration relies on Rayleigh scattering and it may significantly alter the obtained
OH densities.
All measurements in this work have been obtained in the range where the
experimental LIF is linearly increasing with increasing laser energy, as seen in
figure 2.23. This is important to note, as S LIF may saturate at higher laser energies
and thus not accurately reflect changes in calculate OH density.
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Chapter 3
Hydrogen peroxide production in an
atmospheric pressure RF glow discharge:
comparison of models and experiments1

Abstract
The production of H2 O2 in an atmospheric pressure RF glow discharge in helium - water vapour
mixtures has been investigated as a function of plasma dissipated power, water concentration, gas flow
(residence time) and power modulation of the plasma. H2 O2 concentrations up to 8 ppm in the gas phase
and a maximum energy efficiency of 0.16 g/kWh are found. The experimental results are compared with
a previously reported global chemical kinetics model and a 1 dimensional fluid model to investigate the
chemical processes involved in H2 O2 production. An analytical balance of the main production and
destruction mechanisms of H2 O2 is made which is refined by a comparison of the experimental data with
a previously published global kinetic model and a 1 D fluid model. In addition, the experiments are used to
validate and refine the computational models. Accuracies of both model and experiment are discussed.

1 A modified version of this Chapter was published in [83]. The calculations with the full global kinetics
model was performed by Liu et al. [39, 84] and calculations with 1-D fluid model was performed byIza et al.
[85].
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3.1

Introduction

The chemistry of non-equilibrium atmospheric pressure plasmas in the presence
of water has been in the focus of interest of many research groups in the past
years. These discharges can produce a great amount of reactive species, including O, OH and H2 O2 [86]. A better understanding of underlying mechanisms
and dependencies of the production of these reactive species may benefit many
different applications ranging from biomedical applications over air treatment
to chemical synthesis. Of these reactive species, hydrogen peroxide (H2 O2 ) is
an important oxidant due to its high active oxygen content (∼ 50 %) [87]. Further it can be considered as a green alternative in a wide range of applications
[5, 86], as the by-product of oxidizing reactions involving hydrogen peroxide in
controlled environments is only water [7]. The applications cover a range from
industrial/communal waste water treatment [5, 4, 3], stain free detergents [4], and
oxidant for industrial scale catalytic processes to interesting biological applications
such as disinfection, bleaching and wound healing [6]. Non-equilibrium atmospheric pressure plasmas may thus provide the possibility to produce H2 O2 from
H2 O in an environmentally friendly manner for many of these applications.
A recent review by Locke et al. [14] shows that in the past decades a number of
different gas discharges have been investigated for H2 O2 production. The energy
efficiency η, defined as mass of H2 O2 produced per dissipated energy [g/kWh],
allows a comparison of these different production methods. Production efficiency
in the gas phase covers a range of more than two orders of magnitude from 0.1 to
80 g/kWh (table 1.1 on page 6). The detailed dependencies of H2 O2 production
and destruction in a plasma are not well understood and fail to quantitatively
explain such a wide range of efficiencies, making the direct comparison of fundamentally different discharges (such as corona (-like) discharges, dielectric barrier
discharges (DBDs), plasmas in contact with liquids, in bubbles or directly in a
liquid) a challenging task. Diffuse atmospheric pressure RF glow discharges (APGDs) offer certain advantages to investigate key plasma parameters to hydrogen
peroxide production, such as low gas temperature, well defined residence time
and a homogeneous discharge allowing a uniform treatment of the gas. Modelling
results of a homogeneous APGD in He - H2 O by Liu et al.[39] showed modelled
production efficiencies of H2 O2 in the order of tens of g/kWh. In addition, the
diffuse discharge generated in a parallel plate geometry allows to reduce a fluid
model of the discharge to 1 dimension. All the above motivate why an APGD is
chosen to investigate the H2 O2 production in a cold non - equilibrium atmospheric
pressure plasma.
In this work we present results on the H2 O2 production in a He + H2 O RF
driven APGD. The measurements are complemented with accurate gas temperature (Tgas ) measurements and plasma dissipated power measurements. In addition
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Table 3.1: Reaction rates used in this study that differ from those of Liu et
al. [39, 85].

R EACTION (Tg =350 K)

R ATE (cm3 s−1 )

R EF.

f (a)

OH + H2 O2 → H2 O + HO2
OH + OH + He → H2 O2 + He
OH + HO2 → O2 + H2 O
H + HO2 → OH + OH
H + H2 O2 → H2 + HO2
O + H2 O2 → OH + HO2
e + H2 O2 → OH− + OH

2.88 ·10−12 exp(−156.3/Tg )
3.7 ·10−43 ( Tg /300)−0.8
2.61 ·10−11 exp(372.85/Tg )
2.93 ·10−13 Tg0.9 exp(36.08/Tg )
2.61 ·10−11 exp(−3162/Tg )
1.11 ·10−12 exp(−1943.6/Tg )
f ( Te )

[89]
[90, 82]
[89]
[89]
[89]
[89]
[91]

0.91
0.47
1.23
0.78
3.34
0.002
2.57

(a) fraction of new rate over original rate as in [39]

the experimental results are compared with a previously published global model
[39] and 1D fluid model [88]. An analysis of the production and destruction mechanisms of H2 O2 is made with a simplified analytical balance equation of the H2 O2
production based on full chemistry models.
The experimental setup, diagnostics and methods are described in Chapter 2.
First, details of the models and modifications to published versions are presented.
The influence of power, water concentration, power modulation and residence
time (flow) on the H2 O2 is presented next. Finally, the production and destruction
mechanisms of H2 O2 are examined analytically and compared with a global model
and 1D fluid model for a particular experimental setting.

3.2

Description of global kinetics model and 1-D fluid
model

In this section we compare experimental measurements and simulation results
with the objective of validating the computational models and obtaining more detailed insights into the chemical pathways likely to be governing these discharges.
Three computational models are considered. The first model is the global model
published by Liu et al [39]. This is a zero dimensional model that incorporates a
large set of chemical reactions. Although qualitative agreement with experimental
observations has been reported, quantitative discrepancies between experimental
and computational results observed during this study have led to an improved
model. Namely, vibrational and rotational excitation is considered in the new
global model, the input power coupled to ions is also taken into account and
electrode and radial losses are refined according to [85]. In addition some reaction
rates have been updated as shown in table 3.1. This second model has a better
quantitative agreement with experimental observations (see further), although
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Figure 3.1: Variation of the effective electron temperature (in units eV) as a
function of position in the discharge gap and time during the RF cycle.

the agreement is still not completely satisfactory. Both these models assume that
energy is deposited uniformly across the discharge, and that as a result there is no
spatial variation of the electron mean energy.
Although this intrinsic approximation of global models is often reasonable for
low pressure discharges dominated by non-local kinetics, atmospheric pressure
plasmas are highly non-uniform and energy deposition and dissipation vary significantly across the discharge and during the RF cycle (see figure 3.1). Therefore,
better quantitative agreement is expected if the spatio-temporal variations are
taken into account. These are incorporated in the third model, a 1-dimensional
fluid model. The fluid model is based on the model used in reference [88, 85] and
briefly it solves the continuity equation for each plasma species, the electron energy
equation and Poisson’s equation. Due to the large collisionality of atmospheric
pressure plasmas (ν >> ωr f where ν is the neutral collision frequency and ωr f the
angular driving frequency), the particle inertia is neglected and the drift-diffusion
approximation is used to determine the mean velocity for each species. A few
modifications have been made to the model used in [88] for this study:
• Incorporation of rotational and vibrational excitation of water molecules in
the electron energy balance equation. The reaction rates for these reactions are
calculated as a function of the mean electron energy using Bolsig+ [92] and
the cross section data reported in [93]. This is an important modification as
approximately 45 % of the electron energy is lost via rotational and vibrational
excitation.
• OH and H2 O2 are assumed to be lost on the walls/electrodes with a probability of 1 and 0.4, respectively [94]. Although it is difficult to obtain reliable
data for the loss probability, this is not critical in determining the steady state
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Figure 3.2: The energy efficiency η of the H2 O2 production and the calculated corresponding gas phase densities as a function of varying water
concentration and plasma dissipated power at a total flow rate of 2 slm.

equilibrium as the main loss mechanisms for both OH and H2 O2 are volume
reactions. Therefore, although these losses reduce the density of the OH and
H2 O2 near the electrodes, the average density is only marginally affected.
• Reaction rates for a number of reactions (see table 3.1) have been recalculated
using Bolsig+ [92] and the cross section data reported in the NIST Chemical
Kinetics Database [89] and reference [91].

3.3

Experimental results

In figures 3.2(a), 3.2(b), 3.3(a) and 3.3(b) energy efficiencies for H2 O2 production
and corresponding gas phase concentrations are shown as a function of water
concentration, gas flow, plasma dissipated power and duty cycle of the RF power
modulation. While the H2 O2 production rises with increasing water concentration,
flow and power, the production efficiency increases with water concentration and
flow and remains constant in the investigated power range. The power modulation
has little effect on both the H2 O2 concentration and production efficiency.
The increased yield seems in first order approximation proportional to the
water concentration in the plasma for small water concentrations. This result
concurs with results reported in [39], where an increase in water concentration
was linked to increasing species densities of OH, H2 O2 and other species, albeit at
much smaller concentrations. As shown by recent measurements by Bruggeman et
al.[95] the OH density in this type of discharges scales with the square root of the
H2 O density (at least up to 1% water). The main source for forming H2 O2 in non51
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Figure 3.3: η and the calculated corresponding gas phase densities as a
function of flow and power.

equilibrium cold (300 K to 400 K) atmospheric pressure plasmas water containing
is via the three body recombination of the hydroxyl radical to form hydrogen
peroxide OH + OH + M → H2 O2 + M [39, 14]. In first approximation, the H2 O2
yield will scale linearly with increasing H2 O concentration, as the square of the
OH density scales linearly with the H2 O [95]. As for larger OH concentrations, the
OH becomes important in the destruction of H2 O2 the linear correlation breaks
down at higher water concentrations. In addition strong changes in the electron
density and temperature at higher water concentrations could cause a deviation
from the reported OH density dependence in [95].
Figure 3.2(b) indicates that the H2 O2 production increases linearly with power,
hence η is constant. Below 1 W the APGD becomes increasingly unstable and no
longer covers the entire length of the discharge gap before it extinguishes entirely.
Gas temperature could be suspected to be of importance, however the biggest
temperature variation of all cases (corresponding to the variation of total flow) is
about 30 K. Using thermal dissociation reaction rates of H2 O2 at even 500 K shows
that these rates are several orders of magnitude slower compared to other loss
mechanisms (see also further).

3.3.1

Varying the flow

The gas flow was varied between between 0.5 and 4 slm at 2.7 W constant dissipated
power and 0.47% water concentration (figure 3.3(a)). Temperature measurements
where performed in conjunction with measuring the peroxide yield and efficiency.
The change in flow causes a factor 10 increase in the H2 O2 density and a corres52
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ponding boost in production efficiency. The main effect which leads to the boost in
H2 O2 production is related to the change in residence time from 15 ms to around 4
ms and not the variation of Tgas .
To explain these observations made by varying the flow, changes to the balance
of production and destruction processes of H2 O2 in the plasma at different flows
have to be considered. This balance can be written as

2
nOH
· n M · k1

= ni · n H2 O2 · k i + Φ + Γsur f ace + hν

(3.1)

where the net production equals the sum of all losses. The production is denoted
by product of the OH density nOH with the third body density n M and the rate
constant for the formation of peroxide, k1 . The losses are described by the product
of ni and k i for species densities and rates, with n H2 O2 denoting H2 O2 density. To
this term, losses due to gas flow Φ (cm3 /s), and surface reactions Γsur f ace and due
UV dissociation are added. As mentioned above, the main source for forming
H2 O2 in water containing atmospheric pressure plasmas is via the three body
recombination of the hydroxyl radical.
Within the reactor, the plasma is in contact with the electrodes and molecules
can be lost to the metal surfaces and as the loss to metal is more efficient compared
to quartz glass, it is considered in the balance. The net flux of H2 O2 molecules to a
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surface can be estimated with the relation

Γi

=

1
γn v = γni
4 i th

s

kB T
2πMi

(3.2)

using γ for the reaction probability, the average thermal velocity vth , α the ratio
between the surface and average density of H2 O2 which is approximately 50 as
estimated from the 1-D fluid model. and the mass M of 34 amu for H2 O2 . γ for the
condition presented in the case of a study concerning H2 O2 on various surfaces
[94] can be estimated to about 0.4.
To estimate the losses of H2 O2 in the bulk, several reactions have to be taken
into account. One of main contributors to bulk losses of H2 O2 is the reaction
OH + H2 O2 → H2 O + HO2

(3.3)

[96, 97, 14], while similar loss reactions with O and H radicals exist. In addition,
electrons can dissociate H2 O2 . Clearly, radical species densities and the electron
density are both of key importance for this balance. To find an approximation for
the electron density, recent results of [98] for a RF micro atmospheric plasma jet
investigating atomic oxygen formation have been reported in the order of ne = 1011
cm−3 for the power density in our case. For the case of He - H2 O, the results of
the 1 D model (see further) yields ne = 5 · 1010 cm−3 . The combined rate for both
electron attachment and dissociative attachment of H2 O2 has been calculated from
the total cross section reported in [91], for which a Te of 3 eV was assumed (4.27
10−10 cm3 /s). Rates for electron impact dissociation reported in [99] are obtained
for a specific discharge conditions and estimated from known O2 dissociation rates
and might thus not very be very accurate. In view of lack of other data, we used
this rate in this analytical estimate to calculate the electron induced loses. As for
other losses involving reactions of H and O with H2 O2 , H and O densities reported
in [39] (see also further) indicate that these are clearly smaller than the OH density
and the rates are smaller. Thus H2 O2 losses induced by H and O are negligible
compared to the OH induced losses.
Estimates of the flow losses due to high gas flows through the reactor are also
considered. An estimate of photo-dissociation losses of hydrogen peroxide due to
UV photons [100] from OH(A) indicates that these are expected not to significantly
contribute to the destruction of H2 O2 in the present experiment.
Considering the above, the calculated balance is shown in figure 3.4. In this
figure, the measured H2 O2 density and gas temperature are used and γ = 0.4 and
ne = 5 · 1011 cm−3 is assumed. The OH density is obtained by imposing that the
balance is satisfied. It can be concluded that the dominant loss mechanisms in
the case presented here are OH induced losses in the bulk and electron induced
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duty cycle, at 1.75 ± 0.12 W constant instantaneous power and 0.6 ± 0.1%
H2 O.

losses. The obtained nOH = 6 · 1013 cm−3 is in reasonable correspondence with
the value for similar concentration and power densities as obtained in [95] (nOH =
1.5 · 1014 cm−3 ). In addition the observed discrepancy at lower flows in figure 3.4
could be attributed to higher impurities at low flow rates. These lead to higher
H2 O2 losses, and could significantly influence the reaction chemistry which is not
accounted for in the balance. If the gradient of H2 O2 is not considered for the wall
losses, the wall losses become one of the dominant losses and the corresponding
fitted OH density is 1.5 · 1014 cm−3 .
Finally, to check experimentally if the electron losses are properly accounted
for, power modulating the discharge was considered as losses depending on ne are
expected to strongly vary with the duty cycle.

3.3.2

Power modulation

In power modulated operational mode, the duty cycle represents the time in
percent for which the APGD is on. Varying the water concentration and the power
exhibit the same behaviour as in the continuous case (results not shown). The duty
cycle of a time modulated plasma at 20 kHz was varied in figure 3.3(b), where the
instantaneous power during the plasma on phase was kept constant and thus the
average plasma power decreased with decreasing duty cycle. The gas temperature
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could be expected to vary greatly in comparison to the continuous case, but the
observed change is similar to the continuous case. However, this only represents
an average Tgas as it is obtained inside of the electrode and cannot be expected to
properly reflect the actual gas temperature of the modulated plasma.
The balance of losses and production has been performed similarly to the flow
dependence case using the same reaction rates, species densities and with the
assumption of γ = 0.4. As expected, the electron induced losses significantly drop
at shorter duty cycles as electron dissociation will mainly occur during the plasma
on time. Assuming OH + OH + M → products as the main loss mechanism of
OH and for an initial density nOH ≈ 1 · 1014 cm−3 , the OH density is expected to
decrease about 5% during the longest plasma off phase. This indicates that the
decay time of OH is significantly longer than the plasma off time and the OH
density was assumed to be constant over time in the balance equation.
The balance as shown in figure3.5 shows that electron induced losses cannot
be the dominant loss mechanism and that the exact value of ne in this case does
not significantly influence the balance of production and destruction. A good
fitting for the 100 % and 80 % can be obtained for nOH = 4 · 1013 cm−3 , which is
smaller than in the flow case, as expected due to the smaller instantaneous plasma
power. A small reduction of the OH density and larger fluctuations on the plasma
power for short duty cycles could explain the discrepancy between the observed
experiments and the balance estimate for small duty cycles. This may be enhanced
by the increasing importance of the transient start-up phenomena for the power
modulation with smaller duty cycle. In addition, the discrepancy at small duty
cycles could also be due to an overestimate of the electron induced losses in the
balance, which strongly reduces for the smallest duty cycles.
It can thus be concluded that OH bulk losses are an important loss mechanisms
of H2 O2 and that the electron induced losses considered might be an overestimate
compared to the actual losses in the experiment.

3.4

Comparison between numerical models and experimental results2

Computational results of the three models (global model, improved global model
and 1-D fluid model as described above) are compared with experimental data
in table 3.2. An atmospheric pressure discharge maintained across a 1 mm gap at
2.78 W (1.59 Wcm−2 ), 13.5 MHz, 0.47% H2 O, 2 slm flow, Tgas = 348 K is considered
for the comparison. The gas temperature was measured in the experiments as 348
2 This section is the result of a successful collaboration with Dingxin Liu and Felipe Iza, whose theoretical
work on the models in this section made this comparison possible. Their work is published in references
[39, 84, 85].
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Table 3.2: Comparison between experimental and computational results:
mean densities for a discharge across a 1 mm gap at 2.78 W (1.59 Wcm−2 ),
13.5 MHz, 0.47 % H2 O, 2 slm flow,Tg = 348 K. The experimental obtained
OH density is obtained by the analytical balance in previous section.

ne (d)
(d)

n H2 O2
nOH (d)
n H2 O2
nOH
Te (e)

E XPERIMENTAL

GM ( a)

I MPROVED GM (b)

F LUID M (c)

1.3 ·1014
0.7 − 1.5 · 1014
0.9 - 1.9
-

6.9 ·1010
1.1 ·1015
2.24 ·1014
5.6
3.96

2.48 ·1010
0.98 ·1015
2.95 ·1014
3.32
2.6

5.2 ·1010
3.2 ·1014
2.2 ·1014
1.5
2.4

(a) Global model by Liu et al. [39];
(b) Improved global model;
(c) 1 D fluid model.
(d) in units of [cm−3 ]
(e) in units of [eV]

K and this value was used for the simulations. The quantitative agreement between
the experimental and computational results increases with the refinement of the
model although a significant deviation remains between experimental observations
and computational predictions. Nonetheless, some conclusions can be drawn from
this exercise. The comparison evidences that vibrational and rotational excitation
of water molecules is important in the energy balance of these discharges and
indeed they should be accounted for if qualitative predictions are sought. Despite
the low energy exchanged per collision in these processes, the large collisionality
of atmospheric pressure plasmas results in a large net electron energy loss. 15% of
the input power is spent in accelerating ions, and of the remaining 85% delivered
to the electrons, 55% is dissipated via elastic collisions and 22% via vibrational and
rotational excitation of water molecules.
Simulation results can also be analysed to identify the chemical reactions that
lead to the formation and destruction of key plasma species. Table 3.3(a) and
table 3.3(b) show the main processes leading to the generation and loss of H2 O2
and OH, respectively. Note that these results confirm the analytical estimate
made in the previous section. It is worth mentioning that despite the quantitative
differences among the different models shown in table 3.2, the same main chemical
pathways (although with different quantitative contribution) are identified by the
three computational models, justifying the use of global models for qualitative
chemical analysis. However, there is a significant quantitative difference between
the global and fluid models. These are attributed to the use of a space-averaged
electron temperature in the global model, which contrasts with the spatial evolution
of the mean electron energy in the fluid simulation (see figure 3.1).
According to the simulation results (table 3.3(a)), the generation and loss of
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Table 3.3: Generation and loss mechanisms of H2 O2 for a discharge across
a 1 mm gap at 2.78 W (1.59 Wcm−2 ), 13.5 MHz, 0.47 % H2 O, 2 slm flow,
Tg = 348 K.
(a) Hydrogen peroxide

P RODUCTION M ECHANISMS

% OF TOTAL GENERATION

OH + OH +M → H2 O2 +M
HO2 + HO2 → H2 O2 + O2
L OSS MECHANISMS

99.60 %
0.40 %

OH + H2 O2 → H2 O + HO2
R ADIAL L OSSES
E LECTRODE LOSSES
e + H2 O2 → OH + OH + e
H + H2 O2 → H2 O + OH
e + H2 O2 → OH + OH−
e + H2 O2 → H2 O + O−
O THER L OSSES

42.92 %
25.98 %
11.78 %
11.44 %
3.55 %
2.90 %
0.57 %
0.86 %

(b) Hydroxyl radical
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P RODUCTION M ECHANISMS

% OF TOTAL GENERATION

e + H2 O → H + OH + e
H + HO2 → OH + OH
H2 O+ + H2 O → H3 O+ + OH
O(1 D) + H2 O → OH + OH
e + H2 O → OH + H−
OH(A) + H2 O → H2 O + OH
e + H2 O2 → OH + OH + e
H + H2 O2 → H2 O + OH
O THER
L OSS MECHANISMS

38.16 %
16.77 %
12.5 %
7.52 %
7.09 %
6.81 %
5.52 %
1.04 %
4.59 %

OH + OH → H2 O2
OH + H2 O2 → H2 O + HO2
E LECTRODE LOSSES
He + H + OH → He + H2 O
OH + OH → H2 O + O
O + OH → H + O2
OH + HO2 → O2 + H2 O
R ADIAL L OSSES
H + OH + H2 O → H2 O + H2 O
O THER L OSSES

45.23 %
9.52 %
7.89 %
11.23 %
6.92 %
8.63 %
4.06%
2.13%
0.91%
0.86 %
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H2 O2 is controlled mainly by heavy particle reactions, and in a first approximation
the H2 O2 density is determined by the balance between the three body association
reaction with OH and the destruction of H2 O2 induced by OH. If the rest of
processes are neglected, balance between the generation and loss due to these
2
two reactions requires that k1 nOH
= k2 nOH n H2 O2 , where k1 and k2 are the reaction
rates of the two reactions (table 3.1). It then follows that the upper bound for
the density ratio is n H2 O2 /nOH =k1 /k2 . At 350 K, this ratio is 3.7, larger than the
1.49 observed in simulations (table 3.2) because additional loss mechanisms are
considered in the fluid model. There seems to be a systematic overestimate of the
OH and H2 O2 density. The following are the main factors believed to contribute to
this discrepancy:
• Regions of higher temperature than 348 K. The density ratio decreases with
increasing temperature and for example, if the temperature reached 450
K, simulation results show that the density ratio would drop from 1.49 to
0.77 and the average H2 O2 density from 3.2 · 1014 to 1.7 · 1014 cm−3 . The
temperature used in the simulations was measured in the electrode and
somewhat higher temperatures should be expected in the gas phase.
• The effective electron energy in the centre of the discharge where the H2 O2
concentration is maximum swings up to approximately 4 eV (see figure 3.1)
and hence it is possible that vibrational excitation of H2 O2 would lead to
enhanced destruction which is not included in the model, bringing the density
ratio n H2 O2 /nOH closer to unity.
• Despite our efforts in creating a comprehensive chemical model, it is possible
that additional reactions need to be considered.
• The experimental accuracy of the measurement. The day-to-day reproducibility of the H2 O2 production is within a factor 2. The reproducibility of the
H2 O2 detection is much better and within 10%. The accuracy of the power
measurement is approximately 20%. As the H2 O2 density varies little with
power (see figure 3.2(b)), the power will not be a major source of error. In the
far effluent, short lived species will have recombined and O3 is not abundantly produced in He-H2 O mixtures. The selectivity of the H2 O2 detection is
thus not an issue in the case of the presented experimental results.
• The accuracy of the reaction rates. The key reaction of the production of H2 O2
has a variation of a factor 2 at 350 K for the different sources as reported in
[89]. This means that the ratio of the OH and H2 O2 density is only accurate
within a factor of 2. Note that the experimental OH density is estimated from
a balance equation, although corresponds within a factor of 2 with an direct
measurement for the same discharge but in a different reactor geometry.
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3.5

Conclusions

The hydrogen peroxide production in a RF exited APGD operating with a He
+ H2 O has been investigated as a function of various plasma parameters. The
maximum production efficiency reached in this work is 0.16 g/kWh. The gas
temperature is measured to vary between 320 and 380 K, being too low to cause
important thermal dissociation of hydrogen peroxide. The H2 O2 increases linearly
with the H2 O concentration up to 1 % water, and increasing the power and flow
rate increases the H2 O2 density. Power modulation has little effect on the H2 O2
production.
An estimate of species densities based on the balance of main production and
destruction reactions are in line with literature reports that indicate that the main
production process of H2 O2 in an APGD is via the three body recombination of OH.
The main losses of H2 O2 are due to losses to reactions with OH in the bulk, electron
induced dissociation and surface losses in the reactor. These results are confirmed
by a global model and a 1D fluid model. The agreement between model and
experiment is very good and at a level corresponding to uncertainties in reaction
rates and experimental accuracy. Validated and accurate electron induced reaction
rates for H2 O2 are not reported in literature. However, time modulation of the RF
power shows that electron induced losses of H2 O2 are not dominant which is in
agreement with the simulation results presented in this study.
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Abstract
A dielectric barrier discharge microreactor is investigated for the energy efficiency and
production yield of H2 O2 . It is operated with humid gas mixtures in He and Ar as well
as with non-explosive H2 /O2 gas mixtures at atmospheric pressure. Power measurement
methods as well as discharge morphology are presented. H2 O2 energy efficiency as function
of water concentration, plasma dissipated power and background gas are investigated, with
results ranging from 0.2 g/kWh in He to 0.25 g/kWh in Ar are found. Results suggest
differences between diffuse and filamentary discharge morphology in terms of plasma
chemistry. Increasing water concentration to 16 vol% does not increase energy efficiency of
H2 O2 production. Buffered H2 /O2 admixtures influence H2 O2 detection and development
of alternative detection methods show energy efficiencies of up to 0.7 g/kWh may be possible.
The addition of O2 to humid Ar or He did not lead to increased energy efficiencies, in spite
of indications from literature suggesting higher densities of OH radicals produced by such
discharges. This seems consistent with the latest results from literature, where the addition
of O2 to He + H2 O plasmas does not increase OH density.

