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Summary

Nitrogen (N) is an indispensable building block for all living organisms
as well as for pharmaceutical and chemical industry. In a nutshell, N is
needed for plants to grow and beings to live and nitrogen fixation (NF)
is the process that makes N available for plants as food by converting
N2 into a reactive form, such as ammonia (NHs) or nitrogen oxides
(NOx), upon reacting with O2 and Hz2. The ever-growing population,
however, requires more fixed N than the Earth can provide. For this
reason we have been supplementing the soil with additional N, first by
natural sources (e.g. by recycling organic waste from plants, humans
and animals and by planting N2 fixing legumes) and later also through

synthetic fertilizer to make up for the high demand.

Since the invention of synthetic fertilizers, food production increased
drastically and enabled mass population expansion. 50 % of the world’s
population today depends on the industrial Haber-Bosch process for
NHs production from N2 and H2 (in the form of CH4). Nevertheless, due
to its significant carbon footprint it does not fit into the sustainable world
we are trying to achieve. The Haber-Bosch process has been
extensively optimized during its 100-year existence and there is
currently no viable alternative or complementary process to meet our
continuously growing needs. Therefore, it is of pivotal importance to
research alternative ways for nitrogen fixation to ensure continuous but
sustainable improvement of synthetic fertilizer production. Although
these alternative ways might not fully substitute the Haber-Bosch
process, they can present an appealing auxiliary technology of nitrogen

fixation, especially in remote areas with abundant renewable electricity.



One of these technologies under research is plasma technology.
Plasma is a partially ionized gas containing a wide range of species
which enable non-conventional chemistry. A commercial plasma-
based nitrogen fixation process would imply a green and energy-
efficient fertilizer and base chemicals production that is: (1) carbon

neutral, and (2) compatible with renewable energy sources.

The thesis first gives a general introduction (to frame the scope and
provide the necessary background) and a description of the

methodology (Chapters | and II).

The aim of this thesis is to elucidate (wet) plasma-based nitrogen
fixation with a focus on (1) the role of pulsing in achieving low energy
consumption, (2) the role of H20O as a hydrogen source in nitrogen
fixation and (3) elucidation of nitrogen fixation pathways in humid air
and humid N2 plasma in a combined experimental and computational
study.

Furthermore, this thesis aims to take into account the knowledge-gaps
and challenges identified in the discussion of the state of the art.
Specifically, (1) we put our focus on branching out to another way of
introducing water into the plasma system, i.e. H20 vapor, (2) we de-
couple the problem for pathway elucidation by starting with
characterization of the chosen plasma, next a simpler gas mixture and
building up from there, (3) we include modelling, though not under wet
conditions and (4) we focus on also analyzing species and performance

outside liquid H20.



In Chapter lll, the plasma source, a pulsed non-equilibrium plasma,
called the Soft Jet, is characterized to provide us with the necessary
knowledge for the following Chapters. The Soft Jet consumes a small
amount of power (0.1 W) compared to other sources. The gas
temperature during the pulse is elevated far above room temperature
(1750 K), however, the time —and space averaged temperature is close

to room temperature due to the low duty cycle of the plasma pulses.

Subsequently, we study the NOx production of the Soft Jet operating in
dry air in Chapter IV and elucidate the reason for its very low energy
consumption by using a quasi-1D chemical kinetics model and
experiments. The model shows that the non-thermal Zeldovich
mechanism is the main NO producing reaction in this plasma, in line
with other NOx producing air plasmas. The model reveals that the
strong temperature drop in between pulses affects the NOx production
and decomposition reactions (back — and forward reactions of the
Zeldovich mechanism) positively, enabling efficient use of the power

put into the plasma.

In Chapter V, H20 is added to the experiment in two ways: (1) by
adding H20 vapor to the feed gas, meaning we are working in humid
air and humid N2 and (2) by placing the plasma above a liquid-filled
container. We show that the selectivity of plasma-based NF in humid
air and humid N2 can be controlled by changing the humidity in the feed
gas. Most interestingly, a.0. experiments with isotopically labelled H20
show that the H20 vapor, and not liquid H20, is the main source of H
for NHs synthesis. This suggests NHs is mainly formed in the gas phase
opposed to the liquid phase, contrary to what is suggested

predominantly in literature. This can be taken into account in future wet

[-7



plasma-based NF designs by focussing on increasing the water vapor

content in the plasma.