Chapter 4.

4.1

Introduction

The Dielectric Barrier Discharge (DBD I) described in this chapter has been developed with the aim to investigate H2 O2 production in a different type of discharge to the one described in chapter 2.2.1. The reactor is designated number one
as it is the first of two reactors that are described here in this thesis. It consists of
one solid body of glass built in a sandwich structure. Using glass eliminates the
need to construct windows and gas seals of the APGD reactor (Chapter 3 and in
more detail in Appendix A). This improvement was deemed necessary to improve
reactor lifetime. The PVC material used in the APGD to seal the windows may
heat up and begin to slightly deform over time, especially during extensive periods
operating at high power, giving rise to gas leaks and thus requiring replacement
and thus changing the reactor configuration. The specific glass structure with
high ridges of the DBD I design are improvements of a precursor model1 to allow
precise power measurements and high experimental reproducibility.
The electrode design applied both in this as well as the successor model, the
DBD II, are also taking into account experience concerning their design made with
an RF glow discharge reactor for ozone absorption described in the BSc. thesis of P.
Urlings [101].
In contrast to the RF glow discharge in the APGD reactor, insulating dielectric
layers are placed in the direct path between metal electrodes. These dielectrics are
generally considered to be essential for stable and uniform discharges [102]. The
biggest difference between the APGD and DBD I reactor is found in their power
densities: 0.5 - 2 W/cm2 for the rf-APGD, while the DBD I operates in a wider
range from 0.9 - 22 W/cm2 . Another difference is that he plasma and the effluent
are only in contact with glass in contrast to the metal of the electrodes in the APGD.
Various DBD configurations (planar, point to plane, cylindrical) are commonly
operated in the kilohertz regime [103]. They are typically excited by pulsed or
sinusoidal signals [104, 105], with 50 Hz being a frequent choice. While some DBD
configurations may even be operated at RF frequencies, the use of the dielectric
material in the discharge gap precludes dc operation. As described in chapter 2, in
this case the driving frequency was chosen to be around 22 kHz ± 1 kHz.
The details concerning the reactor, its dimensions and it operational parameters
are described in section 2.2.2 on page 16, some additional reactor schematics are
found in the Appendix. This chapters reports on obtained powers, discharge morphology and H2 O2 production in various gas mixtures. These are predominantly
humid helium mixtures, but results using different mixtures such as humid Ar,
stochiometric H2 /O2 admixtures and humid He in the presence of O2 are presented
and discussed.
1 This

DBD was subject of the BSc thesis of L. Cornelissen [46] and T.H.M. van de Ven [47].

62

Dielectric Barrier Discharge Microreactor

1.4

0.8
power (averages: 1024)

13/04/04
1.2

power (single shot: > 60 periods)

13/04/05
13/02/21

1.0

0.6

13/02/22

power (W)

power (W)

13/05/06
0.8

0.6

0.4

0.4

0.2

0.2
0.0

0.0

0.001

0.002

0.003

I

(a)

(A)

rms

0.004

0.001

0.002

I

0.003

0.004

(A)

rms

(b)

Figure 4.1: Power measurements using the DBD I. Graph (a) illustrates
power losses, or "plasma off" measurements of the DBD I during various
measurement campaigns. Figure (b) compares the different methods to
average the measured signals: using the oscilloscope directly, or averaging
more than 60 periods of single shot signals result in the same total applied
power measured.

4.2

Power

The power results for the dielectric barrier discharge are partially discussed in
chapter 5, where special attention is given to the correction of measured powers
for losses in the system.
These losses mostly occur due to ohmic heating and poor matching of the
power supply to the load, the plasma reactor. Cables may act as antennas, poor
connections and the slow degradation of the paint layer acting as electrode further
add to these losses. When operated above 3 mA applied currents, small parasitic
discharges may arise on the sharper edges of the high voltage electrode, or with
the screws used to connect power supply to reactor. All these small contributions
to the power loss might change over the lifetime of the reactor. In the present
case, the sum off these losses to the total power where monitored by frequently
measuring powers without a discharge (“off-powers”).
Over time, the losses remained fairly constant as seen in figure 4.1(a), also
after changing wiring, connections and moving the reactor to a new laboratory.
However, with small total applied powers to the system of generally below or
around 1 W, even these losses become significantly high and have to be corrected
for based on measurements made on the same day.
The power supply used in both dielectric barrier reactor setups has a range
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of 0 - 20 kV, with output frequencies varying from 20 to 70 kHz. Unfortunately,
the output signal frequency depends on the current set on the power supply and
cannot be uncoupled from the frequency - the output frequency of the power
supply varies with the chosen current output setting. At the maximum current
setting of the power supply, the output signal frequency it is around ν = 22.5
kHz ± 1 kHz, at which all measurements in the DBD I are performed.
The output signal of the powers supply is amplitude modulated as seen from
figure 4.2, depending on the choice of current/voltage settings on the power supply
unit itself. In the worst case, this modulation can amount to 65 % of the applied
voltage as seen in figure 4.2. Thus, instead of recording instantaneous current
voltage signals (with the oscilloscope in single shot mode) which could lead to
over/underestimations of up to 40 % of the power derived from it, the output
signals have to be averaged to calculate the total applied powers.
This averaging can also be done automatically using the oscilloscope, averaging
the signal at least 1024 times and use these values for calculations. Another option
is to calculate powers of at least 60 periods and then to average, which is the
minimum number of periods to compensate for the 100 Hz amplitude modulation.
In figure 4.1(b), it can be seen that there is no difference between these approaches.

Figure 4.2: Frequency modulation of power supply output signal. Depending on the chosen combination of voltage and current on the Amazing1
Power supply, the output signal is frequency modulated with approximately
100 Hz. At left, the current on the power supply is set to maximum, while
it is set to ∼ 50 % in the right graph. From [47].

The Lissajous figures depicted in figure 4.3 also reflect the averaging process.
The figures for pure helium at different powers (figure 4.3(a)) are derived from
single shot measurements, while the figures with helium and water vapour (figure 4.3(b)) are obtained with averaging the signals. It should be noted the current
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Figure 4.3: Lissajous figures of pure He (a) and He + 2.5 % H2 O (b) at
different powers. The surface enclosed by the figures represents the energy
dissipated by the plasmas during a period of the excitation frequency. In
(a), the unaltered signal is plotted from about 100 periods, while in (b) the
signal is averaged by the scope.

signal of randomly occurring filaments in a humid helium discharge differ greatly
in amplitude, frequency and amplitude from the current signal of a helium discharge. However, these signals might average out differently and the broad lines on
the left might as explicit as in the right figure. Figures in 4.3 have been deliberate
chosen to emphasize their difference.
It should be noted that the first slope of the figures seen in figure 4.3(b) (see
chapter 2, right graph in figure 2.11 on page 25) representing the capacitance of
the reactor, CDBD , was fitted to be 4.4 pF. The experimentally value obtained by
measuring it directly with a capacitance meter is 4.3 pF ±0.1 pF, corresponding
nicely with the graph. This is a clear improvement over the precursory designs
used in [46, 47]
All power measurements in this work were automated using a MATLAB© script
making use of the averaged current voltage signals saved from the oscilloscope,
thus allowing a simple and fast method to set, monitor and control the power of
the DBD I2 .
In figure 4.4 on page 67, the results for the operating the discharge in both
helium and argon admixes are shown. The total applied powers are plotted
together with the losses to give an impression on their magnitude. The plasma
dissipated power is the correction of these applied powers for the losses at the
same applied current. Pure helium discharges are easy to ignite and operate
rather stably over the whole operational range, with a pronounced difference in
2 Details

on the script are found in the MSc Thesis for L.P.T. Schepers [52].
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power consumption between humid or pure discharges. Argon, on the other hand,
does not display such a clear differentiation. However, in this configuration it
is more challenging to ignite and operate a discharge in argon. The comparably
high required voltages for breakdown may cause parasitic discharges resulting
in higher total applied powers. While averaging output signals does compensate
somewhat, these additional microdischarges are inevitably measured and included
into the measurements.
In addition, the power results also clearly show while helium discharge can be
ignited at almost half the applied voltage (around 0.55 kV in this case) than the
argon plasma (around 1 kV). This is expected from the difference in breakdown
voltage of the two gasses. However, in terms of total applied and plasma dissipated
power this difference is no longer a factor two.
The errors in figure 4.4 are in the order of 15 %. While the averaging method
and the script used to calculate the powers produce errors in the order of a few
percent, an error in the order of 15 % for the dissipated powers is assumed based
on measurement reproducibility, their variation between individual measurement
campaigns and based on arithmetic averages of individual days (before and after
each measurement run).

4.3

Discharge morphology

The discharge morphology was investigate using current and voltage signals (V-I).
There are many ways the morphology can be investigated, ranging from current
measurements [19, 106, 107] to charge measurements [108], optical techniques [106]
and even laser induced fluorescence [109]. For reasons of simplicity, the current
method was chosen in this case.
Figure 4.5 depicts a set of V-I waveforms of the DBD I operated with pure noble
helium at low and high dissipated powers. It should be noted that the current
output signal of the power supply is not completely sinusoidal.
At low powers, the broad peaks indicate a diffuse, homogeneous discharge.
The periodic current signal displays a strong, broad plasma current peak simultaneous to the voltage signal breaking in, slightly altering the slope of the voltage
signal (figure 4.5(a)). This is an indicator of a stationary, transient discharge [102].
With increasing power, more individual breakdowns can occur during the same
half period which begin to overlap strongly at higher powers, as depicted in
figure 4.5(b). This might give an impression similar to filamentary discharges.
However, the large width of the peaks betrays their nature and the diffuse nature
of He plasmas at atmospheric pressure is to be expected.
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Figure 4.4: Results for operating the DBD I with Ar and He. In (a) He, He
+ 2.4 % ± 0.2 % H2 O and losses are plotted as function of RMS current. In
(b), the same plots with using Ar and Ar + 2.4% ± 0.2 % H2 O can be seen.
The losses are a polynomial fit (n =2), forced to be zero at I = 0. Operating
the discharge with H2 /O2 admixtures strongly resemble these graphs and
are not displayed here.
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Figure 4.5: Discharge morphologies of the helium plasma in the DBD I at
low and high powers. At 0.3 W dissipated plasma power (a), broad, single
current peaks the corresponding dip in the V waveform are indicators of
a homogeneous discharge. At higher powers of 0.7 W (b), the number of
current peaks increase strongly.

With the addition of water, the discharge transits into a different operational
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Figure 4.6: The current waveform of the helium discharge as the water concentration increases. The dissipated plasma power is kept constant, while
the number of discharges per period increases. At high water concentrations, it is unclear if the discharge is fully filamentary or in a state between
diffuse and filamented.

mode. This behaviour can be seen in figure 4.6, where H2 O is added gradually to a
pure helium discharge. Without changing the plasma dissipated power, there is a
clear increase in number of discharges an addition of 240 ppm already. At 1200
ppm, the discharges start to overlap. With yet more water they cannot clearly be
resolved any more as they overlap, beginning to resemble a filamentary discharge.
The current graph at 2.1 % of H2 O seems to be a composite of individual diffuse
plasma peaks (broad peaks at the beginning) and filaments (especially towards the
end of the signal). Most likely the discharge has still a diffuse character initially
and then transforms to filaments. This conclusion is motivated by the random
current peaks observed in the current waveform.
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low and high powers at maximum water concentration in helium.
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Figure 4.8: Current voltage plot of DBD I operating with argon and maximum water concentration at low and high powers. The density and high
number of current peaks suggest a filamentary nature.

It should be noted that due to the use of teflon/PVC tubing for feeding the gas
to reactor, the precision of the water concentration is in the range of ±100 ppm
[110]. In the configuration of this reactor it was not possible to resolve the question
at which point the discharge is completely filamentary, as optical access was not
sufficient to use a CCD camera to resolve individual filaments. From figure 4.7
it seems that the discharge is mostly filamentary, perhaps with the exception of
the initial current peaks for the maximum water concentration of 2.5 % in the
investigated power range.
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Figure 4.9: Current voltage waveforms of the He + H2 /O2 mixture seems
to indicate a predominantly filamentary nature, albeit some features such
as the leading peak and it’s average shape resemble the homogeneous case.
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Figure 4.10: Energy efficiencies of hydrogen peroxide production as function of varying power at He + 2.5 % H2 O as a function of applied plasma
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In case of discharges using argon as feed gas the situation is much clearer as seen
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from figure 4.8 and figure 4.9, respectively. The filaments in the discharge produce
a plot of fine peaks with much smaller base. At higher power, the number of
filaments increase and it is possible to maintain these microdischarges for a longer
time through one period. This is different in the case of the He + H2 /O2 admix
discharge, where the first peaks resemble the current waveform of a Townsend
discharge, while the rest of the discharge seems more filamentary in nature - similar
to the case of helium and water at higher power.

4.4

Discharges with water vapour

The energy efficiency η of the H2 O2 production as a function of power and water
concentration in helium is investigated. The results presented are the product
of several sets of measurements, each point representing the numerical average
of at least three or more individual measurements which were conducted in the
course of various days. The error bars represent the standard deviation of the
results. The DBD I is operated with a gas flow of 2 slm He and measurements
were only started after operating the discharge for at least 20’ after switching it
on or changing any of the settings. Between measurements, the detection setup
was cleaned with deionized water and the volume of the detection solution was
measured to correct for evaporation and replenished if necessary.
In figure 4.10, the energy efficiency at maximum water concentration of He
+ 2.5 % H2 O is shown. Note that due to the low dissipated plasma powers, the
relative errors on the power are rather large. This is due to the average of at least
three individual measurements in combination with the precision of the power
measurements, which are estimated to be in the order of 15 % as described earlier.
The trend, however, seems to be more than linear, almost quadratic as indicated
by the fit in figure 4.10. Unfortunately, it was not possible to measure energy
efficiencies at higher applied powers as led to breakdown on the edges of the high
voltage electrode, making accurate power measurements challenging and actively
damaging the reactor.
Figure 4.11 depicts the energy efficiency η as function of increasing water
concentration. Up to 1 % water concentration, the efficiency rises linearly with
the concentration of water in the gas phase. Between 1 % and 2.5 %, however, a
saturation is observed. After eliminating possible measurement errors, it seems
that η varies erratically in that concentration regime. Comparing absolute efficiency
values with a different set of measurements depicted in figure 4.12, it can be seen
that η varies from 0.06 to 0.01 g/kWh in that regime, after which it continues more
or less at a constant value between 0.15 and 0.2 g/kWh. This is consistent with the
discharge entering a transition phase in this regime of water vapour concentrations,
directly affecting the production/dissociation mechanisms of H2 O2 .
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Figure 4.11: Energy efficiencies of hydrogen peroxide production in He as
variation of water concentration at constant power of 1.15 W ± 0.3 W.

As seen from the V-I waveform in figure 4.6, the discharge current resembles
a homogeneous one at 1200 ppm, 0.12 % of H2 O, and seems to consist of many
microdischarges at 21000 ppm, or 2.1 % of H2 O. This apparent change in morphology could be the origin of the change in η in the same regime. If this is a transition
from a glow like to a filamentary discharge mode, the observed behaviour could
be due to a change in the destruction or production mechanisms of H2 O2 in the
plasma. In the glow case (see previous chapter), the most dominant loss processes
are the recombination with OH in the bulk followed by losses by electron induced
dissociation losses. Filaments have a very short lifetime and electron densities
2-3 orders higher inside the filaments compared to glow RF discharge. Molecules
such as H2 O and H2 O2 are very effectively dissociated by those electron densities,
which could explain these results. These filaments may lead to a momentary boost
in H2 O2 production as more H2 O molecules are dissociated by a transient filament,
leading to higher OH densities and higher peroxide yields. However, the exact
opposite effect might also be as likely, dissociating any previously accumulated
densities of H2 O2 leading and thus leading to a dip in densities. Once the transition
is complete, however, a new balance between production and losses are established
and the observed energy efficiency reflects that balance.
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Figure 4.12: Energy efficiency as a function of H2 O concentration. Higher
operational voltages are required to maintain the discharge, thus masking
any benefit from higher peroxide yields. Concentrations above 16 % of
H2 O in the gas phase led to condensation of water inside the reactor body,
destabilizing the discharge.

To explore higher water concentrations, parts of the experimental setup ranging
from humidification to the reactor (number (2) through (4) as described in figure 2.1
on page 13 and section 2.2.2) were placed unaltered into a heated environment.
The detection of peroxide, however, was performed outside the heated chamber at
ambient temperature to avoid degradation of the detection solution as described
in section 2.5 on page 30. The results are depicted in figure 4.12. While it would
have been intuitive to assume that the energy efficiency continues to increase to a
maximum at certain H2 O concentrations at constant dissipated power, it becomes
constant instead. The discharge becomes electronegative early on and it requires
increasingly higher operational powers to maintain the discharge. The higher
powers balance the higher yield and thus balance the gain in higher H2 O2 densities
by higher powers, effectively keeping the energy efficiency around 0.3 g/kWh.
Another effect linked to higher H2 O concentrations is the increased gas heating
due to increased rotational and vibrational losses [83], which might further actively
contribute to lower energy efficiencies. It should further be noted that at these
high concentrations, water droplets easily accumulate inside the reactor and in the
section behind the plasma which are cooled by the high flow. They are not only
in direct contact with the plasma, changing the plasma chemistry entirely by the
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Figure 4.13: Energy efficiency at very high water concentration. At the
indicated point condensed water from inside the reactor body was allowed
to reach detection, yielding in an efficiency of 1.5 g/kWh.

presence of a liquid phase, but also change the electrical equivalent circuit of the
setup making continuous, stable operation of the plasma very challenging.
However, it is possible to flush these droplets to the detection system. Their
analysis revealed energy efficiencies of H2 O2 a factor 5 higher than when operating
in the gas phase only, as seen in figure 4.13.
A typical droplet inside the reactor has an estimated volume of around 0.1 to
0.15 ml, which is flushed to the reactor and dissolved in a detection volume of
25 ml ± 0.5 ml. Of course, this droplet has accumulated H2 O2 for over 40’ (min
experiment time) and has thus a very high concentration of hydrogen peroxide.
This is due to the high Henry’s constant of H2 O2 [111], allowing the peroxide
to dissolve efficiently in the liquid water phase. Aside from being an efficient
capturing medium, the presence of liquid water close to or in contact with the
plasma changes the chemistry of peroxide formation significantly (see further).

Comparison Argon - Helium
To compare energy efficiencies between different background gases, the DBD I was
operated with Ar as well. Extensive comparison of the two gases is also performed
in the DBD II in the following chapter. Figure 4.14 compares Ar and He as a
function of power at maximal water concentration.
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Figure 4.14: Comparison of He and Ar + 2.5 % H2 O as a function of plasma
power.

It seems that η of H2 O2 in Ar up to 1.5 W is consistently a factor two higher than
in the case of Helium as carrier gas. However, the upwards trend in He should be
checked for higher plasma powers which was not possible in this configurations.
Reasons for the increased efficiency in Ar has recently been explained by Dilecci
et al. [79], who investigated the production of OH radicals by humid He and humid
Ar plasmas in a DBD reactor using laser induced fluorescence measurements. They
report an increase in OH density in the gas phase by a factor 2 in the case of Ar
compared to He at similar conditions of water concentration and applied power.
The graph above clearly reflects that our results are in line with these measurements,
as the 3-body recombination of OH is the primary source for H2 O2 here. Similar
measurements on OH densities presented in chapter DBD II of this work indeed
confirm the higher OH densities reported in literature.
It can further be observed that the dielectric barrier discharge is more energy
efficient than the RF glow discharge investigated in the previous chapter. This
can have a number reasons, but a few key parameters are the higher electron
density of the microdischarges compared to the glow discharge. These dissociate
molecules more efficiently resulting in higher OH radical densities. Another
difference between the two reactors is the wall material: H2 O2 losses to the reactor
walls depend both on the material and temperature of the wall. In case of the
APGD discharge reactor, these may significantly contribution to higher loss rates of
H2 O2 , as metal surfaces are known to dissociate peroxide faster than glass surfaces.
However, it is not clear if that is more dominant than the temperature of these
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surfaces, as the temperature of the inner glass surfaces of the DBD could not be
measured in this configuration. The outside of the DBD I did not heat up, however,
so it is likely that the DBD I was also colder compared to the APGD reactor.

4.5

Helium and Oxygen/Hydrogen gas mixtures

Motivated by the most energy efficient approach by Zhao et al of producing 80
g/kWh [17] and even up to 130 g/kWh [16], measurements using H2 /O2 gas
mixtures were investigated in the same reactor. This was done using the same
techniques and experimental approaches to establish a direct comparison between
discharges with water vapour and oxygen/hydrogen admixtures regarding their
energy efficiency of H2 O2 production. The measurements with the H2 /O2 admixtures have been performed using the same gas feed mechanism as the case with
water admixtures. The admixture is a buffered stochiometric mixture of H2 /O2
(2 % respectively) in 96 % of helium (Lindegas). The partial pressure of the gasses
in this configuration keep the mixture out of the explosive range and allowing safe
handling and exploration of these admixtures. An alternative safe mixture would
consist of pure H2 /O2 mixtures of O2 in either ≤ 4% or ≥ 96% of H2 , respectively,
at atmospheric pressure. However, the effluent of the reactor at atmospheric pressure may give rise to explosive gas mixtures and would require significant design
modifications for safety, which were avoided to be comparable with results using
water vapour.

4.5.1

Establishment of an ex-situ measurement method for H2 O2

Following reports in literature on sensitivity of the detection solution towards
nitrite [68], a saturated sample of NH4 VO3 was exposed to the effluent of a He
- O2 plasma. As reported in [41], the peroxovanadium cation formed by the
reaction NH4 VO3 with hydrogen peroxide [112] is stable on a time scale of hours
at room temperature. As described in the experimental methods section, the
peroxovanadium complex responsible for the red colour decomposes if exposed
to heat which further reduces its lifetime. However, a short exposure to the
effluent of a He - O2 plasma has a similar effect on the red peroxovanadium
complex, returning the detection solution to its initial shade of yellow as seen by
the “negative production” in figure 4.15, similar to reports by Galil et al [68].
This effect means that the effective measured yield (mmol/l/min) and subsequently the energy efficiency of gas mixtures containing O2 is essentially the
balance of decomposition and formation of the peroxovanadium complex in the
liquid phase, rather than a production yield due to actual plasma chemistry. This
leads to an underestimation of the actual energy efficiency due to the limitations of
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Figure 4.15:
Degradation of a saturated sample of ammonium
metavanadate exposed to the effluent of He + 2 % O2 at 0.9 W ± 0.1 W
and 2 slm He. “Negative” production is possible in the case of absorption
methods, as these values are derived from a colour change in respect to a
reference colour. As ROS from the effluent decompose the vanadium compound responsible for the red colour, the detection solution slowly returns
to it’s original colour shade

the chosen detection methods.
It should be briefly noted here that the negative production yield in figure 4.15
is due to the relative nature of this absorption technique base on Beer Lamberts law:
the actual measured concentration depends on the negative of the natural logarithm
of the fraction of measured - over reference signal intensities (see equation 2.10
on page 31). Contrary to the standard case, the reference intensity in this case
(saturated solution) is lower than the measured intensity, thus inverting the sign of
the concentration and resulting in the observed negative production. The inset in
figure 4.15 depicts the same graph with a logarithmic axis. Fitting an exponential
decay is rather accurate.
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Table 4.1: Comparing production yield of direct H2 O2 detection (exposure
of with NH4 VO3 ) to the ex-situ method, where aqua dest. is used to capture the effluent. After a period of 600 s ± 5 s of resting allowing dissolved
species to leave the gas, that water sample is analysed with NH4 VO3 . The
larger errors of the ex-situ method are due to transferring the solution repeatedly and as they are single values, where as the automated detection
is an average of 50 or more measurements.

Ar + H2 O
He + H2 O

E X S ITU D ETECTION

D IRECT D ETECTION

6.90 ± 0.93
1.59 ± 0.22

7.43 ± 0.012
1.72 ± 0.014

10−6 mol · l−1 · min−1
10−6 mol · l−1 · min−1

To establish a method that is insensitive to exposure by reactive oxygen species
(ROS) such as O2 or NOx but does not require significant modifications to the DBD I
and the setup, the detection vessel is filled with distilled water instead of a NH4 VO3
solution to capture the effluent gas. Samples from that water are then manually
transferred to a petridish (high surface of volume ratio of taken sample) and
exposed to air, allowing solved ROS to dissolve from the liquid. After a minimum
time of 10’, the sample was analysed with the ammonium metavanadate solution.
The validity of the ex-situ absorption method was established by comparison
with absorption method described in Chapter 2.5, as seen in table 4.1. For the
ex-situ measurements present here, the time interval between water treatment and
measurement was kept at 600 s ± 5 s.
While this method is a suitable alternative in this case, it should be noted that it is
significantly more time intensive and involves far less data points, thus leading
to larger measurement uncertainties. It also seems that the stability of hydrogen
peroxide in a water solution might play a role, as this is a known issue when
handling solutions. Continued exposure to the warm effluent from the plasma and
the heating of the bubbler head inside the liquid accelerate the decomposition of
the solved peroxide. As the efficiencies and the yield measured with the ex-situ
method are also lower than in the direct case, this affects measurements with low
production yields.
The reaction of Ozone (O3 ) with H2 O2 in the liquid water phase can be a limiting
factor that has to be considered for the ex-situ method. In solution, the reaction
H2 O2 + O3 ⇒ O2 + ·OH + HO2 ·H2 O in an acid solution may take place with a
reported rate constant of k = 3 ± 0.5 · 10−6 s−1

4.5.2

Results on Hydrogen Peroxide energy efficiency

In the following, H2 /O2 admixture results are discussed. In figure 4.16(a) on
the facing page, the energy efficiency is depicted as a function of plasma power
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measured by both in- and ex-situ approaches: using the absorption method (a)
and the ex-situ approach (b). While in both cases the energy efficiency generally
drops with increasing power, and later seems to stabilise using the colorimetric
method, the ex-situ method reveals a peculiar behaviour. While at low powers,
the energy efficiency is generally above the one obtained with the in-situ method.
However, with increasing power, the energy efficiency rapidly drops and even
becomes negative. It seems the longer the volume of water used for capturing the
effluent is exposed to the flow, the lower the detected yields and energy efficiencies.
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Figure 4.16: Comparison of energy efficiencies for H2 O2 production in He
with the H2 /O2 admixture as a function of plasma power measured by
both in- and ex-situ approaches at 2 slm gas flow. While η drops and stabilises using the colorimetric method, the ex-situ becomes negative (b) at
high powers. Exposure time to the effluent also plays a role, as seen from
(b).

This decomposition over time could be due to the aforementioned instability
of the solved H2 O2 at room temperature: the water volume capturing the effluent
(30 ml aqua dest.) is constantly heated up by the traced gas feed line and thus
accelerating the decomposition of peroxide in the liquid. The measurements in
figure 4.16(b), however, show the same behaviour with and without temperature
control, thus eliminating warming to be the sole culprit. As the gas temperature
does not significantly vary from 1 W to 2 W, it is more likely that higher densities
of ROS are produced by the discharge with increasing power.
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Figure 4.17: Hydrogen peroxide production efficiency for a variation of
admixture concentration at constant power of 0.9 W ± 0.1 W.

These may either dissociate solved H2 O2 in the liquid or the discharge chemistry
no longer favours the production of peroxide at higher discharge powers.
By adding helium, the mixture can be further buffered to change the maximum
admixture concentration. The results can be found in figure 4.17, using the direct
detection method. Even though using the direct detection method, the energy
efficiency seems to have a local maximum at 1.5 % admixture concentration, 0.75 %
H2 and O2 , respectively. After this maximum the efficiency drops again to the
values around 0.2 g/kWh.
As it is clear that ROS influences the direct measurement, it is never the less
possible to estimate how much this contributes to the final value of the energy
efficiency. For this, the averaged losses of H2 O2 per minute measurement time are
added to the actual measured yields which have been used to calculate efficiencies
in figure 4.15, thus “correcting” the obtained yield. Using these corrected yields,
the maximum value of 0.4 g/kWh ± 0.06 g/kWh figure 4.15 becomes 0.7 g/kWh
± 0.15 g/kWh when assuming the maximum dissociation rate of the peroxide
compound observed here.
This estimate is still significantly lower than the reported 80 g/kWh by Zhao
et al. [17, 16]. Their reactor consists of two coaxial cylindrical pyrex tubes, with a
discharge length of close to 170 mm [113]. The discharge volume can be estimated
to be in the order of 104 mm3 . The residence time of the feed gas residence time is
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3.6 s, after which the effluent is captured in water and analysed by iodometric. This
configuration differs significantly from our design presented here in the following
points:
• a significantly higher discharge volume than in the case presented here
(almost factor 30);
• a higher residence time (2 orders of magnitude);
• using iodometric titration as detection method;
• power consumption much very lower; and
• using pure, non explosive H2 and O2 mixtures.
Varying volume and residence time independently is not possible in the DBD I
configuration. This was considered in the development of the DBD II which is
presented in the following Chapter.
The proximity of the capturing liquid to the detection is not known in the
reactor used by Zhao et al. However, this could be an important factor as results
presented here show that water droplets in close proximity to the discharge, or
directly exposed to it, capture peroxide very efficiently. Water also plays a large
role in a similarly efficient discharge described by Burlica et al. [33], where a fine
water spray is sprayed into the plasma. In both cases, the presence of liquid water
alters the chemistry of the peroxide formation process entirely and/or benefit the
ex-situ detection of peroxide by retaining peroxide efficiently.
Zhao et al. report an average applied power in the order of 12 W, at 12.8 kV
applied voltage and a operational frequency of 12 kHz. The total dissipated power
is very low considering the difference in plasma volume between DBD I and reactor
described by Zhao et al. While this clearly depends on the specific experimental
setup, it seems surprisingly low. Unfortunately, an exact description of the setup
and all measurement techniques is not given in Zhao et al., which does not duplicate
the setup exactly.
The use of pure H2 / O2 mixtures was not possible using the DBD I in the
present configuration.

Results for Helium, H2 O and O2 mixtures
McKay et al. [88] report that the addition of O2 to a humid RF discharge increases the
yield of ROS and thus also results in higher OH densities. As in the RF APGD case,
OH densities are linked to the production of H2 O2 . However, recent investigations
on a similar DBD to the one investigated here [114] report that this
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Figure 4.18: 1 % H2 O in Helium at 0.9 W ± 0.1 W, with increasing O2 admix
concentration. Results are obtained using the in-situ method.

increase in OH densities particularly at higher O2 concentrations is less pronounced due to the different morphology of DBD. These give rise to differences
in power deposition and electron energy distribution which led to lower OH concentrations. To investigate if this could lead to an improvement of the production
yields as well as energy efficiencies, O2 was mixed into the humidified gas flow.
In figure 4.18, the analysis performed using the in-situ method reveals that
in spite higher ROS densities, the energy efficiency does not increase. Using the
alternative ex-situ method in this case did not lead to any results, as all results were
either zero or negative, comparable to the case of the H2 /O2 mixtures discussed in
the previous subsection. While an increased O2 concentration also increases the
production of ROS, there is an additional difficulty in using the ex-situ method
here. The lower energy efficiencies of humid He compared to humid Ar and H2 /O2
admixtures pose a difficulty to using the ex-situ method, as there seems to be a
requirement for minimum density present for the method to work properly. This
minimum was not reached in the case of a 1 W, 1 % H2 O discharge and it was not
possible to compare both methods for the same settings.

4.5.3

Fourier Transformation Infrared Spectroscopy

The DBD I was investigated using Fourier Transformation Infrared Spectroscopy
(FTIR) operating in both He + H2 O and He + H2 / O2 mixtures. A description of
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the FTIR experimental setup can be found in section 2.6.2 on page 37 .
For the case of the humid helium mixtures, H2 O2 was not detected. This can be
understood considering the vicinity of their molecular spectra and the difference
in absolute densities that can be expected in the effluent of the plasma. While
operating at room temperature, the water concentration in the plasma effluent will
be in the order of several percent, while the measured densities of H2 O2 using the
colorimetric method were in the order of 1 to 10 ppm, or 3 to 4 orders of magnitude
lower. This can be illustrated using normalised theoretical absorption spectra
simulated with Hitran. In figure 4.19(a), simulated and normalized spectra of
both water and peroxide show they may be resolved in the same measurement if
their absolute abundance is comparable to each other. However, scaled to reflect
their expected ascendancies it is clear that resolving H2 O2 in the presence of high
concentrations of water becomes very challenging. This is even more so the case if
actual spectra have lower resolution.
It should be noted here that is possible to improve simulated absorption spectra
by calibrating the FTIR to obtain the aperture function of the system or the use of
premixed gasses with known absolute concentrations. Unfortunately, an absolute
calibration was not possible in this case.
After analysing humid gas mixtures, the DBD I was operated with the helium
hydrogen/oxygen admixture. Before every measurement campaign, the multi pass
cell (MPC) was flushed with N2 and evacuated for at least 4 hours. A background
spectrum was obtained by using the admix flowing through the reactor system
without a plasma. Before a measurement, the discharge was operated for at least 15
minutes at 1 slm of gas flow at the chosen settings, while the MCP was evacuated.
The cell was flushed with the effluent of the DBD I and a set of measurements
were taken. After a measurement set, the procedure was repeated and another
background spectrum was obtained.
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Figure 4.19: Illustrating the challenges of measuring H2 O2 in the presence
of high concentrations water using infrared spectroscopy. Spectra obtained
with HITRAN on the Web [115].
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Figure 4.20: Simulated FTIR spectra of H2 O and O3 using HITRAN on the
Web. The spectrum of 1000 ppm ozone at a path length of 19.75m.

The results are shown in figure 4.21. After correction for the background, they
were normalised and plotted in the same graph. The spectra are a composition of
H2 O and O3 ,
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Figure 4.21: FTIR results using the maximal absorption path length of
19.75m. The actual spectra indicate the presence of predominantly H2 O
and O3 , with a very weak signal of H2 O2 (enlarged area).

with a weak signal of H2 O2 . From the spectra, it seems that longer the discharge
was in operation, the more H2 O was produced. While in the first 5’ the H2 O signal
between 1300 cm−1 and 2000 cm−1 quickly rises, the increase is less pronounced
after 10’ and 15’. This is the time the system needs to stabilise: operating the
discharge at 1 slm, this is approximately the time MPC completely filled a volume
of 6.1 l. Water is known to coat surfaces very efficiently, and the interior of the MPC
has large, metallic surfaces which have been exposed to dry N2 and low pressures,
causing a significant reduction of any surface films. Thus water molecules first
adsorb to surfaces and are thus not detected initially (t = 0’). The following 5’ are
enough to establish a quasi steady state where almost all water adsorbing surfaces
are saturated with or close to saturation with water, leading to a peak in detection
and its slow increase over the next 10’. This increase is further limited by the
average gas temperature in the vessel and is expected not to exceed 3 %, else water
would condense throughout the system and thus again elude detection.
This idea is supported by the strong, steady signal of O3 between 950 cm−1 and
1200 cm−1 in figure 4.21, which remains fairly constant over time. If O3 was to
adsorb on any surface, it would dissociate into O2 and oxygenated by-products
which are not detected in the frequency range observed. This process does not lead
to a quasi equilibrium, only to the dissociation of ozone, thus producing a stable
signal over time.
The H2 O2 is discernible between 1200 cm−1 and 1350 cm−1 , enlarged in fig85

Chapter 4.

ure 4.21. While the signal to noise ratio is poor, it cannot be attributed to water.
It seems to reach a maximum after 5’ of flushing, while it remains stable after
10’. Similarly to water, hydrogen peroxide from the gas phase will also adsorb on
surfaces in the MPC and might solve in the water film on the surface. However, it
is not clear if it also reaches a quasi steady state, if it dissociates to H2 O in contact
with the surface or if it accumulates continuously in the water films. In the later
two cases, the measured FTIR signal would underestimate actual hydrogen peroxide densities and lead to an increased water signal. The dissociation is a known
issue in chemical reactor engineering, were peroxide is dissociated on metallic
surfaces. [94]. The MPC is predominantly metallic, and the FTIR mirrors are coated
with gold, which known to be very efficient in H2 O2 dissociation. This could also
explain why the H2 O2 signal decreases slightly with time before stabilising, while
the water seems to increase further.
In addition, as figure 4.21 is composite of four individual measurements, the
background correction and the establishment of a common baseline after quite
relevant to evaluating the densities involved. It is thus unclear if the detected
signal is accurately reflecting H2 O2 densities produced in the DBD I. Estimating
gas phase density values by comparison of signal strength with water and ozone
allow to estimate an order of magnitude for the densities.
As seen from figure 4.19(b), these H2 O2 densities are 2 to 3 orders of magnitude
lower than the water densities. Measured H2 O2 at similar discharge conditions are
in the range of 10 to 30 ppm, allowing to estimate the water concentration to 1000
to 10000. These values are indeed in the same order as measured later using gas
chromatography (see further).
Densities can be estimated by using Beer Lambert’s Law and tabled values of
adsorption coefficients for H2 O2 . However, as the apparatus profile is not known
in this case and such estimates can thus only be considered to be very rough. In
this case, they are consistently lower than 1 ppm and thus lower than results of the
humid He discharges in the DBD I and APGD, which average around between 5
and 10 ppm. It is unclear if H2 O2 is dissociated in the MPC, adding to the H2 O
signal, and how much of that signal is actually H2 O.

4.5.4 Cold trap and Gas Chromatography on H2 /O2 admixtures
For further insights on the species produced by DBD I using H2 / O2 admixtures,
the system was connected to an online gas chromatograph (GC) directly. Alternatively, a cold trap may be used to capture and condense the effluent in a capturing
vessel. In this both configurations, the maximum flow had to be reduced from 1
slm to 100 sccm , but it was possible to use buffered stochiometric mixtures of H2
and O2 in the non explosive regime as well as pure H2 / O2 mixtures in the non
explosive regime (96 % H2 and 4 % O2 ).
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Figure 4.22: Results obtained using an online GC with 100 sccm non explosive H2 /O2 mixtures as a function of power.

While the cold trap cooled the recipient vessel to sufficiently low temperatures to
allow capturing any H2 O2 produced by the DBD I, the GC, however, can not detect
peroxide directly as the high temperatures inside the GC completely dissociate
the molecule. It can be applied to measure absolute O2 and H2 O densities, and
may be used to indirectly measure H2 O2 . This is only possible in complete absence
of O2 in the original gas mixture, as peroxide dissociates into water and O2 thus
allowing to estimate original absolute peroxide densities.

Capturing hydrogen peroxide in a cold trap
The measurements using the cold trap revealed that the DBD I operated with He +
H2 / O2 mixtures at the powers used in the FTIR measurements indeed produce
water. To efficiently capture the complete effluent, however, the gas flow had to
be reduced to 100 sccm. To be comparable to measurements in this work, the
capturing time was extended significantly. Over a measurement time of 400’, at
total mass of 1.28 g H2 O was captured which was titrated with Na2 S2 O3 . The
results show that operated in this way, the DBD I produced around 1.10−8 mol
H2 O2 per minute. This value is very low compared to the results discussed in this
chapter earlier. A probable explanation for this can be found in the experimental
setup, which requires a high amount of heating to avoid condensation caused by
the big gradient in temperature between trap and setup.
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Figure 4.23: In a pure, non-explosive H2 /O2 discharge at powers of ~ 1 W
and a total flow of 100 sccm, all O2 is immediately dissociated and completely used in the process. This behaviour was observed to be completely
independent of applied power.

An extensive modification to the system and the available trap was required to
resolve this, which was not considered for this work.

Online Gas Chromatography for non explosive H2 / O2 mixtures
Due to these restrictions, the GC was operated in similar conditions to work by Zhao
et al, which reported high energy efficiencies. While it was desirable to measure in
the exact same conditions, safety considerations limited the work presented here
to non explosive mixtures of 96 % H2 and 4 % O2 . The discharge was operated at
similar powers reported by Zhao et al and as in the FTIR case.
As seen from figure 4.22, the main reaction product detected was water with
concentrations up to 4 vol%, as the use of the GC precludes peroxide detection.
The measured water concentration increases with increasing power. Immediately
after switching the plasma off, the humidity drops, clearly being associated with
the production in the DBD I. H2 and O2 densities were also measured by the GC,
as seen in figure 4.23. The moment the discharge is ignited, almost all O2 is used
immediately and converted, in this case, to water.
It should be noted that while the water concentrations presented here are
reproducible, it might take more than one hour to purge the system of condensed
water, as the first data point in the graph depicts. Due to this very high and fast
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production of water, it is likely that at the higher powers the water density is
underestimated as condensation inside the system cannot be avoided.
An important consideration when comparing discharges operated with H2 O,
H2 O/ O2 and H2 / O2 gas mixtures is their different chemistry. Table 4.2 lists
possible reactions involved in the formation of peroxide in different mixtures.
The formation pathway of H2 O2 in He + H2 O/ O2 gas mixtures is similar to
the gas mixtures without the addition of O2 . The three body recombination R1
of the hydroxyl radical is the dominating process in the presence of H2 O. In the
presence of high concentrations of O2 however, an alternative formation pathway
is by the recombination of two hydroperoxyl radicals HO2 [14], described by R3. It
is mainly produced by reaction R2, but a number of other reactions thought to be
of importance in atmospheric chemistry of plasmas in contact with water vapour
and liquid aerosol droplets can also produce hydroperoxyl [14, 116].
OH density measurements in pulsed nanosecond He + H2 O/ O2 plasmas
(1:1 ratio) reported by Tiny Verreycken in her thesis [53] indicate the OH density
increases in the after glow rather then the discharge itself, where the chemistry
produces species densities fairly similar to He + H2 O discharges. According to
their model, a recycling reaction involving H leads to higher OH densities. This
falls in line with results presented here, where additions of O2 (ratios from below
to above 1:1 to H2 O) did not lead to higher production yields or energy efficiencies,
even when compensating for the influence of O3 on the detection.
Reaction R2 becomes the prime source for case of pure H2 / O2 gas mixtures.
Compared to the humid discharge formation, an additional step is required: first
H2 has to be dissociated, after which it can combine with an oxygen molecule to
produce HO2 , which in turn can form peroxide. This additional formation step
involving a H radical is the bottleneck compared to the direct mechanism in humid
gas discharges. The loss mechanisms of peroxide involving H and O in this case
can no longer be neglected due to higher densities of H and O than in the He +
H2 O case. The prime competitor for the formation of peroxide is reaction R6, the
fast quenching of hydroperoxyl by hydrogen. This reaction is quite fast, and it is
likely that in choosing non-explosive mixtures with 96 % H2 and 4 % O2 , it gains
even more importance - a strong indicator that using stochiometric, explosive gas
mixtures (1:1), might be beneficial to H2 O2 production.

89

Chapter 4.
Table 4.2: Reactions involved in production of hydrogen peroxide in various gas mixtures containing H2 and O2 . Two body rates in [cm3 s−1 ], three
body rates in [cm6 s−1 ].

R EACTION (Tg =350 K)

R ATE

OH + OH + He→ H2 O2 + He
H + O2 + He→ HO2 + He
O3 + OH→HO2 + O2
HO2 + HO2 →H2 O2 + O2
H2 + e− → 2 H + e−
H + HO2 → OH + OH
H + HO2 → H2 O + O (1 D)
? at 300 K.

3.7 ·10−43 ( Tg /300)−0.8
1.62 ·10−10 exp(−7470/Tg )
1.6 ·10−18 exp(−1000/Tg )
8.05 ·10−11 exp( Tg /300)
8.37 ·10−8 Te−0.5 exp(−11.7/Te )
2.35 ·10−10 exp(−373.7/Tg )
4.8 ·10−22 TG1.55 exp(80.85/Tg )

R ATE ?
·10−43

3.6
2.5 ·10−21
5.7 ·10−20
2.2 ·10−10
1.4 ·10−12
6.8 ·10−11
4.3 ·10−18

R EF.
[82, 90]
[39]

[53]
[39]

[117]
[39]
[39]

#
R1
R2
R7
R3
R4
R5
R6

The presence of liquid water or water droplets changes the chemistry with the
formation of superoxide anions, O2 − , as described in [14, 116]. In nature, electrons
can be produced by photocatalytic processes in liquid after illumination of so called
chromomorphic substances (such as e.g. chlorophyll). These electrons may reduce of
O2 solved in the liquid in two-electron step to H2 O2 as follows
O2 + e− → O2−
O2− + H + → HO2
HO2 + e− → HO2−
HO2− + H + → H2 O2 .
In presence of a plasma, electrons are readily available. These new reactions not
only form peroxide in the liquid phase but also further alter the production and
destruction balance by the presence of a new phase. Gas phase molecules such
as peroxide solve well in liquid water, removing these molecules from any gas
phase reactions while giving rise to a whole set of liquid phase reaction. This adds
significant complexity with liquid phase chemistry.

4.6

Summary and Conclusion

Design of the DBD I
The design of the DBD I successfully allowed to combine easy, accurate power
measurements with automated H2 O2 detection with a certain freedom to vary
power, water concentration and compare different gas mixtures in the same environment. Especially the latter is a great improvement over work presented in the
previous chapter on the APGD.
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Discharge structure
The nature of the discharge seems to be of importance for H2 O2 production. While
the DBD I did not allow sufficient optical access to the reactor resolve individual
microdischarges, both the V-I waveform as well as the energy efficiency in case
of the humid helium discharge reflect that with a humidity between 1 % and 2 %,
results are less reproducible. This seems to be due to a transition of the discharge
from a dominantly homogeneous nature to a filamentary regime. Production
of peroxide is very sensitive to discharge conditions and therefore lead to a low
reproducibility of results. More micro discharges lead to a higher dissociation of
H2 O vapour, but also to higher losses of H2 O2 . The maximum in case of the humid
He discharge does not exceed 0.25 g/kWh.

Humid plasmas
As seen from figure 4.14, the energy efficiency of the humid Ar discharge is a factor
two higher as in the case of the humid He discharge. This can be explained by
the higher OH densities in humid Ar plasmas, which are reported to be a factor 2
higher in Ar + H2 O than in He + H2 O [79]. This results in higher H2 O2 densities,
further highlighting that the 3-body recombination of OH is also the primary
source for H2 O2 formation in this case.
To increase the OH density in the discharge, the water concentration was
increased significantly up to 16 vol% water. However, this measure did not improve
the energy efficiency as an increase in humidity means an increase electro negative
species, requiring higher operational voltages and thus higher powers to operate
the plasma, as seen if figure 4.12. The maximum achievable energy efficiency in
this operational mode is in the range of 0.3 g/kWh ± 0.04 g/kWh.