In the last study (Chapter VI), the pathways toward nitrogen-fixated
species in the gas phase are studied in more detail. Using optical
emission spectroscopy, Fourier-transform infra-red spectroscopy and
in-line removal of HNO2, we identify a significant loss pathway for HNO2
and NHs, where these molecules are synthesized simultaneously, i.e.
downstream from the plasma, HNOx reacts with NH3 to form NH4NOx
which decomposes into N2 and H20 or precipitates. To prevent
ineffective nitrogen fixation, this pathway should be considered in
future works aimed at optimizing nitrogen fixation. Additionally, this
Chapter and Chapter V show that NH3 production can be achieved in

both N2 and air plasmas using H20 as a H source.

The Conclusions and Outlook (Chapter VIl) recaps the research
questions that were (partially) answered by this thesis and places them
into the context of the state of the art. In conclusion, this thesis adds
further to the current state of the art of plasma-based NF both in the

presence of H20 and in dry systems.

The thesis closes with a point of view on future research in the field of
wet plasma-based nitrogen fixation. In short, (1) it would be important
to validate our results further in other plasma setups and to attempt to
apply the knowledge presented in this thesis for performance
enhancement, (2) when the underlying chemistry of wet plasma-based
NF has been more established and the advantages and disadvantages
have been mapped, we can look for synergies with other NF fields, for
example plasma-electrochemistry, and (3) wet plasma-based NF is in

an earlier research stage compared to dry plasma-based NF,
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nonetheless is it important to also focus on the technological aspects
of this application.

At the beginning of each Chapter you will find the aim and/or summary

of the Chapter in Layman’s terms.
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Samenvatting

Stikstof (N) is een onmisbare bouwsteen voor alle levende organismen
(plant, dier en mens), alsook voor de farmaceutische en chemische
industrie. Stikstoffixatie is het proces dat N beschikbaar maakt als
voedsel voor planten door N2 om te zetten in een reactievere vorm van
N zoals ammoniak (NHs) of stikstofoxides (NOx) door reactie met Oz en
Ha.

De groeiende populatie vraagt meer gefixeerd N dan de aarde kan
voorzien. Bijgevolg vullen we de bodem aan met N om te voldoen aan
de hoge vraag, eerst via natuurlijke bron (bijv. door recyclage van
organisch plant-, dier-, en menselijk afval en door het planten van N2
fixerende peulvruchten) en later door het gebruik van synthetische

meststoffen.

Sinds de uitvinding van synthetische meststoffen is de
voedselproductie  drastisch toegenomen met een enorme
bevolkingsexplosie als gevolg. 50% van de wereldpopulatie hangt af
van éeén industrieel proces genaamd Haber-Bosch, dat aan
zogenaamde synthetische stikstoffixatie doet door H2 (in de vorm van
CH4) en N2 om te zetten in NHs. Door zijn grote ecologische voetafdruk
past het huidige industriéle proces echter niet in de duurzame wereld
waarnaar we streven. Haber-Bosch is in zijn 100 jarig bestaan continu
verbeterd en op dit moment hebben we geen haalbaar alternatief dat

dezelfde ondersteuning biedt.

Synthetische meststoffen zijn van vitaal belang, maar zijn tegelijkertijd
ook milieubelastend. Daarom is het uiterst belangrijk om alternatieve
manieren om stikstof te fixeren te onderzoeken zodat we een continue

maar duurzame verbetering in deze industrie kunnen verzekeren.
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Ondanks dat deze alternatieve technologieén misschien Haber-Bosch
niet volledig zullen vervangen in de voorzienbare toekomst, kunnen ze
een interessante bijkomende syntheseweg bieden, zeker in
verafgelegen gebieden waar hernieuwbare energie overvioedig
aanwezig is. Een van de alternatieven die momenteel veel interesse
krijgt, is plasmatechnologie. Plasma is een deels geioniseerd gas
bestaande uit een brede waaier aan deeltjessoorten die atypische
chemie mogelijk maken. Een gecommercialiseerd plasmaproces voor
het fixeren van stikstof zou een groene en energie-efficiénte productie
van meststoffen en basischemicalién betekenen die (i)
koolstofneutraal, en (ii) compatibel is met hernieuwbare

energiebronnen.

De thesis begint met een algemene introductie om het werk te kaderen
en de nodige achtergrondinfo te verschaffen (Hoofdstuk I). Verder
geeft Hoofdstuk Il een beschrijving van de methoden gebruikt in de

volgende hoofdstukken.