Plasmas with oxygen
Another way to boost OH density aside from increasing the water concentration
is to add oxygen to the humid He gas mixture [88]. However, the addition of
O2 also gives rise to ROS in the effluent. While literature reports the applied
detection method to be fairly insensitive [41], its sensitivity to nitrite has recently
been reported and used to sensitively detect nitrate [68]. An experiment using a
saturated detection sample validates that ammonium metavanadate is sensitive
to ROS species produced by a He + O2 plasma and cannot be used to accurately
determine energy efficiencies in discharges with O2 additions.
To compensate for this deficiency, an alternative ex-situ method for H2 O2 detection was developed and tested. While this successfully eliminates the exposure of
91

Chapter 4.

the detection solution to the effluent of the plasma, it is not a satisfactory alternative
detection method. H2 O2 is not stable in solution, and decays at room temperature.
Excess heat from the plasma (measured in the case of the APGD to be around
65◦ C) and the gas feed tracing may accelerate the dissociation, while an extended
exposure to other solved ROS in the capturing liquid seems to render this approach
useless. It is likely that while ROS interact with the peroxovanadium complex of
the detection solution, altering measured production yields, they react stronger
with H2 O2 in solution than with the peroxovanadium complex.
Regardless, a buffered He + H2 /O2 was investigated in the DBD I. Results
indicate that when further lowering H2 /O2 concentration, the energy efficiency
of H2 O2 formation has a local maximum around 0.4-0.7 g/kWh, which lies above
comparable efficiencies obtained in the humid He case as seen in figure 4.17. This
is a strong indication that future research with a detection method insensitive to
ROS could prove that the use of He + H2 /O2 is indeed beneficial to the energy
efficiency.
As alternative detection method to investigate He + H2 /O2 mixtures, FTIR
spectroscopy was used to characterise the effluent of the DBD I. Results in figure 4.21 indicate the production of ozone, water and detect a small amount of
hydrogen peroxide. Fitting of the measurement spectra using Hitran was not
possible due to insufficient information on the instrumental broadening. However,
simple estimates comparing results with simulated Hitran spectra, put the detected
H2 O2 densities close to and slightly above in the order magnitude observed with
the DBD I in the case of humid He mixtures. This is another indication that He +
H2 /O2 might be more energy efficient and should be investigated further. H2 O2
can be detected by FTIR spectroscopy, however, the large metallic surfaces and
gold coated mirrors of a MPC are sources to dissociate hydrogen peroxide and
make accurate density measurements challenging.
Finally, gas chromatography was used to establish that H2 O is indeed produced
by a non-explosive H2 /O2 , confirming FTIR results. However, it should be noted
that while the FTIR was operated in a buffered stochiometric gas mixture, the
GC results are derived from non-explosive H2 /O2 and might not necessarily be
completely comparable.
A number of possible improvements to the design of the DBD I were considered
based on the results presented in this chapter.
• The DBD I lacks optical access and has short absorption path lengths, which
limit precision of spectroscopic measurements.
• The DBD I has a rigid, fixed design not allowing to greatly vary the plasma
volume. While the length of the electrode may be varied with some effort,
the gap distance is fixed. To answer if gas residence time plays a role, greater
flexibility is required.
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• The electrodes cannot be cooled and the reactor temperature cannot be monitored. While gas temperature seems to be of minor importance from results
of the APGD, it could be that colder electrodes would boost energy efficiency.
With these points in mind, the DBD II was designed.
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Chapter 5
Versatile Dielectric Barrier Discharge
Reactor1

Abstract
A dielectric barrier discharge reactor allowing for spectroscopy is investigated for
the energy efficiency of producing H2 O2 with humid gas mixtures in He and Ar at
atmospheric pressure. The special design considered allowing the variation of key physical
parameters such as electrode length, inter-electrode gap, power and offering an improved
temperature control. H2 O2 concentrations of around 15 - 45 ppm in the gas phase and
a range of energy efficiencies from 0.03 to 1.34 g/kWh are found. The direct comparison
of results highlight the important difference between a diffuse and filamentary discharge
morphology, the applied voltage, OH density as well as the role of gas residence time and
inter-electrode distance for H2 O2 production. Gas temperatures of TGAS = 318 ± 26 K
for a large range of investigated parameters are measured, establishing that in the present
system gas temperature variation play a minor role. Variation of the discharge gap and
electrode configuration reveal the existence of an ideal treatment time to maximise energy
efficiency. Laser induced fluorescence measurements on OH radicals results in densities
of approximately nOH = 0.5 − 7.1013 cm−3 , in line with values reported in literature
for similar reactors. Balancing losses and production of H2 O2 show that the favourable
chemistry of the filamentary Ar discharge is due to the transient nature of OH production
in the microdischarge filaments.

1 The reactor described in this Chapter was subject of the Master thesis of L.P.T. Schepers [52], who assisted
in establishing procedures and conducted part of the experiments presented in this Chapter.
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5.1

Introduction

A second Dielectric Barrier Discharge (DBD II) reactor is designed to improve
optical access to the discharge compared to the DBD I reactor. The details concerning the reactor, its dimensions and it operational parameters are described
in section 2.2.2 on page 16, some additional reactor schematics are found in the
Appendix. It is constructed similarly to the APGD (chapter 3) using a frame of PVC
to precisely position two adjacent electrodes. Plane, clear quartz windows and
specially designed glass gas inlets enable good optical access both perpendicular
and parallel to the gas flow (see detail view A in figure 2.7 on page 20). These
windows are sealed with o-rings and mounted with PVC frames to the main body
of the reactor. As described in section 2.2.3, the main feature of the DBD II is the
design of the electrodes allowing to increase the electrode gap up to 4 mm as the
lower electrode can be moved. The open design of the electrode further allows
to adapt the length of the plasma while controlling the temperature of the whole
reactor. In terms of power per unit area, the DBD II surpasses both APGD and
DBD I ranging 0.05 - 22 W/cm2 . As in the DBD I case, the driving frequency was
chosen to be 22 kHz ± 1 kHz.
As it is possible to vary the gap distance as well as the total gas flow through the
reactor, a wider range of residence times (tres ) is achievable than in the DBD I. This
allows addressing its role in the energy efficiency of hydrogen peroxide production
more accurately. The improved optical access allows measuring gas temperatures
(TGAS ) using optical emission spectroscopy. In addition, laser induced fluorescence
(LIF) measurements are made possible to obtain OH densities.
This chapter first reports on obtained powers, the methods used and their
accuracy. Then H2 O2 production in humid He - and Ar gas mixtures are compared
as a function of gas residence time, gap width, electrode length. The improved
designed allowed to obtain gas temperatures and measurements of OH radical
densities. Based on results from the DBD I, where the highest water concentration
yielded the highest energy efficiency and highest reproducibility, most results in
this chapter are performed at the highest possible water concentration at room
temperature (2.7 %)

5.2

Determination of power losses

As briefly described in chapter 4, the question of how to determine the losses
in power of the system is a very relevant question when considering the energy
efficiency of the H2 O2 production. The approach chosen in the case of the APGD
and the DBD I by subtracting losses from the applied powers to obtain the plasma
dissipated at the same current only works at low powers in the DBD II and a
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different approach needs to be explored.
Cooling circuit
The first difference in the circuit of the DBD II is introduced by the fact that it
can be cooled. As seen from capacitance measurements on the DBD II listed in
table 5.1, there are rather large stray capacitances in this configuration. C HV was
measured in point A in figure 5.1, directly at the HV connection of the power
supply to the system. C DBD was measured after the DBD in point B of the same
figure. Stray capacitances are the result of the system interacting electrically with
its environment and determined by geometry of the system. In our case they
generally increase with higher voltage and with the cooling in operation. Using
water as coolant added further challenges to the determination of the discharge
power, as the water is conductive and thus a new source of ohmic losses for power
measurements.
In contrast to the APGD reactor, the DBD II did not significantly heat up in
operation. This holds for the entire investigated applied power and discharge
operation time. The large volume of the powered electrode seems to act as heat
sink, with the highest measured temperature on the inside of the copper electrode
not exceeding 65◦ C (without cooling). This allowed to conduct measurements
without cooling as the reactor body was not affected by temperatures in this range.
All results discussed further in this chapter were obtained without water cooling.
As changes to the electrode gap or length require complete reactor disassembly,
great effort was made to maintain the reactor gas tight while allowing regular
visual inspection of the PVC parts in contact with the electrodes.
Method to estimate power losses
Another important difference is the behaviour of power losses in general. The
DBD II reactor is operated at higher applied currents compared to the DBD I
(figure 5.2). The DBD I is completely made of glass, the mechanical connections
Table 5.1: Values of capacitances C obtained for the DBD II without cooling. C HV is measured at the high voltage side of the reactor directly at the
connection to the power supply (A in figure 5.1), C DBD at the connection
of the grounded electrode (B in figure 5.1). Adapted from [52].
gap [mm]
0.5
1.0
1.5

C HV [pF]
25.7 ± 0.2
23.4 ± 0.3
22.3 ± 0.2

C DBD [pF]
13.0 ± 0.4
11.1 ± 0.2
9.6 ± 0.2
97

Chapter 5.

Figure 5.1: Electrical equivalent for capacitor measurements. The value of
the measurement capacitance is Cm = 8.8nF.

to the electrodes exposed to the ambient air being the main limitations to applied
power. The electrodes in the DBD II are contained and less prone to parasitic
discharges. High operational currents above 8 mA lead to break down of the air
mixture in the reactor, which poses a problem for determination of power losses.
This stands in contrast to the DBD I which is operated in a range below or close to
the limit at which breakdown in air occurs. As a consequence, an extrapolation of
the power losses (plasma off) is required to correct measured powers for the losses
at the same current.
The nature of this extrapolation is relevant. For values below 8 - 8.5 mA, there
is only a small difference between the actual values, a quadratic fit or a linear fit,
a shown in figure 5.2. The majority of results presented in the previous chapter
for the DBD I are obtained for this current range. A quadratic fit seems to be
a fair approximation of the observed losses at low power and would amount
losses equivalent to a 40 kΩ resistor in series, which is exceedingly large. It is
clear that in the main losses are not resistive in this case and the assumption of
keeping the current constant fails. However, this fit leads to an overestimation of
the losses at higher currents and thus to an non physical situation above 15 mA
where losses exceed applied powers. Using a linear fit, on the other hand, seems a
more reasonable approach to estimate losses. There is, however, no indication as to
why losses should exhibit such a linear behaviour, and it is unclear how accurate
this approach is.
Another approach was thus necessary. Instead of establishing power losses from
a fit as a function of applied current, the area of the Lissajous figure was considered.
In the case of ideal conditions, the Lissajous figure is a perfect parallelogram. The
area stands for the energy dissipated by the plasma. Without plasma, no energy
is dissipated and the plot becomes a line. In real applications, losses cannot be
completely avoided as seen in figure 5.3.
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Figure 5.2: Measured powers in helium as function of current RMS. Extrapolation of losses with a quadratic fit (L poly = −(9.6 ± 7.5) · 10−3 + (1.3 ±
0.6) · 10−5 x + (1.1 ± 0.01) · 10−7 x2 , a linear extrapolation Llin = −(0.6 ±
0.1) + (409.4 ± 28) x and one forced through 0 Llin
f orced = (296.5 ± 23) x are
shown.

As we are only interested in the power dissipated by plasma itself, a simple
method was applied: by introducing a phase shift to the current signal with respect to the voltage signal, the Lissajous figure is altered just enough that the area
of the figure without plasma becomes zero or negligibly small. At low powers
this artificially introduced shift does not change the obtained dissipated plasma
powers compared to the subtraction method. This is especially true for the entire operational range of the DBD I: up to the maximum applicable current, the
calculated dissipated power with the subtraction method is within 5 % to 9 % of
the power obtained by this phase shift method. The difference is smaller than the
reproducibility of the measurements (~ 15 %) and experimental results are not
influence by the choice of either method.
The DBD II discussed here can be operated at higher currents. It seems that the
phase shift method remains applicable to estimate dissipated plasma powers in
this case. The introduced phase shift is essentially composed of two contributions:
a physical and an empirical contribution.
• The physical shift is introduced by using different voltage probes with a
different frequency response at the high- and low voltage side, resulting in a
frequency dependent shift of ~0.5 µs. The error introduced by this physical
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(a)

(b)

Figure 5.3: Actual Lissajous figures of the DBD II in an Ar plasma at 2 slm
and at typical operational power (a) and without plasma (b). Adapted from
[52].

shift is quite small at low powers, illustrated for the case of the DBD I in
figure 5.4. The graph depicts the same set of values uncorrected (applied
power) and their value after the correction (correction for probeshift applied).
As this is systematic and depending on frequency and chosen probes, it was
corrected for in all power measurements discussed in this thesis.
• The second contribution is found empirically by adding a shift to minimize
measured power losses as discussed above. This empirical shift is of the
order of 0.5 - 3 µs, and results in power losses as depicted in figure 5.4. The
squares denote raw data, both the results of correcting for the shift due to the
probes and the empirical shift are plotted. After applying the correction, the
losses become zero or negligible. This empiric shift remains constant over
the entire current range, is independent of applied voltage/current in the
investigated range and only varies slightly from day to day. The factor six
here is due to changes in the system, such as new cables or connections, new
electrodes, inter-electrode gap and electrode length. Using this shift method,
it is simple to automatically correct measured powers and directly obtain
dissipated powers .
Comparing subtraction and phase shift method
The subtraction method using both linear and quadratic fitting are compared with
the phase shift method in figure 5.5. Up to 3.5 mA applied current, both phase
shift and quadratic subtraction methods are at worst 20 % different, while the
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Figure 5.4: Power losses of the system in the case of no plasma breakdown
(gap filled with ambient air): actual measured losses, losses corrected for
phase shift due to the use of different voltage probes and losses with both
physical and empirical phase shift.
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Figure 5.5: Comparing applied powers with dissipated plasma powers calculated using the subtraction and the phase shift method.
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Figure 5.6: The importance of correction for power losses. In Ar discharges,
where low powers produce high yields of H2 O2 , the energy efficiency may
double depending on the correction for losses.

linear fit method differs up to 35 %. This difference between the two subtraction
methods lessens somewhat as the powers obtained by the quadratic fitting begin to
decrease. Above 6 mA, the phase shift and linear fit subtraction method are within
25 % of each other. Considering that the reproducibility of these measurements is
around 15 % as indicated by the error bars in figure 5.5, both methods seem to be
comparable. However, it is unclear how accurately these assumptions reflect the
actual physics. It could be that the shift method underestimates losses, while the
linear fit overestimates the losses. The quadratic fit is clearly non physical.
As the phase shift method is independent of current or voltage, it was given
preference in this work. It should be noted that by operating either of the DBD’s
at a different frequencies, it should be possible to improve the matching of the
power supply to the reactors to further minimize losses and thus improve power
measurements. This, however, was not possible with the available power supply.
Figure 5.6 highlights the importance of correcting the applied powers for the
energy efficiency, as it is inversely proportional to the applied power. When high
production yields are achieved at low powers, such as in the case of Ar discharges,
the difference in energy efficiency may be up to a factor two if only considering
plasma dissipated power.
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5.3

Discharge morphology

Following observations regarding discharge morphology in the DBD I, the discharge of the DBD II was also investigated using current voltage waveforms at
different powers. As the DBD II was almost exclusively operated at the maximum
possible water concentration at room temperature (around 2.7 % H2 O), the results
presented in figures 5.7 and 5.8 both depict current voltage waveforms of He and
Ar operated at maximum water concentration.

(a)

(b)

Figure 5.7: Current - voltage waveforms of He + 2.7 % H2 O at (a) 0.7 W ±
0.1 W and at (b) 5.3 W± 0.2 W at 1 mm gap and the full length electrode (9
cm). Visually the discharge looks very uniform homogeneous once it runs
stable.

The current - voltage waveform of the DBD in helium as shown in figure 5.7 is
similar to the observations made with the DBD I - at low power, the discharge is diffuse (although multiple breakdowns occur). However, the first current peak seems
wide and pronounced at low power and indicates a homogeneous discharges. This
differences can be seen clearly when comparing with signal of the low power Ar
discharge at similar conditions (figure 5.8(a)), where current peaks both number
as well as the basic shape of the current peaks are different. At higher power,
the current signal of He resembles that of a filamentary operational mode. At
low power, however, the discharge looks distinctively diffuse. At high power the
microdischarges seem superimposed on a diffuse mode.
Figures 5.9(a) and 5.9(b) are images obtained of the discharge comparing images
of low and high plasma powers in helium and argon, respectively. In both images,
the shortest electrode configuration of 0.5 cm was used to highlight the different
behaviour of He and Ar. The white bar indicate the approximate position of the
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(a)

(b)

Figure 5.8: Current - voltage waveforms1 of Ar + 2.7 % H2 O at (a) 1 W ±
0.1 W and at (b) 4.3 W± 0.15 W at 1 mm gap and 9 cm electrode length.

electrode and the gap high.
Note how the plasma extends well beyond the end of the electrode in helium
(right image in fig. 5.9(a)) but remains confined to the length of the electrode in
argon (fig. 5.9(b) on the right). Argon clearly shows a filamentary nature. At the
selected shutter speeds the images in figure 5.9(b) illustrate how filaments arise
more frequently at certain positions2 than at others. Due to their transient nature,
they cannot be resolved individually.
As the electrodes are not symmetrical, the discharge is also wider at the top
where the length of high voltage electrode remains unaltered. This asymmetry
leads to a small current voltage bias, creating a small offset of the current against
the voltage.

5.4

Comparison of humid He and Ar

The DBD II was investigated with similar goals as the precursor version, with the
additional benefit of being able to measure TGAS and nOH in the same system based
on Laser Induced Fluorescence (LIF) measurement as described in section 2.7. The
energy efficiency as a function of water concentration are similar as in the DBD I
case, thus the saturated water vapour Ar and He mixtures were used to obtain
following results.
2 Note that the bright, square patch on the right is a reflection of the light emitted by the discharge on the
gas inlet glass tube.
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(a) He

(b) Ar

Figure 5.9: Images (visual with Canon PowerShot g15, 0.8s at ISO 3200) of a
He (a) and Ar (b) plasmas operating in a 0.5 cm / 1 mm gap configuration
at low and and high power. The horizontal bar indicates the length and
position of the electrode (0.5 cm), with a gap of 1 mm indicated by the
vertical bar. In (a), the power is 0.2 W at the left and 0.6 W on the right. In
case of (b), this is 0.3 W and 0.6 W, respectively. Adapted from [52]

5.4.1

Energy efficiencies as a function of power

As seen from results obtained from the DBD I, the energy efficiency of the H2 O2
production for both gasses is maximized when operated in fully saturated gas
mixtures. In figure 5.10(a), the energy efficiency η at maximum water concentration
of 2.7 % ± 0.2 % H2 O are shown.
For helium, a maximum energy efficiency of 0.033 g/kWh ± 0.004 g/kWh is
found. It rises linearly up to 2.5 - 3 W, after which it remains fairly constant around
0.031 g/kWh ± 0.001 g/kWh. Even though the yield steadily rises, the higher
energy required to operate the plasma limits benefits from high power operation.
The values are on average a factor 4 lower than in the DBD I. The reason for this
large difference is not clear.
On the other hand, η in Ar is a factor five higher in the He case, with a maximum
of 0.29 g/kWh ± 0. 07 g/kWh at low powers. At this maximum, there is one order
of magnitude difference in energy efficiency for H2 O2 production between the two
different carrier gasses. As discussed in the previous chapter, Dilecce et al. [79] have
measured the OH density in Ar to be double that of He - this factor two would
lead to the observed factor 4 in H2 O2 density. The effect is, however, much more
pronounced than in the case of the DBD I (see also further).
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Figure 5.10: Energy efficiency (a) and yield (b) of H2 O2 production as a
function of power for both Ar/He at 2.7 % H2 O with electrode length 9 cm
and gap = 1 mm. Adapted from [52]

The local maximum at low power in the case of Ar is a good indication for
the potential increase in the efficiency of H2 O2 production in microdischarges
compared to a diffuse DBD discharge.

5.4.2

Gas Temperature

A low T GAS is a key requirement for high energy efficiencies of H2 O2 production.
In addition, T GAS is required to fit absolute LIF densities. Using the emission of
N2 (C-B) yielded in the 1.5 mm gap (for maximum emission) an initial temperature estimate of T GAS = 350 K ± 50 K [52]. The relatively large error on these
measurements and the requirement of adding nitrogen to the discharge led to the
application another method based on the emission of ground state OH with LIF, as
described in section 2.4 on page 28 and in detail in references [118, 55].
Using the same experimental conditions as for the OH density measurements,
T GAS was measured for the 0.5 cm as well as for the 2 cm electrode configuration
at average powers. Results for the 0.5 cm case are show in figure 2.14 on page 30
at maximum water concentration, 2 slm flow and 1 W power. The fit of the slope
results in T GAS = 318 ± 26 K. Varying power and water concentration to both
extremes did not have a significant effect on the T GAS , resulted in temperatures
from 316 K to 340 K regardless of electrode length.
Dilecce et al. [79] recently applied this method to a similar DBD source using similar He + H2 O mixtures such as the ones presented here, in reasonable accordance
with [53].
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Table 5.2: Gas Temperatures in the DBD II obtained from measurements of
emission from OH in the ground state.

length [cm]
Power [W]
water [%]
TGAS [K]

0.5
1
0.25
318 ± 26

2
0.23
1.94
326 ± 28

2
1.65
2.2
340 ± 33

However, in case of filamentary nature of DBDs, these temperatures are representative for the background gas and not for the relatively high temperatures that
may be expected inside individual, short lived microdischarges [119]. It should
also be noted small changes in T GAS are challenging to resolve, even between
different electrode configurations. Further, the higher operational powers required
for operating the 9 cm electrode suggest a higher T GAS . Those measurements are
obtained using a thermocouple inserted into the core of the HV-electrode in the
9 cm electrode configuration at high applied powers and water concentrations,
resulting in temperatures of around 338 K. While this temperature does not represent T GAS , following a similar approach as in the glow discharge reactor, it can
be assumed that T GAS in the long configuration is higher than 340 K but within
the uncertainty of the measurements obtained with the LIF method presented
in this work. As T GAS is well below the 400 K mark, thermal dissociation has
little significance on H2 O2 yield. Small variations of the gas temperature do not
significantly influence calculated nOH .
For the calculations of nOH , the value of T GAS = 318 K was used. It was verified
that with using the highest obtained T of ~340 K (2.6 W Ar + 2.7 % H2 O in the 2 cm
configuration), calculated values of nOH vary less than 10 %.

5.4.3

Variation of gap distance

One of the main design considerations was to be able to freely adjust the interelectrode gap distance. The discharge can be operated with reasonable stability
and power up to a gap of 1.5 mm, after which the breakdown voltage becomes
high and parasitic discharges are created. Results for the three gap widths of 0.5 -,
1 - and 1.5 mm in both Ar and He as a function of voltage over gap are shown in
figure 5.11, and as a function of power density in figure 5.12.
This ratio of applied voltage over gap width scales linearly with the reduced
electric field E/N, at least for a homogeneous plasma. This influences the “strength”
of a microdischarge. A clear difference is observed between the configurations.
The energy efficiency rises towards lower applied voltages in all configurations
in argon. Towards higher voltages, the energy efficiency saturates at a value a factor
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Figure 5.11: Energy efficiency of the H2 O2 production as a function of
voltage over gap for all electrode gaps using the 9 cm electrode in (a) Ar +
2.7 % H2 O and (b) He + 2.7 % H2 O. Adapted from [52]

5 lower than the maximum. This decline is the most pronounced in the 1.5 mm
gap, where results at 500 V are almost one order of magnitude more efficient than
at 2200 V. Results using helium do not exhibit such a clear trend and the energy
efficiency even increases with V/g in case of the 1 mm gap.
The same trends are less articulated when plotting these results a function of
power density, as seen in figure 5.12. It can clearly be shown, however, that the
difference in η between the 1 and 1.5 mm gaps are insignificant at power densities
above 2 W/cm3 . At lower densities, the 1.5 mm gap is very efficient while the 1
mm gap becomes comparable to the 0.5 mm case. It should be noted that especially
at low powers, filamentation and preferential breakdown can not be avoided in
the 1.5 mm gap, which could be responsible for the boost in efficiencies.
On average both energy efficiency as well as yield are a factor four lower in He
compared to Ar and remain fairly linear with increasing applied voltage. As the
DBD II cannot be operated consistently at very low voltages like the DBD I, the slow
linear increase to a maximum observed with the DBD I can not be measured here.
The maximum in the 0.5 mm configuration could be a similar trend to the DBD I.
A similar saturation effect as in Ar can be observed here with the exception of the
1.5 mm configuration; however, a homogeneous operation in that configuration is
more challenging which could account for the observed differences.
The yields in both gasses are plotted in figure 5.13(b) and figure 5.13(a). While
the yields in helium are low and linearly dependent on V/gap with a saturation
at higher voltages, they are significantly higher in argon at low voltages. Both
number as well as the intensity of microdischarges increase with applied voltage,
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Figure 5.12: Variation of the energy efficiency of the H2 O2 as function of
power density in configurations at the same conditions as in figure 5.12 in
(a) Ar and (b) He. Adapted from [52].

it seems that fewer or less intense microdischarges are an advantage for H2 O2
production. With higher fields more OH radicals might be produced leading
to higher peroxide yields, but at the same time more H2 O2 is dissociated either
directly by the filaments or by loss processes due to a larger concentration of
radicals such as H, OH and HO2 .
The difference in gap distance changes the residence time by a factor three. A
strategy to counteract these losses could be changing the residence time of the
gas in the reactor and thus the exposure of H2 O2 to filaments and high radical
densities. This step is investigated next.

5.4.4

Residence time considerations

The most straightforward method to vary the residence time (tres ) is to vary the
flow of gas through the reactor. This is possible from 0.5 slm to around 4 slm,
which translates to a change in residence time from ~132 ms at 0.5 slm to 15 ms at
4 slm. Several things set these limits:
• The water bubbler used for humidification: feed gas either needs to overcome
the water column pressure or bubbles too violently, not spending enough time
in the vessel to saturate or increasing the surface to volume ratio significantly.
• The small volume of the detection liquid: high gas flow lead to an inefficient
mixing and a drop experimental reproducibility. At low gas flows longer
measurement times are required as the detection is accumulative.
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Figure 5.13: H2 O2 yield as a function of voltage over gap at same conditions as figure 5.12in (a) Ar and (b) He. Adapted from [52].

As results in Ar in both DBD sources are consistently higher, the following results
focus on Ar. The results of varying the flow are plotted in figure 5.14. Both energy
efficiency as well as the production yield (not shown) in all three gap configurations
increase linearly with the gas flow [52], similar to results found in the APGD and
DBD I. The gain in energy efficiency η increases linearly with the flow. The larger
errors at higher flows might be masking a saturation of η at high flows, however.
Another approach to vary tres is varying the length of the electrodes. The
DBD II was designed to allow reducing the length of the grounded electrode,
thus allowing the comparison of 9 cm, 2 cm and 0.5 cm electrode configurations
in the same system (table 5.16), without the limitations to gas flow as described
earlier. Additionally, the DBD II design allows using Laser Induced Fluorescence
(LIF) measurements to investigate if the residence time change impacts the plasma
chemistry in any way. Thus, in OH densities were investigated using LIF in the
following sections.
The results for energy efficiency in all three electrode configurations at 1 mm
gap width are compared in figure 5.16. With a shorter electrode, less power is
required to operate the discharge which directly benefits η. Applied powers varied
to the same extent in all three configurations3 , but even so, the both 0.5 - and
2 cm configurations are more energy efficient and yield more H2 O2 than the 9 cm
configuration. Hence the 0.5 - and 2 cm configurations were investigated by LIF to
assess if a lower tres boosts nOH .
3 Especially in the 9 m case at gaps < 1 mm, parasitic discharges at various points of the high voltage
electrode develop. These may damage the dielectric layer. In both 0.5 - and 2 cm configurations, the plasma
might extend well beyond the physical boundary of the electrode at intermediate to high powers, which in
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Figure 5.14: Energy efficiency as a function of gas flow in Ar + 2.7 % H2 O
at 1 mm gap, constant power of 3.5 W ± 0.4 W in the 9 cm configuration.
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Figure 5.15: nOH as a function of flow obtained with LIF in Ar + 0.52 %
H2 O, at 1 mm gap and constant power of 1.12 W ± 0.01 W in both 0.5 cm
and 2 cm configuration.
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Figure 5.16: Energy efficiency of three different electrode lengths compared.
The inset enlarges the low power range of the graph. All measurements are
performed with Ar + 2.7 % H2 O at 2 slm and 1 mm gap. Adapted from [52]

To maximise possible effects on nOH the gas flow was varied in both short
configurations additionally. There is no significant effect as results in figure 5.15
shows4 : nOH slightly drops with increasing flow in both cases, but not markedly
as the change is still within the estimated measurement precision of a factor two.
Albeit a difference in discharge volume of a factor 4, the average density in the
0.5 cm case is about half of the density in 2 cm electrode.
To find further investigate the ideal combination of residence time and electrode
configuration, results in table 5.3(a) list efficiencies and production yields in all
three electrode configurations at constant ratio of dissipated power to electrode
surface area5 , P/A in [W/cm2 ]. All results are obtained in Ar ± 2.7 % H2 O, 1 mm
gap and 2 slm flow. The following observations can be made:
• Increasing the P/A ratio by a factor of ~3.6, the energy efficiency η halves in
both the 2 - and 9.2 cm configuration. Low powers directly benefit η, while
the yield increases slowly with higher P/A ratios. The factor 6 lower η in the
long configuration indicates a negative effect of a higher tres on η.
turn limited applied powers.
4 Measurements with increasing water concentration not shown here indicate that n
OH does not increase
significantly if the power is kept constant.
5 The surface area and the volume in all three cases can be approximated within ± 1 mm as the system
was only operated up to powers that did not allow the discharge to extend beyond the electrode
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Table 5.3: Effect of residence time on η and H2 O2 yield. (a) Lists both values
as function of constant P/A ratio at 1mm gap, Ar + 2.7 % H2 O and at 2 slm
(also see figure 5.16. In (b) residence times in investigated configurations
and operational flows are listed.
(a)
P/A

0.5 cm

[W/cm2 ]

2 cm

9.2 cm

0.5 cm

2 cm

9.2 cm

Yield10−6 [g/min]

η[g/kWh]

1.71 ± 0.19

0.16 ± 0.06

1.23 ± 0.22

0.22 ± 0.05

0.25 ± 0.04

9.05 ± 0.39

2.82 ± 0.32

0.55 ± 0.18

1.02 ± 0.17

0.18 ± 0.04

1.05 ± 0.05

12.73 ± 0.44

7.41 ± 0.05
8.05 ± 0.05

3.96 ± 0.18

1.12 ± 0.32

0.88 ± 0.15

0.17 ± 0.03

4.31 ± 0.17

14.59 ± 0.67

11.88 ± 0.05

6.23 ± 0.4

1.34 ± 0.41

0.62 ± 0.12

0.13 ± 0.02

8.95 ± 0.44

15.20 ± 0.62

14.21 ± 0.05

(b)
tres

0.5 slm

2 slm

4 slm

0.5 cm

7.2 10−3

1.8 10−3

0.9 10−3

2.0 cm

28.8 10−3

7.2 10−3

3.6 10−3

9.0 cm

10−3

10−3

16.5 10−3

132

33

• The same increase of a factor ~3.6 in P/A increases η by one order of magnitude and the yield by a factor ~36 in the 0.5 cm configuration compared to
low P/A values.
• The absolute production yield in the 0.5 cm reactor is ~32 times lower at low
P/A than in the 2 - an 9 cm electrode configurations. At the highest P/A
investigated it only comes within a factor 1.5 of the longer configurations.
• While both 2 - and 9 cm configurations generally yield significantly more
H2 O2 , η halves in both cases with increasing P/A.
• At low and constant P/A ratio there is a significant maximum in η in the
2 cm configuration, making this configuration just as efficient as the 0.5 cm
configuration at P/A. The yield in these two cases is also comparable.
To explain the strong boost in yield and efficiency in case of the 0.5 cm electrode,
loss (equation 3.3 on page 54)
the time constant for losses by OH recombination tOH
loss
−
1
−
3
is considered: tOH = (nOH · kOH ) ∼ 28 · 10 s, with nOH = 1.23 · 1013 cm−3 as
measured in this work and kOH the rate constant for the OH recombination with
loss , the higher the losses of H O .
hydrogen peroxide [96]. The closer tres comes to tOH
2 2
In case of the 9 cm configuration, a higher power leads to higher nOH - this trend
has been observed in both shorter configurations as seen in figure 5.17 and can be
expected in this configuration as well. But a higher nOH also increases the losses
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of H2 O2 , thus the yield only doubles in case of large residence times (table 5.3(a)).
Thus in both 2 - and 9 cm cases, a reduction in η is found due to the reduced
increase in yield.
As power clearly plays role in these results, figure 5.17 compares the difference
in OH densities as a function of power in different electrode configurations and at
very different water concentrations. Even though the water concentration in the
0.5 cm configuration at 1.94 % is almost an order of magnitude higher than in the
2 cm configuration at 0.25 %, the OH density of the 9.2 cm configuration at the
same power is higher. In both measurements, the OH density is averaged over the
whole plasma volume, which is clearly discernible from the emission in the LIF
images. The OH densities in the 0.5 cm / high H2 O concentration case are a factor
two to three higher. In case of the 0.5 cm configuration, nOH increases a factor six
with increasing power. The factor 40 difference in production yields of H2 O2 at
low P/A in table 5.3(a) between 2 and 0.5 cm configurations can not be explained
by an increase in nOH if destruction of H2 O2 by OH is important. This supports
our residence time considerations, as the relation n H2 O2 ∝ (nOH )2 holds if H2 O2 is
primarily produced by the 3-body recombination of OH as discussed in Chapter 3.
At short residence times, the losses are too low to significantly affect this relation
and an 6 times increase in nOH leads to a factor 36 in production yield.
It should be stated that all nOH obtained in this work are time and space
averaged values due to averaging over several laser pulses and the random nature
of the filaments.

5.4.5

OH densities and water concentration

As seen from the previous sections, increasing the water concentration increases
the production yield of H2 O2 . Figure 5.18 directly compares OH densities in both
electrode configurations. While the OH density drops with increasing concentration in the 0.5 cm configuration, it keeps increasing slowly in the 2 cm electrode.
The linear increase in the case of the 2 cm may be expected, as more water leads
to higher radical densities, while the behaviour in the 0.5 cm case is surprising.
Another surprising fact is that despite a four times smaller power density, the
longer electrode still produces significantly more OH.
To find an explanation of these results, the method of obtaining nOH from a
recorded image has to be considered in detail. This is discussed in Chapter 2, in
figure 2.20 on page 41.
The nature of this method makes it sensitive to discharge homogeneity. This
is not always complete: the discharge might preferentially break down at certain
areas of the electrode, as seen in a composite image in figure 5.19, and also in the
images in figure 5.10(b) on page 106. It further illustrates how the discharge slowly
fills the gap with increasing power and extends the full length of the electrode (5).
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Figure 5.17: nOH in Ar as a function of power in both electrode configurations at high and low water concentration.
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Figure 5.19: Composite image of six discharges of Ar + 2.7 % at 1 mm gap
and 0.5 cm electrode (white bar) at various powers. Preferential breakdown
is a challenge for shorter electrode configurations. At typical operation
conditions (5) around 0.7 W the discharge fully extends to the end of the
electrode, while it extends beyond it at higher powers ((6) and P > 1.3 W).

If the power is increased further, the discharge extends beyond the electrode on
both sides (up to 8 % in length depending on water concentration). Their position
varies depending on daily conditions such as humidity in the laboratory, state
of dielectric and wear of the electrode6 . However, in all stages these preferential
breakdown spots discernible, giving the discharge a filamentary appearance to
the unaided eye, even though an individual filament has a lifetime of the order of
10 ns.
Their influence on calculated densities increase when the overall plasma length
decreases. As the OH density inside a microdischarge is up to 2 orders of magnitude higher than in the bulk as reported by [54, 79], the agglomeration of filaments could explain the behaviour of observed high nOH as well as the larger
variations in the 0.5 cm configuration in figure 5.18. However, it fails to explain
the higher nOH in the 2 cm configuration for higher water concentrations. This is
discussed in the following section.

6 Generally, they are found at electrode edges and disappear or diminish after cleaning the dielectric
surface. This, however, not always possible as it requires dissembling the reactor. Preferential breakdown is
mostly an issue in the 0.5 cm configuration.
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5.4.6

Local OH densities

The measurements performed in this work allow resolving average densities along
the length of the electrode, as shown in figure 5.20. A discharge in argon with 1 %
H2 O at 0.25 W ± 0.03 W looking homogeneous without visible preferential spots
was investigated in sections along the electrode. The results indicate a slow increase
of nOH towards the end of the electrode before it drops off in the afterglow. The
highlighted area marks the position of the electrode and the bulk of the discharge.
The increasing nOH towards the centre of the discharge is similar to observations
made by Waskoenig et al [98] in the case of O densities in an atmospheric pressure
He - O2 RF plasma jet. nOH increases with longer residence time, and reaches
a stable level after a approximately 4 - 7 mm. Similar measurements in 2 cm
configuration (same power, same gas flow) indicate that density levels do not
continue to increase beyond that point (not shown here).
This can explain the high nOH densities in figure 5.18: the 2 cm configuration
is long enough for the OH radicals to reach a stable, final value. With increasing
water concentration, more time is required to reach these steady state densities.
This, however, becomes an issue in the 0.5 cm configuration were the residence
time is too short to allow the stabilisation of OH levels. Thus the average measured
values drop below those of the 2 cm configuration, regardless of the higher energy
density of the 0.5 cm configuration.

5.5

Conclusions and summary

Results in this Chapter show that residence time and discharge morphology greatly
affect energy efficiency and production yield of H2 O2 . Similarly as made for the
APGD in Chapter 3, a balance of loss and production of H2 O2 in the DBD II was
considered (equation 3.1 on page 53)
2
nOH
· n M · k1

= ni · n H2 O2 · k i + Φ + Γsur f ace (γ)

(5.1)

where the net production equals the sum of all losses. nOH denotes OH density,
n M the third body density and k1 the formation rate of peroxide. Losses are
described by the product of ni and k i for densities and rates of species i, n H2 O2
denoting the experimentally obtained H2 O2 densities, gas flow losses Φ (cm3 /s)
and surface reactions Γsur f ace (γ). γ stands for the reaction probability of H2 O2 on
the electrode surface (see more in section 3.3.1 on page 52).
The balance in this case was first applied to the He + H2 O results using experimental nOH and n H2 O2 obtained at similar conditions of power, water concentration,
electrode and gap configuration as listed in table 5.4. ne was chosen to be lower
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Figure 5.20: Average nOH as a function of distance to the electrode beginning in Ar at 1 % H2 O, 0.25 W ± 0.03 W, 1 mm gap and 2 slm. The grey
zone highlights the electrode position. The errors indicate the sensitivity of
density as function of the electrode length.

as in the APGD balance. While in the case of microdischarges can be expected to
have higher ne than generally found in glow discharges, they are also significantly
smaller in volume compared to the bulk of the discharge. On average thus ne
might considered to be low as measured densities represent averaged values as
∗ = 5.32 · 1012 cm−3 , approximately two
well. A balance can be obtained with nOH
times higher than measured experimentally and within the estimated accuracy of
our experimental results.
Balancing the Ar discharge is less straightforward as seen in table 5.4. A balance
∗
of production and losses can be achieved at nOH
∼ 1.7 · 1014 cm−3 in the 2 cm
∗ ∼ 1.2 · 1014 cm−3 in the 0.5 cm configuration. These densities
electrode, and at nOH
are at least one order of magnitude larger than our experimentally obtained OH
values. As previously discussed, losses greatly outweigh the production of H2 O2
and this is reflected in the failure of the balance for argon.
At this point, it was considered to include an additional production term via
the HO2 radical (see table 3.3(a) on page 58). However, a balance can only be
n HO
achieved with unphysically high ratios of n 2 . This shows that the 3 body
OH
recombination is still the dominant production term, as shown for the APGD,
where this reaction was estimated to contribute less than 3 % of the total hydrogen
peroxide production.
Based on the previous discussion of the importance of a short tres , the loss terms
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Table 5.4: Balance conditions in He and Ar. Common parameters are
c H2 O = 2.6 %, γ = 0.01, TGAS = 318 K, flow of 2 slm, P = 0.85 W ± 0.2
W and a ne = 1·1010 cm−3 .
He

nOH
( a)

3.2·1012

n H2 O2
electrode
n H2 O2 (b)
n H2 O2 /nOH

0.26
2
2.68·1012
0.84

∗
nOH
∗ /n
nOH
OH
nOH (c)
∗ /n
(c)
nOH
OH

5.32 ·1012
1.7

Ar

·1013

1.23
33.7 ± 8.1
2
(8.42 ± 2.02)·1014
69

Ar

5.7 ·1012
38 ± 2.8
0.5
(9.5 ± 0.7)·1014
167

[cm−3 ]
[ppm]
[cm]
[cm−3 ]

1.2 ·1014
21.5 ± 0.7
(5.9 ± 0.4)·1013
10.5 ± 0.7

[cm−3 ]

balance
(1.7 ± 0.2) ·1014
8.7 ± 1.6
(5.6 ± 0.81)·1013
4.5 ± 0.5

[cm−3 ]

(a) densities from different measurements at slightly different powers
(b) recalculation of experimental values as in units of [cm−3 ]
(c) fitting results neglecting all loss terms by radical reactions

involving reactions with radicals where ignored in another balance attempt to fit a
∗ ∼ 5.5 · 1013 cm−3 ,
case where n H2 O2 ∝ (nOH )2 . In this case, the fit results in a nOH
or a factor four higher than measured densities. Variations in dissipated power,
preferential spot formation and water concentration, in combination with the
measurement accuracy, greatly impact OH density as discussed. Yet, this can
barely explain such a large difference. In case of the 0.5 cm discharge, the balance
cannot be achieved unless 10 times higher densities are used.
The failure of such a balance to accurately reflect production of H2 O2 production in the filamentary Ar discharge can also be seen from the ratio of n H O /nOH
2 2
- as measured OH densities cannot be lower than obtained H2 O2 densities when
the average density is responsible for the H2 O2 production. This is due to using
averaged values on a discharge morphology that is not homogeneous - the chemistry of a highly transient filament cannot be resolved by simple approximation
and requires spatially and temporally resolved models to accurately reflect the
chemistry.
The production of H2 O2 occurs due to high OH densities in the filaments, while
the destruction is dominated by the lower densities “outside” the filaments - which
are the averaged OH densities measured by the method applied in this work. Due
to a small residence time in the reactor, losses of H2 O2 are minimal.
An example of a zero dimensional model calculation on the decay of OH in a
Ar/H2 O discharge by Tochikubo et al. [90] can help to understand this process of
H2 O2 formation. This model considers the major reactions involving the species
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Figure 5.21: Estimating initial OH densities based on zero dimensional
model by Tochikubo et al. [90].

H2 , O2 , H2 O2 , HO2 , O, H, OH and H2 O. Taking n H = nOH = 1015 cm−3 as
14
calc ∼ 2 · 1013 and ncalc
starting point for the model, densities of nOH
H2 O2 ∼ 3 · 10

calc is
are reached after 1 ms (figure 5.21), the typical tres in the reactor. While nOH
within the experimental precision of the densities measured for the 2 cm case,
ncalc
H2 O2 is significantly lower than experimentally obtained H2 O2 densities in the Ar
exp

discharge, which are in the order of n H2 O2 ∼ 25 − 38ppm ∼ 0.6 · 1015 − 1 · 1015 cm−3 .

The high initial nOH required as initial input shows that using our experimental
OH density in the production term for the balance is underestimating the H2 O2
density significantly and cannot be used in our balance. On the other hand, He
seems to be a diffuse discharge in our case, as otherwise the same issue would
occur in that case. The low H2 O2 densities predicted by the model could be due
to neglecting the diffusion of H2 O2 , H and OH out of the filament. This diffusion
would lead to lower losses and could probably explain the higher experimental
H2 O2 densities.
Note that the result in figure 5.21 is an order of magnitude estimate. The
spatially averaged results depend on the microdischarge filament density and
the how often they occur on the same position. That frequency determines the
initial radical density at the start of the microdischarge. However, it illustrates that
nH O
the ratio n 2 2 can be 10 and even higher when diffusion is incorporated into the
OH
model. This would lead to a reduction of H and OH densities and reduction of
radical quenching in the time frame of 10µs to 1 ms.
These considerations clearly show that transient effects must play a dominant
role in the production of H2 O2 in a filamentary Ar/H2 O discharge.
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The design of the DBD II allowed to determine nOH , TGAS in addition to n H2 O2 .
It further allowed highlighting the importance of a filamentary morphology for
energy efficiency. Microdischarges have a very short lifetime and at low applied
electric fields, they dissociate molecules like H2 O very energy efficiently. This
process leads to high radical densities, which benefit the production reaction
products such as H2 O2 . However, the treatment or residence time of a gas may
neither be too short nor too long, and thus becomes another important parameter
that has to be optimized for high production efficiencies.
The OH radical, like in the APGD, is the main production source for H2 O2 and
is significantly higher in Ar discharges. While measured OH densities in He can
be used to balance production with losses, this is not possible in Ar. This is clear
indication that high OH densities found in filaments at low plasma powers greatly
benefit production and are instrumental to increase energy efficiency.
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Chapter 6
An integrated microreactor for the
epoxidation of propene using a
microplasma1

Abstract
The development of an integrated system for the epoxidation of propene by synthesizing hydrogen
peroxide in a plasma reactor has been evaluated. The production of H2 O2 was studied using humid Ar or
H2 /O2 mixtures in two different plasma reactors: atmospheric pressure RF glow discharge (APGD) and
dielectric barrier discharge (DBD). The feasibility of combining the plasma reactor with the epoxidation of
propene was assessed both in the liquid and in the gas phase. It was concluded that the best combination
includes a humid Ar plasma integrated with the epoxidation of propene in the liquid phase, due to the
better utilization of H2 O2 . Finally, a basic economic evaluation was performed based on the analysis of
the obtained efficiencies for the plasma and the epoxidation reactor and comparing them with off the shelf
prices of reactants and products. Only limited benefit can be obtained with the best energy efficiencies
reported up to date. This suggested that the integrated process would economically not be feasible, since
the energy efficiencies are not high enough and PO is a bulk chemical with low added value.