Het doel van deze thesis is om plasma-gebaseerde stikstoffixatie
verder te ontrafelen, met een focus op (1) de rol van gepulst plasma in
het bereiken van een lage energieconsumptie, (2) de functie van water
als een waterstofbron in stikstoffixatie en (3) het doorgronden van de
onderliggende  stikstoffixatiechemie in  vochtige lucht- en
stikstofplasma’s in een gecombineerde experimentele en
modeleerstudie.

Daarnaast, streeft deze thesis om de kenniskloof en uitdagingen,
besproken in de huidige stand van de techniek mee in rekening te
brengen. Specifiek betekent dit dat (1) we focussen op vertakken naar

een andere manier om water te introduceren in het plasma-systeem,
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i.e. waterdamp, (2) we het complex probleem inzake de onderliggende
chemische paden ontkoppelen door te starten met een karakterisatie
van het plasma, vervolgens gebruik te maken van een eenvoudiger
gasmengsel, en uit deze kennis verder op te bouwen, (3) we
modelleerwerk opnemen, doch niet in een vochtig maar droog
gasmengsel en (4) we focussen op deeltjesanalyse en de prestatie

buiten vloeibaar water.

In Hoofdstuk Il wordt de plasmabron, een gepulst niet-
evenwichtsplasma, genaamd de Soft Jet, gekarakteriseerd om ons de
nodige informatie te geven voor de volgende studies. De Soft Jet
consumeert weinig vermogen (0.1 W) in vergelijking met andere
plasmabronnen. Tijdens de puls bevindt de gastemperatuur (1750 K)
zich ver boven kamertemperatuur. Dankzij de lage arbeidscyclus van
de plasmapulsen is de gemiddelde gastemperatuur — in tijd en ruimte

— echter dicht bij kamertemperatuur.

Daaropvolgend bestuderen we in Hoofdstuk IV de NOx-productie van
de Soft Jet in droge lucht. Hierin doorgronden we de redenen voor de
lage energieconsumptie door gebruik te maken van een quasi-1D
chemisch kinetiek model in combinatie met experimenten. Het model
toont aan dat het niet-thermisch Zeldovich mechanisme de
voornaamste NO-produceerende reactie is. Daarnaast toont het model
aan dat de sterke daling in temperatuur tussen de pulsen de NOx
productie- en afbraakreacties (vooruit- en teruggaande reacties van het
Zeldovich mechanisme) positief beinvlioedt en zo efficiént gebruik van

het aangelegd vermogen mogelijk maaki.

In Hoofdstuk V wordt H20 toegevoegd aan het experiment op twee

manieren: (1) door H20 damp toe te voegen aan het inlaatgas, wat
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betekent dat we met vochtige lucht en vochtige stikstof werken en (2)
door het plasma boven een vloeistofhoudend reservoir te plaatsen.
Meest opvallend zijn de experimenten die 0.a. via isotopen-gekenmerkt
H20 aantonen dat hoofdzakelijk H2O damp en niet vioeibaar H20 de
waterstofbron is voor NHs synthese. Dit suggereert dat NHs
voornamelijk gevormd wordt in de gasfase veeleer dan in de
vloeistoffase, in tegenstelling tot wat vaak beschreven wordt in de

literatuur.

In het laatste hoofdstuk (Hoofdstuk VI) onderzoeken we meer
gedetailleerd de onderliggende chemie voor de vorming van
stikstofgefixeerde deeltjes in de gasfase. Door gebruik te maken van
optische emissiespectroscopie, Fourier-transformatie infrarood
spectroscopie en geintegreerde verwijdering van HNOz2, identificeren
we een significant verliesmechanisme van HNO2 en NHs, dat belangrijk
is wanneer deze twee moleculen samen worden gevormd. Om
ineffectieve stikstoffixatie te voorkomen is het belangrijk om dit
mechanisme mee in rekening te nemen in toekomstig onderzoek naar

alternatieve methoden om stikstof te fixeren.

De Conclusies en Vooruitzichten (Hoofdstuk VII) vatten de
onderzoeksvragen die (deels) beantwoord werden bondig samen en
bespreken deze in de context van de huidige stand van de techniek.
We concluderen dat deze thesis een verdere toevoeging is aan de
stand van de techniek o.a. in het veld van plasma-gebaseerde
stikstoffixatie, zowel in het bijzijn water als in droge systemen.

Tot slot wordt de thesis afgesloten met een perspectief op toekomstig
onderzoek in het veld van (waterbevattende) plasma-gebaseerde

stikstoffixatie dat er beknopt als volgt uitziet: (1) het is belangrijk om
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onze resultaten verder te valideren in andere plasma opstellingen en
om inspanningen te leveren om de kennis voorgesteld in deze thesis
toe te passen voor prestatieverbetering, (2) wanneer er meer
duidelijkheid is over de onderliggende chemie en de voor- en nadelen
in kaart zijn gebracht kunnen we op zoek gaan naar synergién met
andere stikstoffixatie velden, bijvoorbeeld plasma-elektrochemie en (3)
ondanks dat plasma-gebaseerde stikstoffixatie met water zich in een
vroeger onderzoek stadium bevindt in vergelijking met zijn droge
variant, is het belangrik om in parallel te focussen op de

technologische aspecten van de applicatie.

Aan het begin van ieder Hoofdstuk vind je het doel en/of een

samenvatting van het Hoofdstuk geschreven in lekentaal.
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Failure is only the opportunity to begin again.
Only this time, more wisely.

| poured your tea just because | wanted to,

and for no other reason.
- lroh

1-17



1-18



Acknowledgements

Firstly, | would like to thank my promotors, Annemie and Nathalie, for
their support and the opportunity to be a part of PLASMANT and RUPT.
| would like to recognize Annemie especially. Thank you. Saying
Annemie’s conscientiousness and dedication is legendary is not an
understatement.
| would like to extend my sincere thanks to the members of my jury. |
appreciate your time and genuine interest in my work.

| had two impressive mentors and colleagues that literally made
my PhD happen,_ but | only have one page. Anton, thank you for your
passion, patience and composure level-headedness. Yury, thank you
for your honesty, boldness and commitment. (XXX) You both
challenged me and it was amazing to have had the experience of
working with you both.

| was very lucky fo be part of PLASMANT and RUPT, thank you
for the on and off topic discussions and banter. Thank you for the
chatter in the halls and unexpected visits in B.2.31, for us... or the
library of stuff we have carefully selected (hoarded).- Thank you, Tim
P., Karel, Karen and Priyanka, for fixing tee—many—ef my problems.
Thank you XXX

Eline, Claudia and Senne, thank you for sharing the last four
years with me. It was invaluable having both colleagues you could
discuss anything research-related with, as well as friends to laugh with
in between. This was unique experience to have shared, wasn't it.
Hope-to-share-many-mere. Callie, you slotted in so perfectly and | am
not just saying that because you doubled our tea selection. Thank you.
Then, our minions: Bjérn your determination to solve a problem that is
not yours is remarkable... Your-ability to-find preblems-is-equally-as
rermarkable—Luckily, there is Joachim at your side to bring us all some
even-temperedness. Thank you both.

And how could | not mention the grandpa’s, Yannick, Vincent,
Stijn, Jonas, Kristof and Inne. You were our first plasma-mentors and
showed us how things worked around here in building B.

This endeavour would not have been possible without the support of
family and loved-ones.

1-19

[ Commented [AB7]: @ ]

[Commented [NDGS8]: | added a tab to make it consistent. J

|‘ Formatted: Font: Bold J

Commented [YG9]: Add more details, the reader might
not be familiar with this specific technique.

Commented [AB10]: Not clear what you mean. Maybe
they are switched in the text? Please check.

be better?

Commented [AB12R11]: Yes, | agree. That would give

[Cummented [ev11]: | am not sure, maybe a figure would }
[ more useful information to the reader. ]

Commented [ev13]: Still need to fill in: maybe (in random
order), Chuanlong, Pepijn, Tim E., Roel, Parisa, Colin, Ivan,
Rani, Hamid, Shangkun, Robin, Stijn, Fatime, Kevin, Elli,
Rouba, Maryam, Sara, Patrick, but many more | am sure

[ Commented [AB14R13]: Ok ©

Commented [AN15]: Only the case under specific
circumstances.

[Commented [YG16]: This needs an introductory sentence. 1




Bedankt, mama en papa, om me te motiveren om te doen wat
mij persoonlijk drijft en me altiid de boodschap te geven dat ik genoeg
ben. Yoanne, spijtig genoeg ben ik geen hersenchirurg geworden, dus
geen Ferrari voor jou. Dodged that bullet. llias, ik ben blij dat ik letterlijk
een stukje van jou in mijn thesis heb kunnen steken. Allezwel, erop
eigenlijk.

Bedankt, lise en Filip, voor de ondersteuning, in het bijzonder
tijdens de pandemie, maar uiteraard ook daarbuiten.