1 This chapter is the joint work of D.M. Pérez Ferrández, PhD Laboratory of Chemical Reactor Engineering
and C.A. Vasko, bringing together the two parts of this STW funded project. Sections 6.3.1 and 6.5.1 are
primarily authored by C.A Vasko. Sections 6.2.1, 6.3.2, 6.4 and 6.5.2 are primarily authored by D.M. Pérez
Ferrández, describing her experimental work. The sections 6.1, 6.3.3 and 6.6 are the result of joint authorship.
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6.1

Introduction

Propene oxide (PO) is an important bulk chemical, with a market that reached 7.7
million tons in 2012, and it is expected to grow up to 9.5 million tons in 2018 [120]. It
is commonly used as an intermediate in the synthesis of polyether polyols and propylene glycol, among others. Currently the two main processes for the production
of PO are the chlorohydrin and the hydroperoxide processes. The former releases
high quantities of chlorinated by-products, which raises environmental concerns
due to their hazardousness of their disposal. In the latter process, co-products such
as styrene or tert-butyl alcohol are produced in quantities of 2 to 4 times as large
as the amount of PO. This strongly couples the economy of the process with the
market of the co-product [121]. Since the beginning of the 90’s the synthesis of
PO via the epoxidation of propene with aqueous hydrogen peroxide (H2 O2 ) has
become increasingly important. This reaction occurs in a single step and produces
water as the only by-product, making it a very clean technology. However, the
main limitation is the high commercial price of hydrogen peroxide. Therefore, the
only alternative to an economically feasible process is to produce H2 O2 cheaper.
This can be achieved by production in situ, cutting handling costs and minimizing
H2 O2 losses. In the hydrogen peroxide to propene oxide process (HPPO), H2 O2 is
produced via the oxidation and reduction of quinones (anthraquinone process, AQ
[10]) and is afterwards used in the epoxidation of propene over a catalyst (TS-1)
under relatively mild conditions [11]. Several industrial production plants are
already operating with this technology. The first of those were developed by BASF
and Dow in Antwerp [12] (6.1) and by Evonik and SKC in South Korea [13], with
capacities up to 300,000 metric tons PO per year.
The HPPO process reduces the waste water by 80 % and the required energy by
35 % with respect to existing technologies. On top of this, the integration of the
raw materials reduces the physical footprint [12]. Despite all the aforementioned
advantages, HPPO is a complex process requiring three reactors and several separation steps after the epoxidation reactor to obtain PO with high purity, which
can be energy intensive and hence increases the production costs. Moreover, the
anthraquinone process cannot be considered “green” because of the by-products
of the hydrogenation step (due to over hydrogenation of AQ and solvent) causing
water contamination [10, 122, 123].
A cleaner alternative for H2 O2 production is the direct synthesis from hydrogen
and oxygen mixtures [124, 125]. The catalysts typically used are supported Pd,
Au or Pd/Au alloys. However, this process is limited by the risk of explosive
mixtures of hydrogen and oxygen. A possible solution may be found in the use of
novel reactor concepts such as microreactors or membrane reactors. Additionally,
the low selectivity to hydrogen peroxide should be improved for this process to
be competitive and feasible for industrial applications. The main reasons for the
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Figure 6.1: Scheme of the combined HPPO process/ Adapted partially
from Bassler et al. [12].

low selectivity values are the hydrogenation of oxygen (producing water) and the
decomposition of hydrogen peroxide into oxygen and water [122, 125].
A different and attractive approach for the synthesis of H2 O2 is the use of plasma
technology. The advantages of plasma processing using cold non-equilibrium
plasmas are their relative simplicity in design and operation, combined with the
recent developments of global models describing their plasma chemistry. Dielectric
barrier discharges (DBDs) [48, 126], radio frequency jets [55, 127] and similar, small
plasma sources are being used and developed for a variety of applications. The
electron driven plasma chemistry of these discharges produces a high amount of
gas phase reactive species, which can be exploited by a wide array of applications,
if their chemistry can be understood and directed.
A review on H2 O2 production methods by plasma sources can be found in Locke
et al. [14]. The energy efficiencies of the processes described average around several
grams per kilowatt hour of production energy. One of the most efficient methods
identified is the recent work on a gas phase DBDs operating with H2 /O2 mixtures,
reporting energy efficiencies for gas phase H2 O2 production of 80 to 134 g/kWh
[17, 16]. Dielectric Barrier Reactors have already found applications in many
industrial processes, such as e.g. air purification, and forming H2 O2 directly from
the reaction of H2 and O2 seems beneficial from the thermodynamic point of view.
Another efficient approach is the use of a gliding arc reactor operating with gas
(Ar) and liquid phase (water vapour spray), where similar energy efficiencies have
been reported [33]. The use of water instead of H2 /O2 mixtures has great potential
to minimize production costs. In addition to their high energy efficiencies, byproducts of both methods will mostly be water – thus turning them into ecologically
sustainable alternatives.
However, while both discharges are small (physical length in the order of
cm, while the electrode gaps vary from sub- to several mm) and are operated at
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atmospheric pressure, their chemistries are not fully understood yet. This specially
holds for the chemistry involving a plasma in contact with or in the presence of
a liquid phase. The chemistry of atmospheric pressure glow discharges (APGDs)
operating with water vapour, on the other hand, has been successfully modelled
with high energy efficiencies in the order up to several 10 g/kWh [39]. Thus
two types of plasma discharges have been studied in this work: an APGD and a
DBD (similar to the ones used in literature). They were designed to allow optimal
spectroscopic access to study relevant plasma parameters.
With a better understanding of the driving parameters for H2 O2 production
using these microplasmas, gas phase H2 O2 may be produced directly where it is
put to use. This allows two approaches for the integration of the plasma synthesis
of H2 O2 with the epoxidation of propene: either in the gas or in the liquid phase.
The traditional and most studied approach of performing the epoxidation is with
aqueous hydrogen peroxide with methanol as a solvent. This reaction can reach
conversion values of 97 % with very high selectivity to PO [128]. An intermediate
step is necessary, where the synthesized hydrogen peroxide vapour is captured into
an adsorbing liquid like water or methanol before it is pumped to the epoxidation
reactor. This type of process was proposed by Zhao et al. [17]. Hydrogen peroxide
was synthesized in a DBD reactor using a mixture of hydrogen and oxygen. The
products were absorbed into a fixed volume of methanol contained in a collector
and, afterwards, pumped to the epoxidation reactor. The combined process reached
69 % selectivity of O2 to H2 O2 in the plasma reactor with a yield of 62 % and 92
% of the peroxide produced was converted to PO with 93 % selectivity. If the
size of the plasma reactor used is of micro scale, the use of a microreactor for
the epoxidation step is reasonable. In addition, microreactors favor the heat and
mass transfer within the system due to the high surface area to volume ratio. This
reduces the possibility of hot spots and minimizes the side-reactions that decrease
the selectivity to the desired product [129].
The second process option, from the epoxidation point of view, is the gas phase
epoxidation, where H2 O2 vapour coming from the plasma is fed directly to the
epoxidation reactor. There it can react immediately with propene gas over a TS1 bed. This alternative would avoid the intermediate capturing step in which
the produced peroxide is absorbed into methanol. Su et al. [130] reported this
combination with a yield of 0.25 kgPO ·kg−1 cat ·h−1 , a selectivity of propene to PO
of 95.4 % and a H2 O2 utilization of 36.1 %. A more detailed description of the
gas phase epoxidation was published by Klemm et al. [131], who performed the
reaction in a microstructured reactor coated with TS-1, both on laboratory scale and
in a pilot plant. They obtained productivities higher than 1 kg of PO per kilogram
of catalyst per hour and selectivities to PO based on propene higher than 90 %.
However, the selectivity based on peroxide that they reported was 25 % in lab
experiments and 60 % in the pilot plant, which is still too low for being able to
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compete with the liquid phase route mentioned before.
The purpose of this project is to develop and evaluate the feasibility of an
integrated system for the production of propene oxide, where hydrogen peroxide
is produced in situ in a plasma microreactor.

6.2

Experimental designs and methodologies

The experimental design and characteristics of the Atmospheric Pressure Glow
Discharge Reactor (APGD) and of both of the Dielectric Barrier Discharge Reactors
(DBD I and DBD II) are described in detail in Chapter 2 of this work. Within
the same chapter, the methods for obtaining the plasma dissipated power and
measuring the H2 O2 densities are described as well. This section will describe the
additional experimental design carried out by D.M. Pérez Ferrández for her PhD
thesis [2].

6.2.1

Epoxidation of propene with hydrogen peroxide

The epoxidation of propene in the gas and in the liquid phase is explored with the
aim to evaluate the eventual integration with the synthesis of hydrogen peroxide
in a plasma reactor. Titanium silicalite-1 was used as a catalyst in both cases,
considering its high performance in the oxidation of organic compounds with
hydrogen peroxide [132, 133, 134].
6.2.1.1

Gas phase epoxidation setup

The gas phase epoxidation is performed in a tubular reactor with an inner diameter
of 4 mm and a length of 470 mm (6.2, (3)). The material of the reactor may be varied: quartz, PTFE, titanium and stainless steel depending on the experiments. The
reactor is inserted into a tubular oven (4) for conducting experiments at different
temperatures, ranging from 120°C to 160°C. The hydrogen peroxide vapour was
obtained by feeding aqueous H2 O2 (30 wt.%, Sigma Aldrich, containing stabilizers) with a syringe pump (KDS 100 with a borosilicate gas-tight syringe SGE)
through a PEEK capillary inside the reactor, where it evaporates over a bed of PFA
(perfluoroalcoxy) beads at the working temperature. The syringe pump is located
inside a fridge at 7°C to avoid decomposition of H2 O2 (2). The gases, helium
(carrier gas) (0 – 200 ml/min) and propene (0 – 20 ml/min), were dosed by mass
flow controllers (BROOKS Instruments B.V.) (1). The outlet gases of the reactor
were analysed online by a Compact Gas Chromatograph (GC, Interscience B.V.)
equipped with a Rt-Q-Bond column and a Molsieve 5A column in two separate
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channels, both with a thermal conductivity detector (TCD) (6). Given the limitations presented by the analysis of H2 O2 vapour, which is fully decomposed at the
high temperature in the injector of the GC, a capturing setup was developed (5). A
4-way valve was installed just after the reactor, giving the possibility of diverting
the flow to a capturing vessel. This vessel was immersed in a cooling bath prepared
with a mixture of liquid nitrogen and ethanol (-116°C) so that all the vapours were
frozen when passing through it. The remaining gases were measured in the GC.
All the oxygen measured during these runs can be directly related to the amount
of hydrogen peroxide decomposed in the reactor. To verify the validity of this
method, in a number of experiments, the frozen content of the vessel was analysed
by iodometric titration to determine the peroxide concentration in the gas phase.
Using this method, the hydrogen peroxide decomposition was determined with
an experimental error of less than 10%.

6.2.1.2

Liquid phase epoxidation setup

Considering the possibility of synthesizing hydrogen peroxide in a microplasma
reactor, the liquid phase epoxidation of propene was carried out in a microreactor.
Two types of microreactors were evaluated: a TS-1 coated capillary microreactor
(CCMR) and a fixed bed microreactor (FBMR). The former was prepared by in situ
hydrothermal synthesis of TS-1 zeolite in the walls of a fused silica capillary, resulting in a homogeneous TS-1 coating layer of ~3 mm thickness. The latter was loaded
with TS-1 powder. More details about the characteristics of the microreactors can
be found in Chapter 3 of [2].
The experiments were conducted in the setup shown in figure 6.2. Either the
coated capillary microreactor (CCMR) or the fixed-bed microreactor (FBMR) were
connected to the setup and kept in a thermostatic oven (6.3, 4) to maintain the
reaction temperature. The liquid phase was fed at a flow rate between 0.2 and 6
ml/h with a high precision syringe pump (Teledyne ISCO) (6.3, 2) connected with
a cooling jacket at 10 °C to minimize H2 O2 decomposition. The propene flow was
controlled by a mass flow controller (Bronkhorst) in a range between 0.1 and 10
Nml/min (6.3, 1). Both reactants were mixed before entering in the reactor using
a T-shaped mixer (6.3, 3). A back pressure regulator was used downstream to
facilitate maintaining a constant pressure N2 at a constant flow rate of 1 Nml/min
(6.3, 7). After the reaction, the two phases were separated and the gas stream was
analysed in an online microGC (Varian) equipped with a Porabond Q column and
a Molsieve 5A column in two separate channels, both with a thermal conductivity
detector (TCD) (6.3, 6). Liquid samples were taken every hour (6.3, 5) and analysed
for their composition in an offline GC (Varian CP-3800) with a CP-Sil-5 column
and equipped with an FID detector. The concentration of hydrogen peroxide in
the liquid samples was determined by iodometric titration. A three-way valve
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Figure 6.2: (1) Mass flow controllers, (2) Syringe pump for feeding aqueous
H2 O2 to the system, (3) quartz reactor, (4) heating oven, (5) capturing setup,
(6) online GC. (2)

situated after the ISCO pump allowed samples to be taken to analyze the actual
concentration of hydrogen peroxide that was used, since some decomposition of
H2 O2 occurred with time inside the pump.

6.2.2

Epoxidation experiments

The epoxidation experiments were carried out in the setups described above,
analysing different parameters that can be important for the performance of the
reaction.
The conversion and selectivity to PO of hydrogen peroxide (X H2 O2 , S H2 O2 toPO )
were calculated following equations:
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Figure 6.3: Scheme of microreactor setup for the epoxidation of propene
with hydrogen peroxide. (1) Mass flow controllers, (2) ISCO pump, (3) Tshaped mixer, (4) thermostatic oven, (5) valve for the sampling of liquid to
be analysed in an off line GC, (6) on line gas microGC, (7) back pressure
regulator. (2)

X H2 O2 =

OUT
FHI N2 O2 − FH
2 O2

S H2 O2 to PO =

FHI N2 O2

x 100

(6.1)

FPO
x 100
OUT
− FH
2 O2

(6.2)

FHI N2 O2

The selectivity of propene to PO and other by-products (nC3 H6 → nCX ) can be
obtained as:

SC3 H6 to PO =

n
m Fx
n
Fx
∑m

x 100 =

n
m Fx

− FCOUT
FCI N
3 H6
3 H6

x 100

(6.3)

where Fx is the molar flow of the reactants and products used and obtained
during the oxidation of propene (mol/min). In the gas phase epoxidation the
main by-products are acetaldehyde, CO2 and CO, from the further oxidation of
propene, as well as acetone and propanal from the isomerization of PO. In the case
of the liquid phase epoxidation, the formation of 1-methoxy-2-propanol (1M2P),
2-methoxy-1-propanol (2M1P) and propylene glycol (PG) are the result of the
opening of the oxirane ring due to the acidic conditions.
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In the gas phase epoxidation of propene, the effect of the concentration of
hydrogen peroxide and propene was evaluated by maintaining one constant concentration in excess and varying the concentration of the other. Helium was used
as inert gas, with flows of 50 and 100 ml/min. In all these experiments the temperature was maintained at 140°C. Additionally, the influence of the catalyst loading
was also tested. To that end, different amounts of TS-1, ranging from 10 to 100 mg,
were packed in the reactor. The epoxidation was carried out at a total flow rate
of 64 ml/min, 3.7 vol.% H2 O2 and 13 vol.% C3 H6 at a temperature of 140°C. The
behaviour of the system at different temperatures was evaluated by varying the
temperature of the oven between 120 and 160°C. The concentrations of peroxide
and propene were 2.4 and 0.8 vol.% respectively, maintaining a total flow rate of
116 ml/min.
The liquid phase epoxidation of propene was conducted with aqueous hydrogen peroxide using the Fixed-Bed Microreactor (FBMR) and in the Coated Capillary
Microreactor (CCMR) described above. The pressure was maintained at 6 bar and
the temperature at 40 °C. The liquid phase consisted of 13.3 wt.% hydrogen peroxide (30 wt.%, Sigma Aldrich, containing stabilizers, effectively 4 wt.% H2 O2 and
9.3 wt.% water), with methanol as solvent and 4 wt.% ethanol as internal standard.
The gas phase was pure propene. The gas and liquid space velocity (GHSV and
LHSV respectively) were calculated using 6.4. The space velocity of the liquid
was varied by changing the pumping rate in the ISCO pump and maintaining the
same amount of catalyst. The volumetric gas-to-liquid ratio (G/L) was maintained
constant at 15 for all the experiments conducted, calculated considering that the
conditions inside the reactor are at 6 bar and 40 °C.

W HSV

ml
gcat h



=

Q TOT (ml/h)
W ( gcat )

(6.4)

.
The space velocity used in this work relates the reactant liquid or gas flow rate
to the amount of catalyst employed in the system.

6.3
6.3.1

Results and Discussion
Hydrogen peroxide production results2

With the methods detailed in the previous section, all three reactors where investigated regarding their maximum energy efficiency for H2 O2 production. The
2 It should be noted here that at the time of publication of this common Chapter, these were the available
values for efficiency. The user is referred to table 7.1 on page 146 for final values.
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following section intends to present an overview of the results and focuses on the
main parameters for H2 O2 production.
Gas Temperature
In all cases, it was found that the gas temperature in the reactor did not exceed
380 K. This is important to note, as especially H2 O2 has been reported to decompose
at higher gas temperatures. At ambient gas temperature up to well beyond 400 K,
electron driven chemistry reaction rates are orders of magnitude faster than thermal
dissociation rates. Between the lowest and highest powers, the measured change
in gas temperature is of the order of 30 K.
Water concentration
In the experiments performed with water vapour dispersed in a carrier gas (Ar or
He), the H2 O2 yield rises with increasing content of water in all reactors. This can
be expected, as H2 O2 is produced by the dissociation of H2 O molecules and the
formation of OH radicals in the process. Two of these radicals may recombine to
form a H2 O2 molecule in a three body recombination process [83]. In the operational regime of up to maximal water vapour concentrations of 2.7 – 3 % ± 0.3 %,
the energy efficiency rises linearly (APGD case) or in fair approximation linearly
(as in the case of the DBD I).
However, while all measurements listed in 6.1 have been obtained with the
maximal water vapour concentrations of up to 3 vol.%, a set of measurements
were carried out at concentrations of up to 16 % H2 O in the gas phase. The power
required to operate a discharge increases in the presence of molecules compared
to atomic gases. This was one of the reasons that lead to the use of humid gas
discharges instead of admixtures as reported in literature. In this case the sharp
increase in power needed to keep the discharge operational balanced the gain in
product yield by higher initial water concentrations thus leading to lower energy
efficiencies. These values are below the maximum values reported in 6.1.
Table 6.1: Maximum energy efficiencies for H2 O2 production. The APGD
cannot be operated in Ar. These results obtained with maximum water
vapour saturation of around 2.7 % ± 0.3 % H2 O vapour.

He [g/kWh]
Ar [g/kWh]
diss. plasma power [W]
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APGD
0.18 ± 0.02
1-3

DBD I
0.16 ± 0.02
0.24 ± 0.05
0.1 - 4

DBD II
0.3 ± 0.01
1.4 ± 0.4
0.5 - 10
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Use of H2 /O2 admixtures
While H2 /O2 admixtures were considered and investigated in both source types,
the results remain inconclusive. In contrast to [17], a buffered 1:1 mixture with
96 % He was used in order to avoid explosive mixtures and allow safer handling,
as both reactor types are open to the ambient and the detection method requires an
open architecture. Energy efficiencies and peroxide yields measured with these
admixes are a factor two lower than using humid He and are subject to strong
variations. These variations maybe due to influences of radicals produced by the
discharge interacting with the detection solution. Using alternative captioning
methods, such as the capturing with water in combination with consecutive ex-situ
analysis of the treated sample volume or gas trap to capture the effluent, yielded
very low H2 O2 densities and did not reflect results observed in literature.
The use of undiluted, non-explosive mixtures of 96 % H2 and 4 % O2 was made
possible using the epoxidation setup described in 6.2.1.2 (6.2). When the plasma
ignites, the O2 completely dissociates as measured by the GC. Simultaneously, H2 O
is being produced and detected in the GC. As H2 O2 decomposes in the GC and
cannot be detected, it is not possible to comment on the underlying chemistry of
this process.
It seems, however, from the use of both buffered and pure H2 /O2 admixtures
that the energy efficiency of humid Ar and He discharges is higher.
Carrier Gas
The gasses chosen for this investigation differ from the gases used in literature
[113, 17], as the chemistry of H2 /O2 is poorly understood, while humid nonequilibrium discharges with H2 O have been modelled preceding this work [39]
and are understood to a certain extent. As understanding the chemistry is essential,
existing models where investigated further to see how far the energy efficiency
may be improved. Thus Ar and He where used, while it is only possible to
directly compare both in the same reactor in the DBDs without modifications of
the source. Results indicate that the main production mechanism is indeed the 3
body recombination of OH,
OH + OH + M → H2 O2 + M,

(6.5)

M is a third body, neutral atom or gas molecule, which is required to allow the
conservation of Energy (as the two OH radicals recombine, excess/required Energy
for the formation of H2 O2 molecule have to be provided/absorbed). Results further
reflect the higher OH densities in Ar than in He measured both elsewhere and in
the current setups [83, 79]. Thus the use of Ar is preferable as it yields higher OH
densities and consecutively higher H2 O2 yields.
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Power
Plasma dissipated power is one of the key factors affecting its performance, as
higher powers lead to higher electron densities and thus to a more active plasma
chemistry.
In the case of the APGD, the energy efficiency rises with dissipated power in
the operational range, while below 1 W the APGD becomes increasingly unstable.
For more detail see [83].
On the other hand, in both cases of the DBD sources, the energy efficiency does
not increase linearly with power in all cases. Using He as a carrier gas, results
are comparable to the AGPG, while in the case of Ar as carrier gas, a pronounced
maximum in energy efficiency at low powers [83, 79] is observed. This suggests
that the different, filamentary nature of the DBDs might give rise to a higher H2 O2
yield. Electron densities in a filament are orders of magnitudes higher than in a
glow discharge, hence also the OH density, most likely boosting the dissociation of
H2 O in the gas. Outside the filament, electron densities and gas temperature are
significantly lower, allowing for the formation of molecules such as H2 O2 .
Modelling as well as a simple balance of experimental results using the APGD
suggests [83] that electron induced losses are the most important H2 O2 loss mechanisms in the plasma. High electron densities ne are responsible for driving most of
the chemical reactions as well as for the main loss mechanisms for H2 O2 as many
highly energetic electrons are available. However, the highest ne is restricted to
transient filaments in the DBD, leading to the assumption that a low number of
filaments might result in higher H2 O2 yields. At lower power, fewer filaments are
formed and thus there are less highly energetic electrons to dissociate the peroxide,
while it is still being produced efficiently enough by the recombination of OH
radicals. Striking the right balance is essential for the optimisation of this process.
This might be supported by the observation that at low plasma powers, the
discharge gap is not uniformly filled with filaments. With increasing power, the
plasma becomes optically more uniform and the energy efficiency of H2 O2 production drops slightly, again supporting the idea that too many filaments dissociate
the H2 O2 better. However, it should be mentioned that the model developed in
[83] was for a completely different discharge chemistry and that loss mechanisms
in this case might be different.

6.3.2

Results of the epoxidation of propene

Gas phase epoxidation
The gas phase epoxidation of propene was successfully accomplished by evaporating aqueous hydrogen peroxide in situ. Amounts of catalyst as small as 10 mg
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were capable of catalysing the synthesis of PO, reaching productivities as high as
−1 −1
10 gPO gcat
h . This value is very high in comparison with the gas phase epoxidation experiments carried out with a mixture of H2 and O2 over Au-Ti catalyst,
−1 −1
where the highest productivity achieved so far was 0.3 gPO gcat
h [135]. The high
values obtained with H2 O2 vapour are due to the large reaction rate of the epoxidation and decomposition TS-1 at 140° C. Even when more catalyst is added, the
conversion and selectivity remain the same, indicating that the reactions occur in
the first section of the catalyst bed, utilizing only a few mg of catalyst.
Hydrogen peroxide was completely converted in all experiments (X H2 O2 =
100 %), partially in the epoxidation and partially decomposition. The presence of
the catalyst enhanced the decomposition, due to the presence of Ti in its structure.
However, the moment propene was introduced in the gas feed, the decomposition
dropped to around 35 % while the selectivity of hydrogen peroxide to PO reached
40 %. This indicates that the epoxidation of propene is faster that the decomposition
of H2 O2 . Regarding the selectivity to PO based on propene, as long as an excess
of propene is maintained during the reaction, values higher than 90 % can be
obtained, with acetaldehyde, CO and CO2 from the further oxidation of PO, and
propanal and acetone from its isomerization as main by-products. The reason for
the need of an excess of propene lies in the fact that an excess of hydrogen peroxide
would further oxidize the produced PO into CO and CO2 and acetaldehyde.

Liquid phase epoxidation
The traditional liquid phase epoxidation of propene was studied in a microreactor,
to evaluate the possibility of combining this reaction with the synthesis of hydrogen
peroxide in a microplasma reactor. Two alternatives were contemplated in this
case: a fixed-bed microreactor and a coated capillary microreactor. The epoxidation
of propene was achieved and high selectivity to PO (>95 %) could be obtained.
−1 −1
Productivity values of 2.15 gPO gcat
h were attained. Considering that PO is a bulk
chemical, produced in the scale of thousands of tons per year, it was concluded
that a microreactor was not the most suitable kind of reactor for the production of
this chemical. Nevertheless, the powder catalyst synthesized and the productivity
obtained can be scaled up in order to be used in a traditional packed-bed reactor.
The main results of both gas and liquid phase epoxidation can be found in
table 6.2. It can be seen that the conversion of hydrogen peroxide is higher in
the gas phase reaction; however, the peroxide consumed is better utilized in the
liquid phase reaction. Considering that the synthesis of H2 O2 is one of the most
expensive parts of the HPPO process, the best process would be the one that
converts the higher amount of peroxide with the highest selectivity, thus the liquid
phase reaction at lower space velocities seems to be the most suitable.
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Table 6.2: Summary of results of the epoxidation of propene with hydrogen
peroxide in the gas and in the liquid phase obtained in Chapters 2 and 3 of
[2].

gas phase
liquid phase

SV
ml · ( gcat h)−1

X H2 O2

S H2 O2 to PO

SC3 H 6 to PO

%

%

%

PO prod
gPO · ( gcat h)−1

450000 (GHSV)
200 (LHSV)
25

100
30
95

40
75
78

90
97
96

10
2
0.3

6.3.3 Experimental combination of plasma reactor and epoxidation reactor
The feasibility of combining both reactors into a single system was evaluated. The
DBD I reactor was mounted in the epoxidation setup, connected directly to the H2 ,
O2 , He and C3 H6 mass flow controllers. Initial tests were carried out by feeding a
mixture of H2 /O2 into a 96/4 molar ratio into the DBD reactor. The outlet stream
was bubbled through 5 ml of water contained in the capturing vessel in order to
adsorb all the produced H2 O2 .

Direct oxidation of propene in a plasma reactor The direct oxidation of
ethylene to ethylene oxide (EO) in a DBD reactor was attempted by Suttikul et al.
[136] in the absence of any catalyst. In the study several factors such as the feed
position as well as the applied voltage, input frequency and the ratio C2 H4 /O2
were analysed. The highest EO yield achieved was 7.5 %, with a selectivity of 34
%. Besides the epoxidation, other undesirable reactions were observed, such as
combustion, dehydrogenation, cracking and coupling of C2 H4 .
Using the DBD I developed in this study, the direct epoxidation of propene
with oxygen alone briefly evaluated. Initially a mixture of 90 vol.% C3 H6 and
10 vol.% O2 was used, but achieving breakdown in this admixture required very
high applied powers for stable operation. This was avoided by adding He to the
admixture (C3 H6 /O2 /He 2.5/2.5/90). The result was a mixture of multiple carboncontaining products, such as PO, propane, CO, CO2 , acetaldehyde, propanal,
acetone, and others. Consequently, the selectivity to PO was minor. Several factors
should be adjusted in order to minimize the side reactions; nevertheless, it would
be very difficult to control the system in such a way that the selectivity to PO
would reach high values.
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6.4

Integrated process: Process options

The selection of one epoxidation option over the other for the integration with the
plasma reactor has to be done considering several factors, such as the intermediate
steps between the synthesis of hydrogen peroxide and its use in the epoxidation,
as well as the subsequent separation steps, required to purify the synthesized PO.
Therefore, this section will be focusing on the evaluation of the overall combined
process. The first two alternatives consider the synthesis of H2 O2 in a DBD reactor
with a mixture of H2 and O2 , like the process proposed by Zhao et al. [137], while
the second alternative studied considers a plasma where hydrogen peroxide is
produced from a mixture of Ar (or He) and water.

Gas phase epoxidation
A scheme of the proposed flow diagram for the integrated process with epoxidation
carried out in the gas phase can be seen in 6.4. The synthesis of hydrogen peroxide
takes place in a DBD plasma reactor (6.4, P-1). A mixture of pure hydrogen and
oxygen can be fed avoiding explosive conditions. Therefore, the concentration of
oxygen should be kept below 6 %. Zhao et al. [17] developed a DBD reactor in
which, using 4.8 % of oxygen, up to 90 % O2 conversion was obtained with 69 %
H2 O2 selectivity. Even though it was not possible to reproduce these results in this
study, these values are used as reference for the maximum amount of hydrogen
peroxide produced in the combined process when using hydrogen and oxygen.
The outlet of the plasma reactor consists of hydrogen peroxide vapour and water
as well as unreacted hydrogen and oxygen (stream B in 6.4) which can be directly
fed to the epoxidation reactor together with propene. In the analysis of the gas
phase epoxidation it was determined that the residence time of hydrogen peroxide
vapour should be minimized in order to avoid decomposition. Therefore, the
distance between the plasma and the epoxidation reactors should be kept as short
as possible. Su et al. [130] proposed to create a single unit, where propene is fed
immediately after the peroxide formation and the two reactants meet over a bed of
TS-1. It was also determined that an excess of propene should be used to maintain
the selectivity to PO higher than 90 %.
The epoxidation of propene takes place at 140 °C and atmospheric pressure. All
hydrogen peroxide is converted, either to PO or to oxygen and water; therefore,
there is no remaining H2 O2 in the outlet (stream D). This is an advantage, since,
for safety reasons, peroxide should not enter in the PO purification steps. The
reason is that at high temperatures it decomposes, producing oxygen in a notcontrolled manner, which can cause safety problems [138]. PO is produced with a
propene selectivity of 90 %. Additionally, other carbon-containing by-products are
generated, like CO, CO2 , acetaldehyde and propanal. The material used for the
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Figure 6.4: Gas phase integrated process. Production of H2 O2 in a plasma
reactor from a mixture of hydrogen and oxygen, and gas phase epoxidation of propene. P-1 is the DBD reactor for the synthesis of H2 O2 , R-1 is
the epoxidation reactor, T-1 is the distillation tower where light gases are
separated and recirculated to the plasma reactor.

epoxidation reactor should be chosen carefully. As it was explained in Chapter 2 of
[2], the decomposition of hydrogen peroxide is a surface reaction and it is speeded
up by metals like stainless steel or titanium, while quartz or Teflon are more inert.
Klemm et al. [139] developed a microstructured falling film evaporator where H2 O2
was evaporated at 130 °C. The material used in that case was AlMg3 , for which
an initial self-passivation procedure under reaction conditions was applied. The
selection of specific materials plays an important role in the total capital investment
of the plant and should be taken into account.
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The light gases can be separated in a subsequent step by fractional distillation
(T-1), where hydrogen, propene, oxygen, CO and CO2 are removed from the tops
(stream E) and the heavier hydrocarbons, together with water, leave through the
bottoms (stream G). The off-gas consists of 95 % hydrogen, consequently, it should
be purified in order to be recycled as feed for the plasma reactor.
It can be concluded that the epoxidation of propene in the gas phase avoids
the intermediate capturing stage in which hydrogen peroxide is adsorbed into
methanol. Nevertheless, various separation stages are required after the reactor to
obtain commercial grade PO, including the purification of hydrogen in order to be
recycled to the plasma reactor, which is expensive. The recycle of propene would
also be more complicated more complicated than in the HPPO.
Liquid phase epoxidation
To analyze the possibility of combining the synthesis of hydrogen peroxide vapour
from hydrogen and oxygen with the liquid phase epoxidation of propene, the
same conditions for the plasma reactor as the ones from the previous section will
be considered. Following the results of Zhao et al. [17], a collector, in which the
produced hydrogen peroxide was adsorbed into methanol, was employed. The
concentration of the H2 O2 fed to the epoxidation can be regulated by adjusting
the pre-discharge time of the plasma (before starting operation) and the flow of
methanol/peroxide/water leaving the collector. For instance, if the concentration
required is 5.4 wt.%, the flow that should be used is 6.4 ml/h with a pre-discharge
time of 7.5 h. The unreacted hydrogen and oxygen are separated in the collector
and recycled to the feed of the plasma reactor (stream D in 6.5). Before this stream
is recycled, it should pass through a condenser (C-1) in order to remove the traces
of methanol, water and H2 O2 .
The liquid stream, consisting of methanol, hydrogen peroxide and water (stream
E in 6.5), together with an excess of propene, enters the packed bed reactor, where
the epoxidation takes place. The catalyst used is TS-1 in pellets. To avoid high
concentrations of hydrogen peroxide at the outlet of the reactor, because of the
safety concerns explained in the previous section, a high conversion of the reactant
should be ensured.
The outlet of the epoxidation reactor (stream G, 6.5) contains methanol, propene,
PO, water and unreacted hydrogen peroxide. Small amounts of methyl ethers and
propylene glycol are also present as by-products of the epoxidation. In order to
obtain commercial grade PO, several separation steps should be applied. A similar
separation scheme as the one of the HPPO shown in 6.1 can be applied after the
reactor. Unreacted propene can be recycled as well as methanol after purification.
The alternative of conducting the epoxidation of propene in the liquid phase
requires the additional step for adsorbing hydrogen peroxide into methanol. How139
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Figure 6.5: Liquid phase integrated process. Production of H2 O2 in a
plasma reactor from a mixture of hydrogen and oxygen and its used for
the epoxidation of propene in the liquid phase. P-1 is the DBD reactor for
the synthesis of H2 O2 , S-1 is the collector where H2 O2 is adsorbed into
methanol, C-1 condenser where traces of methanol and H2 O2 are removed
from the gas stream, R-1 is the epoxidation reactor.

ever, this step is also used for the separation and recycling of unreacted hydrogen
and oxygen to the plasma reactor, which has to be performed in any case. The
amount of separation steps required after the epoxidation is higher. On the other
hand, the utilization of hydrogen peroxide is more than double than in the gas
phase, which makes the process more efficient.
Synthesis of hydrogen peroxide with liquid water
The group of Locke [33] reported the possibility to synthesize hydrogen peroxide
by using a water-spray plasma reactor. In this system up to 20 ml/min of water
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were sprayed in a gas flow of 2 l/min. The maximum productivity was obtained
with argon as carrier gas, reaching energy yields up to 81 g/kWh. Considering the
high concentration of water droplets in the gas stream, after the plasma reactor,
water will immediately condense. Therefore, the use of the hydrogen peroxide
synthesized with this method for the further epoxidation of propene should be
done in the liquid phase. The main advantage is the fact that water is the only
required reactant, reducing the reactant costs. However, the H2 O2 concentrations
in water reached are extremely low (0.002 wt.%). Furthermore, the use of water
as solvent for the epoxidation results in low conversions and selectivities to PO
[140, 128]. Liu et al. obtained 41 % H2 O2 conversion with 21 % selectivity to
PO [141]. The low selectivity is due to the ring-opening reactions catalysed by
the acidic conditions generated by the presence of water. This also causes the
faster deactivation of the catalyst. An additional concentration step, where H2 O2
is concentrated in water and dissolved into methanol would be necessary. The
overall process would be inefficient.
Another option would be to use a dielectric reactor with vapour water (maximum 3 %), like the one described in this work (Section 4.2.1.1). In that case, smaller
amounts of water are contained in the Ar (or He) stream. The hydrogen peroxide
produced and the unreacted water can be captured in methanol in the condenser,
like in the case of the DBD with H2 and O2 . Argon or helium can be recycled directly to the plasma reactor in a very efficient manner. Thereafter, the epoxidation
and all the necessary separation steps are the same as in 6.5. However, with this
approach, there is still 10,000 times more water than hydrogen peroxide in the gas
stream, which makes the concentration of H2 O2 in a methanol stream challenging.
Additionally, the concentrations of hydrogen peroxide in the gas phase attained
were 8 ppm with a maximum energy efficiency of 0.12 g H2 O2 /kWh [83]. These
values are so far not efficient enough for a feasible process.

6.5
6.5.1

Summarizing discussion
Production of H2 O2 in a microdischarge

As seen from the results, the plasma sources investigated in this work are not as
energy efficient as some reported by literature (Table 4.4).
While it was possible to improve the understanding of the underlying processes
involved in the generation of H2 O2 and to improve modelling tools, the high yields
projected remained unattainable. A selection of reasons for this is discussed in the
following.
• The main loss processes of gas phase H2 O2 in the plasma are electron induced
losses and the dissociation of OH in the bulk as described in Chapter3. Elec141
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tron induced losses may be lower in other types of discharges, as suggested
by the peak in energy efficiency observed in the DBDs. While these discharges
are fundamentally different, it may be assumed that the loss mechanisms do
not change too much. Low power in the DBD leads to fewer plasma filaments,
which still produce H2 O2 sufficiently fast but due to their short lifetime, the
exposure of gas molecules to high electron densities is reduced.
• The detection of gas phase H2 O2 in the presence of large amounts of water is
challenging, as described in the methods sections of this thesis. The ex-situ
detection method applied here is suitable for small quantities and has a high
reproducibility. However, recently it was shown that a continuous exposure
to NO2 (which might be readily formed by air leaking into the system) reverts
the colour change used for absorption in this work [68]. Heating of the
detection liquid similarly reverts the colouring and might influence results,
resulting in an underestimation of the actual H2 O2 productivity. While these
effects have been minimized, they highlight the challenges of determining
small densities of H2 O2 .
• Condensation of excess water in the effluent system has been avoided, as the
presence of a liquid could significantly influence the detection.
While other points may be added to this list, the key element seems to be the
measurement of the plasma dissipated power. As discussed, it differs from the total
applied power and using it for comparison of fundamentally different discharges
is does not give much information, since the system inherent losses should also be
included. Unfortunately, it is often not clear from literature if this has been taken
into consideration (especially in cases of extremely low or high energy efficiencies).
In some cases this might be straight forward; however, in the comparably simple
sources presented here it must be done carefully as the errors in energy efficiencies
measurements, especially at low powers, are very large.
In addition, scaling up setups has to be done carefully as the electrical system
needs to be adapted accordingly. As seen from work on an ozone reactor [142],
the energy efficiency of the production is not expected to improve if the plasma
dissipated power is measured appropriately.

6.5.2

Epoxidation of propene

Coupled with the plasma reactor as source of H2 O2 , two alternatives for the
epoxidation of propene were investigated: the gas and the liquid phase reaction.
Considering the experimental results previously shown, the main challenge with
this system is the decomposition of hydrogen peroxide at the high operational
temperatures, which is highly dependent on the materials used for reactor and
piping. Therefore, a special material should be chosen for the reactor, which would
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Table 6.3: Summary of energy efficiencies of hydrogen peroxide production
methods in plasmas. A more detailed list can be found in [15] and Chapter
1 of this work.
G AS MIXTURE

D ISCHARGE TYPE

η (g/kWh)

R EF.

Ar + H2 O
Ar + H2 O
Ar / water spray
Steam
Gas (H2 + O2 )
Gas (H2 + O2 )

DBD
DBD
Pulsed Gliding Arc
MW + supersonic expansion
DBD
DBD
this work
APGD
DBD

1.7
0.14
80.0
24.0
80
134.0

[36]
[37]
[33]
[143]
[17]
[16]

0.12
1.2

[83]
[52]

He+ H2 O
Ar + H2 O

increase the capital costs of the plant. Furthermore, the conversion of H2 O2 was
complete in all cases studied, with a maximum selectivity to PO of 40 %. This
implies that less than half of the amount of H2 O2 supplied by the plasma source is
leading to production of PO.
Finally, special care should be paid to condensation of vapour peroxide. The
existence of cold spots would lead to condensation, favouring the decomposition of
peroxide due to the higher contact times. On the other hand, this process benefits
from the direct contact of the synthesized hydrogen peroxide with the propene,
without the need of intermediate capturing steps such as in the case of the liquid
phase process.
The evaluation of the liquid phase epoxidation in a microreactor proved to
produce PO very selectively based on propene (> 95 %). The selectivity of hydrogen
peroxide to PO was higher than 80 %. Methanol was used as a solvent and,
in agreement with literature, produced a limited amount of solvent-related byproducts [144]. It was concluded that given the high demand of PO and considering
the productivity values obtained, a microreactor would not be capable of satisfying
the production requirements of such a bulk chemical.

6.6

Conclusions3

From production and energy efficiencies presented in this chapter, it can be concluded that an integrated system would not be economically feasible. Hydrogen
peroxide can be produced from water vapour in a plasma using microplasmas.
3 A more detailed discussion of this section may be found in the Conclusions of this work as they are
relevant to the overall project.
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This would significantly reduce the reactant costs for peroxide production in comparison with the anthraquinone- and the direct synthesis processes.
However, the energy efficiencies of the sources investigated here are too low
to make plasma synthesis a competitive alternative. On the other hand, the epoxidation of propene with aqueous hydrogen peroxide is a selective reaction in the
liquid phase and has already been implemented industrially. The combination of
hydrogen peroxide synthesis in a plasma reactor could be feasible approach. Yet,
propene oxide is a bulk chemical with low added value, which make the revenue
of the integrated process economically not favourable.
There is considerable potential for the combination of the plasma reactor with
the synthesis of a chemical with higher added value, such as pharmaceuticals or
fine chemicals that could compensate for the price of the extra energy required.
The benefit of such a process would be the high purity of the H2 O2 synthesized
and the fact that no catalyst is required, limiting the further separation steps.
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General conclusions

This work was part of a project aiming to develop a reactor for the epoxidation
of propene (C3 H6 ) using hydrogen peroxide (H2 O2 ) as oxidant. The novelty of
this approach is found in developing a gas phase epoxidation reactor, where the
conversion of C3 H6 to propene oxide (PO) by H2 O2 takes place in the gas phase
rather than a liquid phase. The H2 O2 for this catalytic reaction should further
be produced in-situ with the help of a microplasma. The combination of both
gas phase H2 O2 production and gas phase epoxidation could potentially be an
economically sustainable alternative to current, large scale industrial methods (see
also further).
The aim of this thesis is to investigate and develop plasma discharges to produce H2 O2 in the gas phase efficiently in terms of energy and production. Two
fundamentally different reactors were considered for investigation: an atmospheric
pressure glow discharge reactor (APGD) and a dielectric barrier discharge reactor
(DBD). These discharges are operated at atmospheric pressure and their interelectrode gap is in the order of millimetres, while the reactors are 0.5 to 9 cm in
length.
As the project proposal explicitly calls for the use of a microreactor, another
plasma reactor was explored at the early stages of the work conducted for this
thesis. It is possible to operate a He/Ar plasma inside the microchannels (0.15 x 0.3
mm) of a “lab on a chip” type chemical microreactor1 . However, several challenges
of operating such a system led to an early discontinuation of our investigations.
Amongst these, high operational gas pressures in combination with very low flow
rates make detection of very low quantities of H2 O2 especially challenging. While
some of the challenges may be addressed by different approaches in reactor and
1 For

more information, see figure 2.8 on page 21 and the Appendix.
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Table 7.1: Energy efficiencies of reactors developed and investigated in this
work.

Atmospheric Glow Discharge Reactor
(APGD)
Dielectric Barrier Discharge Reactor
(DBD I)

G AS

E NERGY E FFICIENCY [g/kWh]

He + H2 O

0.16

He + H2 O
0.2 - 0.3 ± 0.06( a)
He + H2 O
~ 1.5(b)
Ar + H2 O
0.25 ± 0.06
He + H2 /O2
0.4 - 0.7 ± 0.15(c)
Improved Dielectric Barrier Discharge
He + H2 O
0.031 ± 0.001 (d)
Reactor (DBD II)
Ar + H2 O
0.29 ± 0.07(d)
Ar + H2 O
1.7 ± 0.3(e)
(a) value constant up to a total of 16% H2 O in the gas phase.
(b) direct contact of liquid H2 O droplet with plasma inside the reactor.
(c) detection of H2 O2 in presence of ROS is challenging and results are conclusively higher than with Ar,
but depend on measurement method.
(d) 1 mm gap, 9.2 cm electrode
(e) maximum at 1 mm gap, 2 cm electrode

chip design, the low total mass flow in such a system made it clear early on that
this approach would not lead to necessary H2 O2 production yields required for
an integrated chemical reactor. The very high residence time of the gas in the chip
would most likely be one of the key parameters limiting H2 O2 energy efficiency
and production.
Both APGD and DBD reactors led to interesting insights into H2 O2 production
and chemistry. Table 7.1 provides an overview of obtained energy efficiencies in
various reactors developed within the framework of this thesis.

7.1

Hydrogen Peroxide produced with non-equilibrium
atmospheric pressure plasmas

In the following section, the research questions defined in the introduction are
answered with a brief summary of the results obtained in this thesis.
Dependencies of H2 O2 energy efficiency and production on discharge
power, humidity, gap width, residence time and gas flow
Discharge power affects H2 O2 production yield and energy efficiency (η) differently
in all investigated systems. In case of the APGD operating with He + H2 O, an
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increase in discharge power benefits both production yield as well as η. In the DBD,
this trend only holds for the production yield in He and Ar, but not for η. In He
plasmas, η increases with power but not as linearly as in the APGD reactor. In Ar,
a maximum of η is found at low powers. Reasons for this are due to using different
gas mixtures and the subsequent change in discharge morphology as discussed
further. Power modulation did not significantly benefit production yields or η in
any of the investigated reactors.
An increase in water vapour concentration increases both production yield as
well as η of H2 O2 in all investigated reactors. It is interesting to note that increasing
humidity beyond 4 % does not benefit η as more power is required to operate the
discharge.
We performed detailed experiments to asses the effect of residence time by varying feed gas flow rate, discharge gap width and electrode dimension. Increasing
the flow rate in a homogeneous APGD as well as the DBD increases H2 O2 production linearly. The role of residence time can be understood when considering
production/destruction mechanisms of H2 O2 , which is discussed in detail in the
next question. The importance of finding an ideal residence time explains why
modulating the discharge power did not lead to higher efficiencies in the systems
investigated here: modulation effectively reduced the treatment time of the gas,
thus essentially shortening the residence of the gas in discharge and not producing
enough radicals to give rise to higher H2 O2 densities.
Validation of chemical reaction set [39] for H2 O2 production in He - H2 O
discharges and determination of main loss and production mechanisms of
H2 O2
Improving our understanding of the plasma chemistry and H2 O2 production
in He - H2 O discharges was an important research focus. While the maximum
energy efficiencies achieved by the reactors in this work are low compared to
other approaches, our experimental work in combination with modelling allowed
determining the main production and destruction reactions of H2 O2 . The three
body recombination of OH was identified as the main production process of H2 O2
in an APGD, while losses are mainly due to reactions with OH radicals in the
bulk. Secondary loss processes in are due to electron induced dissociation and
surface losses in the reactor. The agreement between our experimental results
and outcomes from a global - and a 1D fluid model are excellent and within the
uncertainties in reaction rates used in the models and our experimental accuracy.
These results show that the chemical reaction set compiled by Liu, Bruggeman and
Iza [39] allows predicting H2 O2 production. This is an important step forward in
the assessment of the H2 O2 production by plasmas.
The role of OH radicals also explains why short gas residence times benefit
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H2 O2 energy efficiency: for a given electrode / gap / power to electrode area
combination, an ideal residence time can be found to maximise η. It has to be just
long enough to produce sufficient quantities of OH radicals, but short enough
to minimize H2 O2 destruction2 . In the DBD, the residence time can be varied
independently of the gas flow by changing the electrode length. In the shortest
investigated configuration of a 0.5 cm electrode length at 1 mm gap, the residence
time is at least 10 times lower than the characteristic loss time through reaction with
OH. In this case, the H2 O2 density scales in first approximation quadratically with
the measured average OH density, causing bulk losses of H2 O2 to be negligible.
In an effort to boost OH radical densities in our plasmas with the goal to benefit
H2 O2 production, the addition of O2 to humid Ar/He plasmas was investigated.
Modelling results in literature suggest this increases OH densities [88] significantly,
which in turn should directly benefit H2 O2 production. An additional benefit of
high O2 concentrations in the plasma is an alternative production mechanism of
H2 O2 via the recombination of HO2 radicals. However, the addition of O2 did
not successfully boost η in our case. Recent OH density measurements also did
not show an increase in average OH density with the addition of O2 to H2 O [114].
From this it can be speculated that it is unlikely that the energy efficiency would
increase two orders of magnitude to match reports by Zhao et al. as discussed in
the following.
Assessing the differences between H2 / O2 and H2 O chemistry in the context
of H2 O2 production and evaluating the results of Zhao et al.
Zhao et al. [17, 16] reported record H2 O2 production efficiencies using H2 /O2
mixtures. In light of these results, the assessment of differences between H2 O
and H2 /O2 chemistry provided interesting results. Reactive oxygen species (ROS)
formed by discharges with high O2 content where found to have significant influence on our detection using a colorimetric method. An alternative detection
method for H2 O2 was developed, limiting the direct influence of ROS on the detection solution. However, due to the unstable and temperature sensitive nature of
H2 O2 in solution an accurate assessment of the H2 O2 production in buffered He +
H2 /O2 remains challenging with all methods explored in this work.
Our results indicate that a lower H2 /O2 concentration results in an energy
efficiency of 0.4 to 0.7 g H2 O2 /kWh, which lies a factor two above efficiencies
obtained in with both humid He and Ar of up to 0.3 and 0.4 g/kWh (see table 7.1).
This is an indication that future research with a detection method insensitive to
ROS could prove that the use of He + H2 /O2 is indeed beneficial to the energy
efficiency.
2 This effect made the discharge in a 0.5 cm DBD with high power to area ratio as efficient as a 4 times
longer 2 cm discharge at low power to area ratios.
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It should be noted that Zhao et al. used both explosive (1 : 1 at 1 atm) and
non explosive (96% H2 and 4% O2 at 1 atm) H2 /O2 mixtures in their work. The
chemistry of these plasmas are similar, but not necessarily comparable. It should
further be noted that the efficiencies reported by Zhao et al. are two orders of
magnitude higher than results presented in this thesis. The reason for this cannot
be explained or understood with insights and models discussed in this work.

What is the role of discharge morphology on H2 O2 production and energy
efficiency?
Another important factor of importance for H2 O2 production depending on choice
of operational gas is the discharge morphology. Results from both DBDs suggest
that He discharges are mostly diffuse and Ar discharges filamentary. There are
indications for high water vapour concentrations and powers for that a filamentary
regime could be present in the He - H2 O discharge. The production of H2 O2 is quite
sensitive to discharge morphology and the direct comparison of He - H2 O with
Ar - H2 O discharges results in higher energy efficiencies of H2 O2 production in
filamentary discharges. The presence of microdischarges leads to locally increased
electron densities and temperatures, which in turn result in higher dissociation of
H2 O vapour and higher OH radical densities. While these high OH densities are
effectively producing H2 O2 , the significantly lower average OH densities reduce
the effective loss rate of H2 O2 through reactions with OH.