Bedankt, Maarten, om me de moed te geven die eerste mail te
sturen, om me liefde te geven en liefde te doen voelen, om me —in alle
betekenissen van het woord — de tijd te geven zodat ik dit doctoraat
kon afmaken zonder compleet zot te worden en zoveel meer.

Thanks, buddies, you made sure | stayed sane throughout this
journey. | am so lucky to have found you. | could have been born in
another city and we weould have never met...-sounds-like-a-fragile-litile
thing-ourfrendshipne2-© Thanks for the video calls, games and

dancing around in kitchens.

.There once was a chemist. | do not remember how long he researched
for, nor what he had researched, just that he once did. When he knew
the end of his life was nearing, the chemist wrote down a list of names,
reaching from the coffee table to the end of his garden. He had a large
garden. “These are the people | owe thanks to.”, he said, handing the
list to his family. Nevertheless, during his funeral, the speaker only
reached the kitchen sink. Maybe the names in the garden were written
in small print. Maybe he had forgotten his glasses. “At least, +putthem
eut—in—the—sunfor-a—whilethey had the better view,”, the chemist
reasoned as he rolled up his list and left.-

1-20

( Commented [AB17]: Very good!

)

Commented [AN18]: This section needs revision. It is not
well-structured at the moment.

LForrnatted: Font: Italic

[Formatted: Font: Italic




CONTENTS

Members of the individual PhD commission ..............ccccccvvivinnnnes -3
External jury members ... -3
[ INtroducCtion ... [-29
1. Nitrogen fixation as a global problem ...........cccccccceeeiiiiiiinn, [-31
1.1 What is nitrogen fixation?..............ccooooiiiiiiiie, 1-31
1.2 Why do we need synthetic NF? ..., [-31
1.3 How do we synthetically fix our nitrogen today? ............ [-32
1.4 Why is there a drive to develop an improved way to
synthetically fix nitrogen?...........covii 1-33
1.5 Notmore butbetter NF ... 1-36
1.6 Alternative methods for nitrogen fixation, and specifically
plasma-based NF ... [-38
2. Plasma-based NF ... 1-40
2.1 Advantages of a plasma-based conversion process...... [-40
3. The fundamentals of plasma.........cccccoceeiiiiiiiii 1-41
3.1 Propertiesofaplasma.........cccccoeiiiiiiii 1-41
4. The fundamentals of plasma chemistry.........ccccccvvvvvivinnnn.n. 1-44
4.1 Enabling chemistry through energy transfer .................. 1-44
4.2 Electrons and electron impact reactions ........................ 1-45
4.3 Electronic excitation .................eeveveiiiiiiiiiiiiiiiiiiiie [-45
4.4 Vibrational excitation and transfer of vibrational energy. I-45

4.5



4.6 Vibrational distribution functions .......ccoooviiiiiiii [-46

5. A literature overview of plasma-based nitrogen fixation ....... [-50
5.1 Structure of the overview ..............cccc, 1-50
5.2 Dry systems (N2/O2;N2/H2) ... 1-51
5.3 Wet systems (N2/H20(g/1);N2/O2/H20(g/1)) «.ccovvvvvnnnnnnnnn... [-60
54 Summary and outlooK .............oooeiiiiiiiiiieeeee [-80

6. Other Alternative NF methods ... 1-82
6.1 Thermochemical reduction...........cccccccevviiiiiiiiiiiiiiininnnnn. 1-82
6.2 Biological NF.........cooiiii e, [-82
6.3 Electrochemical and photo(electro)chemical NF............ 1-83

7. AIm of thisthesis ... -85

[I. Methodology ........coooiiiiiiiiiiee [1-87

1. Electrical characterization..............cccco 11-91

2. Optical characterization .............cccooeeeiiiiiiii e, 11-93
2.1, Infra-red camera .......cccccovviiiiiiiiiiiiiiiiiiieeee 11-93
2.2, ICCD CAMEra ....ccevviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee et 11-93
2.3. Rayleigh scattering ..........ccccevviiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 11-94
2.4, OES . 11-95

3. Chemical diagnostiCS........cooeeeeeiieieiieeeeeee 11-104
31, Gasphase ... 11-104
3.2, Liquid Phase .....ccooeeiiiiiiiee e [1-107