The transient nature of the filamentary Ar discharge cannot be resolved by a simple
balance of production and loss mechanisms, but instead requires spatially and
temporally resolved considerations. The global - and kinetic models chosen to describe the glow discharge, on the other hand, are adequate to explain experimental
results in this work. This difference is essential, as the nanosecond lifetime of these
filaments seems to be the key to high energy efficiencies. This is an important
result as many models of filamentary DBD’s assume a homogeneous plasma. Such
models should thus be considered with care in the case of H2 O2 chemistry.
The next section evaluates the final research question, examining economic
feasibility of an integrated microreactor for the epoxidation of propene.
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7.2
7.2.1

Integrated microreactor for the epoxidation of Propene3
Recommendations

Our results suggest that the most efficient epoxidation strategy for a combined
chemical-physical reactor would be the combination of a DBD plasma reactor as
H2 O2 source with a liquid phase epoxidation reactor. The synthesis of H2 O2 is one
of the main parameters driving costs of the overall PO production process, so the
best choice should utilize the reactant in the most efficient manner.
The analysis of the overall integrated process4 identifies the liquid phase epoxidation reactor to be the better option compared to the gas phase reactor initially
investigated. In spite of an additional capturing step required to capture gas phase
H2 O2 in methanol, the propenoxide (PO) production process greatly benefits from
using a liquid phase. It has a higher selectivity as 97 % of the H2 O2 fed reacts with
97 % selectivity with propene. It also acts as a separation barrier between plasma
reactor and epoxidation microreactor. This allows direct recycling of the plasma
feed gases to the plasma source without any contamination5 of the discharge from
the epoxidation reactor, thus eliminating expensive gas separation steps. If the epoxidation was to take place in the gas phase with a direct connection to the plasma
reactor, the effluent from the discharge would also contain other radicals (such O
and H) which may have an influence the reactions in epoxidation reactor. This
would require further separation steps and thus again increase system complexity.
Humid Ar plasmas are the most energy efficient sources for H2 O2 explored in
this work with efficiencies of 0.3 - 1.7 g/kWh. Higher gas feed flows and different
geometries could be considered to further improve efficiency and to achieve higher
yields by treating more gas simultaneously. Higher production yields are essential
for potential industrial applications, but the increased power requirements of larger
plasmas would limit gains achieved at expense of the energy efficiency.
However, the energy efficiency of the peroxide production in this work is two
orders of magnitude lower than literature values[33, 32]. One could speculate
based on results from the DBD that using a different type of discharge, such as a
corona like discharge in contact with liquid water layer, might be a suitable step
to consider. While these discharges are indeed filamentary, their reported energy
efficiencies do not exceed 5 g/kWh [15]. Our results support that the presence of a
liquid water phase in direct contact with the plasma plays a significant role in the
formation of complex molecules on the phase boundary. Issues with condensation
3 Chapter 6 describes the chemical microreactor and experimental results within. The present section as
well as Chapter 6 was co-authored with D.M. Pérez Ferrández and are also included as Chapter 4 of in the
PhD thesis of D.M. Pérez Ferrández[2].
4 For more information see in Section 6.4 on page 137.
5 by e.g. PO, unreacted propene, CO, O and other reaction products which would alter the plasma
chemistry.
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of the plasma effluent would be avoided, while the liquid phase can serve as
transport medium for reaction products of the discharge supporting considerations
made for the epoxidation reactor. However, the plasma chemistry involving
multiple phases is yet to be understood.

7.2.2

Economic evaluation

To explore the economic aspects of an integrated system, the following section
intends to perform a simple economic evaluation of the previously defined processes. While this evaluation is deliberately kept simple and close to results of
research done by the authors, the conclusions drawn from it might provide further insight. A more accurate analysis would require, amongst other factors, an
estimation of the physical size of every unit, the initial investment in construction
materials, maintenance costs as well as the exact characterisation of power losses
in the system to determine total the actual price of electricity6 for operation of such
an integrated system.
The amount and market price of the reactants required to operate a 100 kton/year
PO production process are considered for this evaluation. Based on the observations made earlier, the liquid phase epoxidation of propene is combined with the
synthesis of hydrogen peroxide in several plasma sources: a gliding arc reactor,
otwo DBD reactors and a APGD reactor, operated with pure H2 /O2 and humid Ar
admixtures. Following considerations were made:
• For the DBD reactor operated with H2 /O2 mixtures, a feed of 96 vol.% H2
and 4 vol.% O2 was assumed. As reported by Zhao et al. [17], 90 % O2 reacts,
with 69 % selectivity to H2 O2 . 99.9 % of the unreacted H2 and O2 are recycled
and mixed with the feed of the plasma reactor.
• The gliding arc plasma reactor described by Locke et al. [33] operates with
2 l/min of Ar and 20 ml/min of water mist. Using this ratio, the amount
of both chemicals required for producing 100 kton/year PO was estimated
under the assumption that Ar can be fully recycled. Therefore, no costs for
Ar have been taken into account in these calculations.
• The epoxidation reaction takes place with high conversion and selectivity
values: 97 % H2 O2 fed reacts with 97 % selectivity to PO. The propene is also
recirculated to the epoxidation reactor with 85 % efficiency. 99.8 % of the
methanol used as a solvent can be recycled to the epoxidation reactor.
The first part of table 7.2 lists expenses required for the raw materials such as
propene or reactant gasses, as well as the required quantity of hydrogen peroxide
6 Often referred to as “plug power”, paid for in kWh. Current prices are around 0.12 Euros / kWh for
industry in Europe.

151

Chapter 7.
Table 7.2: Cost of reactants and products for the production of 100
kton/year PO using the combined process, with the epoxidation performed in the liquid phase.
H2

O2

propene

methanol

H2 O2 required

kg/h

0.6 103

9.7 103

10.1 103

22

7.1 103

$/h(a)

0.75 103

0.97 103

15.1 103

9

[$/h] of product

commercial(a)

Zhao(b)

Locke(c)

DBD II

APGD

H2 O2

10.6 103

5.6 103

6.6 103

438.5 103

3769 103

C OSTS PO PRODUCTION

25.7 103

20.7 103

21.7 103

453.7 103

> 108

−299 103

−3.7 106

R EVENUE PO SALE

25.6 103

P ROFIT
−0.1 103
4.9 103
3.9 103
(a) Prices for commercially available reactants obtained from [146]

(b) Considering price of energy in the Netherlands of 0.1 €/kWh [147] and assuming the energy efficiency reported by
Zhao et al. [16] of 134 g/kWh.
(c) energy efficiency reported by Locke et al. [33]
(d) With energy efficiencies of 1.7 g/kWh obtained in this work.
(e) Price of PO when the H2 O2 required is purchased commercially.

for a hypothetical integrated reactor aimed to produce 100 kton PO per year. In the
second part, the price of producing the required quantities of H2 O2 per hour, the
costs of producing the required amount of PO and the profit from selling PO are
listed. Finally, the profit (being the difference of the prices for production and the
profits from selling PO) for each approach is compared.
It clearly shows that using of commercially available H2 O2 would barely be
break even (costs = revenue). The estimated costs for the overall process equals the
revenue from selling the produced PO. On the other hand, the production of PO
by synthesizing hydrogen peroxide in a plasma reactor would not be significantly
more profitable than buying the required H2 O2 , even under the assumptions made
here and considering the highest energy efficiencies reported in literature. The
use of a DBD with a mixture of H2 /O2 [16] produces similar results as when
only Ar and water are used in a pulsed gliding arc [33], due to the higher energy
efficiencies reported by the former study. It should also be noted that we were
unable to reproduce the results of Zhao et al. [16, 145]
There is little difference in profit when comparing the approach of Locke et al.
[33] with the one chosen by Zhao et al. [16]. The main difference is using liquid
water phase to capture H2 O2 by Locke et al, which would affect the epoxidation
process. The selectivity of H2 O2 to PO using H2 O as a medium is only around
20 %, while it is significantly higher using methanol as liquid phase. In that case
the selectivity can be expected to be around 97 %. The additional separation step to
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transfer H2 O2 from the H2 O to methanol would make this approach economically
unfeasible7 .
In order to use one of the DBDs as H2 O2 source with water as only reactant,
an energy efficiency of around 50 g/kWh would be necessary for a return on
investments, in effect meaning to balancing investment costs for - and production of
raw materials with revenue from selling PO at market value. The thermodynamic
limit of producing H2 O2 from water using the enthalpy of the reaction
H2 O + H2 O −→ H2 O2 + H2 ,

(7.1)

at standard conditions is given by 3.2 eV /molecule or 400 g/kWh [31]. Required efficiencies are thus above 10% of the total thermodynamic limit. A comparison with ozone production by plasma lies on the hand, as it has become an
established plasma application in industry. The thermodynamic limit for ozone
production in a plasma of 1200 g/kWh [19] has not yet been reached. The best
laboratory efficiencies are in the order of 400 g/kWh [148, 19] while in one century
of research and development commercial applications in almost pure O2 are around
η~100 g/kWh. Alternative approaches using air have also been developed, with
current commercial efficiencies in dry air around η~25 g/kWh, and top laboratory
efficiencies of η~100 g/kWh [149].
Thus practical energy efficiencies of O3 production are still far from the limit
varying from 2 to 9 % of the possible thermodynamic limit. It is interesting
to remark that industry applications drive research ozone production research
towards higher reliability rather than in higher yields and efficiencies. It is seems
that going beyond 50 g/kWh using water as a source to form H2 O2 is unlikely
in a reasonable amount of time. It clearly has, however, great potential to further
increase of energy efficiency, but not with the designs investigated in this work.

7.3

Outlook

It seems evident that for the proposed applications of microdischarges as economically competitive and ecologically sustainable alternative production method of
H2 O2 , operating discharges in the gas phase are not the first choice.
With lessons learned from this work, however, reactor design can be improved
to achieve higher production yields. Higher yields would in turn benefit detection
methods, as larger quantities of hydrogen peroxide in the plasma would allow
to explore and to improve detection methods. A reliable, highly specific in-situ
detection method would allow to further probe the limits of current models without
7 To be more precise, the authors referr to the separation of hydrogen peroxide from liquid water phase as
the epoxidation reactor here operates with methanol as solvent.
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interference from other radicals. Scaling of the process using several DBD reactors
in parallel/series is not expected to have an influence on energy efficiency. Work
performed with corona discharges by Grabowski [142] shows no gains in energy
efficiency after scaling from one reactor to several (in series and/or parallel to one
another). It seems counter intuitive why treatment of more gas simultaneously
could benefit the energy efficiency.
The production of H2 O2 by a plasma should be considered in discharges in
contact with a liquid phase, similar to the approach choose by Locke et al., as the
integrated reactor for epoxidation seems to benefit from the use of a liquid phase as
carrier. The plasma chemistry in presence of a liquid phase needs to be investigated
in detail, but seems to be highly beneficial for energy efficiency. This could be
due to the removal of produced H2 O2 by absorption into the liquid phase, thus
shielding it from dissociation by radicals abundantly present in the gas phase.
The theoretical modelling of transient filaments further helps understanding
underlying processes and directly benefits modelling more complex discharges that
involve a liquid phase. The insights from the research performed in the framework
of this thesis can help other applications, such as biomedical applications. Cold
atmospheric pressure plasmas can be used to treat wounds, as their complex
chemistry results in the production of many radicals such as ozone, hydroxyl
radicals and hydrogen peroxide. As treatment using this kind of discharges is often
performed at ambient conditions and open to air, the humid chemistry explored in
this work can provide insights into important mechanisms.
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Appendix A
Technical Schematics

Chapter A.

A.1

The Atmospheric Pressure Glow Discharge Reactor

Figure A.1: Lateral cross-section: The total length of the discharge gap is
35 mm, the rounded electrode (1) edges avoid preferential breakdown and
keep the plasma at distance to the PVC main body (2). A crucial point in
the
166design were the windows and the precise positioning of the electrode
using screws from the outside (3).

Technical Schematics

Figure A.2: Explosion view of the APGD reactor to highlight the chosen
construction. Viton o-rings (1) are sealing the reactor to the quartz windows (2) and the main body frame (not visible in this view). Fastening
screws through the lids (3) into the main body frame seal the reactor leak
tight. The gas is fed into the reactor by a Swagelok connection (4) and exits
via a pyrex tube (5). The stainless steel electrodes (6) are positioned using
screws which are also used as electrical connections.
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Chapter A.

A.2

The Dielectric Barrier reactor (DBD I)

(a)

(b)

Figure A.3: The precursor model (a) and actual DBD I designs (b). While
the both reactors are comparable in dimension, only the discharge gap
dimensions remained unchanged. Design (a) has a high influence on experimental reproducibility: Metallic plates serving as electrodes give rise
to parasitic discharges, regardless of electrode thickness or finish. Epoxy
resin applied to insulate electrode edges provides only a temporal solution,
as the heat building up on the metallic electrode heats and slowly decomposes the glue. As a result, energy dissipation of the system is irregular
and leads to fluctuations in energy efficiency.
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Technical Schematics

A.3

The Improved Dielectric Barrier reactor (DBD II)

Figure A.4: Explosion view of the DBD II electrode. The dielectric (1) serves
as a lid to seal the body of the electrode (3). A layer of conductive paint (2)
on the backside of the dielectric defines the actual electrode. The cooling
conduits (4) are used to cool the electrode body and as electrical access to
electrode. They are further used to define the gap between the two electrodes.
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A.4

“Lab on a chip” microreactor design

Figure A.5: The lab on a chip microreactor design to illustrate the challenges of operating a plasma in such a system. The lid (1) made of PVC is
depicted as transparent in this image. Gas in- (2) and outlet (3) are on the
sides of the lid. These are one of the structural weak points, as gas pressures in the system may exceed 5 bar. The lid is used to seal o-rings (4)
against the glass chip (5). At the same time, a simple stainless steel mesh
(6) is pressed against the underside of the chip, held in place by the same
sandwich construction used to seal the chip with. The mesh is grounded
and serves a electrode for the HV - electrode, pressed against the top side
of the chip through the opening of the lid (not depicted here). Alignment of
the HV-electrode parallel to the glass chip without damage is another challenge, as suppressing parasitic discharges in this system is only possible
through submerging the entire setup in oil. Sustainable flows through the
system did not exceed 400 sccm He.

170

Acknowledgements

My decision to move abroad and return to academia was taken under the shadow
of the stereotype that a PhD’s life is full of hardship and quite solitary1 . I can
definitely disagree with this statement - well, at least with the latter one. All of
the work I have done during the past four years was done in cooperation with
some very talented and professional individuals. I enjoyed their company very
much, both during work hours, off hours, on the way to and during conferences,
as well as during numerous social occasions. I have never been alone or felt nearly
as devastated as our favourite comics might suggest.
First and foremost I would like to thank my Co-Promotor and former daily
supervisor, Peter Bruggeman. Your guidance and advice has added much to the
quality of this work and was an essential part of my PhD experience. Even after a
bit over four years, your working hours and -speed do not cease to surprise me and
remain beyond comparison. At the same time I would also like to thank Eddie van
Veldhuizen, who took over my daily supervision after Peter left our group. I have
also learned a lot from you, your advice in any matter concerning experimentation,
good lab practices and in matters concerning my thesis have been a great support.
Your patience, experience, calm and countless revisions are a huge part of this
work. Thank you.
And of course I would like to thank Gerrit Kroesen, my Promotor, for welcoming
me into his group and giving me the chance to do embark on the journey. I really
admire your ability to drop in on any matter and quickly get to the core of things,
be it a faulty assumption or a complicated idea - you will always find a weak
spot and have a few suggestions. Thank you for being there for me during such
a hard time for you personally and for making this work out - despite the odds.
And, of course, for letting me hone my skills during those amazing BBQs, which
finally solved the mystery of gezelligkeit for me! And of course also thank you Jan
van Dijk, who jumped in whenever help was needed with the paperwork and the
translations.
1 If

you haven’t heard this one before, www.xkcd.com.

171

Which brings me to Christina Giannopapa - as promised my paranymf! You
pushed me just hard enough into the right way whenever needed. Thanks for
those afternoons at ESPI, I owe you a very big thank you for the two happiest
moments of my PhD!
Through the ups and downs of writing a PhD, our secretaries Rina and Anita
were always there for any of us. Be it a pleasant chat during coffee, some in-deep
language assessment and practise, or feeling lost sailing the seas of administration.
Thank you Rina for welcoming me to the Netherlands and being so warm and
welcoming! Anita our coffee breaks, cookie discussions and idle minutes became
like a little ritual for me, and I shall greatly miss them.
As it is in research, this thesis would not have been possible without the help of
students that worked with me on this project: Tijn van de Ven, Lidewij Cornelissen,
Peter Urlings and Leroy Schepers. Their work is part of this thesis and the lessons
we learned together made much of what is written here possible. It was great to
explore the designs with you guys, or suffer through really long measurement
afternoons, evenings and weekends. Tijn, Lidewij, your input was really helpful in
designing the DBD I - regardless of the long hours we fought for reproducibility.
Or broke equipment. I am really proud that you both took charge of your studies2 !
Leroy, thanks for bringing life back to the lab after the others bailed out! It was
great seeing you taking charge of the DBD II and prepping me for taking over!
Good luck for your final stretch at the PhD :) And of course, Felipe Iza for this his
invaluable assistance in modelling that brought together Chapter 3!
Another very important colleague, my partner in crime, Dulce Pérez Ferrández
should also be among the first to be mentioned. Thank you for letting me learn
your language and teaching me some good lab tricks :) I am glad we had time to
share our struggles over a good coffee (beer!) from time to time, and that we both
made the best of this integrated reactor madness.
Of course, working in a lab is never a simple task and doing research almost
always involves a number of people with different expertise and background. My
experimental work was greatly assisted by many people: Huib Schouten, Loek
Baede and Evert Ridderhof, who never failed to find solutions for the little and big
challenges of operating and designing the microreactors. Wilfried Houben for his
time and assistance working with the FTIR setup and discussing the results. Stefan
Welzel and Florian Brehmer for continuously improving and revamping the DBD
design. And to Lara Truter for a number of microchips I was allowed to “borrow”
for testing a lab on the chip design.
The PhD experience would be incomplete without making friends along the
way. I would like to thank you all explicitly for being part of such an important
time of my life. As you know, acknowledgements are never complete and keep
2 And yes, your suffering with the first DBDs was not in vain. Not only did we figure it out (most), it
seems I didn’t break your interest in science! Minions, hooray!

172

growing as we go along, so apologies if I cannot say thank you to all of you. Let me
start with my original office crew, Sven Hofmann and Tiny Verreycken. I loved our
coffee breaks, quiznights, generic science fiction discussions and so many shared
laughs. The panic button is still on my table at home, and I am considering to
implement the emergency beer case. Sven, the days and nights spent in the lab
were definitely easier with you3 . Tiny, your patience and witty humour made our
work so much more pleasant. Thank you so much for your assistance in the LIF
measurements and getting that dye laser where it should be. I really admire your
patience and diligence. Of course this extends to our new office crew as well: Ferdi
van der Wetering, Luuk Hijmans and Siquiang Zhang. Thanks you for surviving
endless telecon monologues4 , those discussions on cultural differences, tea, space
and diving5 . We sometimes tend to forget there is life outside the windows, and
thus from “beyond my office” I would also like to mention Sander Nijdam, Roxana
Tipa, Ana Sobota, Simon Hübner and Diana Mihailovna. You were never short
on advice, support or lending some motivation. As the “young gen” at our group
we never grew bored, and coffeebreaks or lunches rarely lasted just a couple of
minutes. Sander, thank you for pushing me to start my Divemaster and to take
up photography6 . Diana, you were never too busy for a quality coffee break in
the “sun”, an outside opinion and the quality times exploring Belgian Beers. And
Ana, thank you for helping me in the fictive and real struggles with onogo koga
se ne smije, those chocolates, reviews and for letting me take home the christmas
price uncontested7 . And not to forget Bram v. Gessel and Marinka, who share my
passion for good food and even better family life! Emile Carbone, thank for those
middle of the night chats in the hallways of NLAAG, Spectrum or Fontys. I will
never forget the evening you scared me to death when you walked out of the laser
lab and I did not see you in time :).
A very large part of my spare time was spent on my greatest passions, space
and outreach. It was an honour to share most of it with the Executive Office of the
Space Generation Advisory Council - an amazing group of fantastic and motivated people. Big thanks in particular to Andrea Jaime and Victoria Alonsoperez.
You made wearing two hats simultaneously fun and kept me so incredibly busy
I would have never imagined possible. And to you ladies, Ariane Cornell, Agnieszka Lukasyczyk, Catherine Doldirina and puppet master dude Michael Brett
and for taking me along on for this crazy space ride. I cannot begin to say how
much fun I had working the craziest hours with you guys, and how proud I am
how far the team has gone. Thank you for so much for the feedback, gummi3 Uh, das klingt schlimmer als es eigentlich war. Ich werd nie vergessen das gemeinsam noob sein weniger
arg ist - auch wenn du einen Wiener ertragen musstest. Wegen Euch hab ich jetzt einen Deutschen Akzent :P
4 Can you believe that now that time is over?
5 Especially if you are neither a diver nor a space geek. Or live on a planet without cinema and television,
like Rob.
6 Not only am I an addicted, but my mind constantly works on new 3D prints.
7 Seriously, the worm is waiting for us! It creepily looks at me every night.

173

bears or the overdoses of Redbull8 Reinhard, danke für so viele verrückte kleine
Trekkie momente, für SpaceUp und für die Rückenstärkung während der besten
Konferenzen zusammen9 . Klaus, danke für die notwendige Dosis Techgeek wann
auch immer ich schwach wurde. Das Leben ist zu kurz und nicht allzu logisch
Jungs, LLAP. And without my Hungarians, the translations in this thesis would
not have come together in time - thank you Lászlo and Dori! Thank you all for
your patience guys, for accepting promises on big amounts of Bitterballen and
Kroketten10 , bottles of wine11 and dinners and and and and.....but must mostly
tethering my sanity somewhere between here and some rock in space.
Pieter, man, what can I say? I think by now we have earned a doctor honoris
causa in scag biology, eridium ore geophysics and applied sarcasm. Maybe even in
eating tacos, sponging and the sacred mysteries of Charlie. Thanks for so many
epic evenings teaching me the secret arts of fusion, discussing toasters and giving
me a kick now and then when you deemed necessary12 . Y por supuesto, Jose,
Marina y Manolo...gracias por siempre soportarme, mi español y por no dejarme
perder lo completamente. Por fin perdi mi accento mexicano. Aunque mi español
no se haya mejorado, gracias a todas las cenas, pelis, cañas y momentos juntos me
apoyaron mucho - más que me daba cuenta. Gracias13 . Yo se, yo se, que no soy
Cordobés, ni Argentino, pero nunca me lo hicieron sentir. Mi casa siempre sera su
casa :)
Last but not least, there is the most important group of people who never ceased
to support me, day and night. Skype, Whatsapp, on the phone, sending care packages, name it. Thanks for keeping my feet on the ground while letting my head be
in the clouds, Mum and Dad. És véggel a családomnak szeretném megköszönni a
felmérhetetlen támogatásukat. Ha bármire is szükségem volt, ti mindig jó kedvvel,
türelemmel és tanáccsál készen áltatok. Fontos ám ez, mert mindig tudtam hogy
csak fel kell kapni a telefont. Nélkületek nem tudtam volna megtenni mind ezt.
Soha nem éreztem magamat egyedül, és tudtam hogy bármivel fordulhatok hozzátok. Zoli, Andi, Gergő és Pál14 : nálatok mindig ki tudok kapcsolni tejesen, legyen
az evezés, kirándulás vagy egy békamentés közben. Vagy csak a mindennapi káoszban :) Na meg azok a fantasztikus Skype beszélgetéseink is nagyon segíttettek
hogy ne érezzem annyira a távolságot. Marci meg Eri, ti pedig mindig jó kedvet és
mosolyt tudtatok varázsolni az arcomra. És végül persze nektek, Mama és Papa.
Ti soha nem kételkedtetek bennem, és bizalmatok szárnyakat adott. Áldott vagyok
én veletek és egyre jobban látom valóban mennyit köszönhetek nektek. Köszönőm!
8 you

know who you are, lady! Got a stash at home for emergencies.
so einer Kamera kann ich das ja eigentlich auch :) resistance is futile. I know.
10 Do you have any idea how expensive shipping is, Pierre?
11 OMG now both Stephanie and Minoo in the Office. I will have to start paying back
12 “I think he is a waiter.” Good that you moved on :P
13 Y os prometo que será más puntual :)
14 És Benedek! Egyre többen mióta elkesztem írni.
9 Mit
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