4. pH and temperature measurements...........ccccceeviciineeeenn. 11-112

5. Kinetic isotope effect .........ccooiiiiiiii 11-112



6. Computational models............coooviiiiiiiiiiiii 11-113

6.1. Reality inan unreal boX ........ccccccvviiiiiiiiiiiiiiiiiiiiiiienn. 11-113
6.2. 0D Chemical kinetics model..........ccccccevvviiiiiiiiiiinnnnnn. 11-116
6.2.3. 0D to quasi-1D: plug flow reactor model.................. 11-124
6.3. Computational fluid dynamics model............cccccccceeee. 11-124
6.3.1. Geometry and meshing .........cccccooeiiiiiiiiiiiiiiieeeee, 11-124
6.3.2. Boundary and initial conditions...........c.......ccceeeee [1-125
6.3.3.  SOIVEF ..o 11-125
6.34. Kk—€mMOdel.....ooeiiiiiiiiii e 11-125
lll.  Characterization of the Soft Jet ............ccccccoiiiiiiiii. 1-127
1. Soft Jet: a pulsed non-equilibrium plasma....................... 111-129
2. Pulsing behaviour and power calculation ......................... 111-130
2.1. Voltage and current waveforms ............cccccceeeeeee... 111-130
2.2. Time-resolved imaging of the plasma......................... 11-133
2.3. Power calculation..........cccccvviiiiiiiiiiiiiiiiiiiiiiieieee 111-134
3. Gastemperature ..........oouuiiiiiii i 11-135
3.1, Arctemperature ........ccccooveieiiiieiiicie e 111-136
3.2. Afterglow and plasma effluent temperature ............... 1-137
S 101091 0 =1 o PP 111-138

IV. Sustainable NOx production from air in pulsed plasma:

elucidating the chemistry behind the low energy consumption...V-141
1. INtrodUCHION.. ..o IV-143

2. Experimental ... IV-143



2.1. Analysis of the plasma-treated gas..........ccccccevveeeeeen. IV-144

2.2. Energy consumption ..........cccceeiiiiiiiiiiiiiiiiiiiiiieceeeeee IV-144
3. Model description .........couueiiiiieiii e IV-144
3.1. Quasi-1D plasma-kinetics model ............cc.....oooonneiiil. IV-144
3.2. ODtoquasi-ID model.........cooovviiiiiiiiiiiieiicceeee, IV-145
3.3.  Applying the quasi-1D model to the Soft Jet.............. IV-146
4. Results and diSCUSSION...........cccovviiiiiiiiiiiiiiiieeeee IV-155
4.1. NOx production and energy consumption .................. IV-155
4.2. Comparison with the state ofthe art .......................... IV-157

4.3. Mechanisms of energy-efficient NOx production in pulsed

4.5. How pulsing assists NF at low energy consumption ..IV-170
4.5.1. Exploiting the VT non-equilibrium of N2.................. IV-170

4.5.2. Suppressing the back reactions of the Zeldovich
MECNANISIM ... IV-172

4.6. Economic viability of plasma-based NOx production..1V-173
5. CONCIUSIONS ....coviiieiiic e IV-175

6. Use of the Soft Jet in other works: Plasma Nitrogen Oxidation
Coupled with Catalytic Reduction to Ammonia (PNOCRA).....IV-177

V. Nitrogen fixation with water vapor by non-equilibrium plasma:
Towards sustainable ammonia production...........cccccccoeviieiiineen. V-179

1. INtrodUCHION . .., V-183



2. Experimental ... V-184

2.1. plasma setup design ........ccoovrriiiiiiiiie e V-184
2.2. nitrogen fixation experiments ..........cccccccvvviiiiiiiiniennnn. V-184
2.3. Liquid @nalysis ........ccoeeviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeee V-186
3. Results and diSCUSSION........cccoveieiiiiiiieieeeeeeeeeeeeeeeeee V-186

3.1. NHs production in a system comprised of N2 plasma with

H20 vapor and with liquid H20.............ccccoiiiiiiiiiiies V-186
3.2. Mechanistic considerations...............ccccceiiiiiie. V-194
3.3. Influence of ambient air on NHs production................. V-196
3.4. NHs production when using air as the feed gas .......... V-197

3.5. Contribution of H20-vapor and plasma-exposed H20 to NH3
fOrMaAtioON. ... V-198

3.6. Using isotopically H20/D20 to distinguish between the role
of gaseous vs liquid H20..........cooovviiiiiiiiiiiiiiiiiieeeeeeeeeeee V-203

4. CONCIUSIONS ..., V-205

vapor by non-equilibrium plasma ...........cccccceeiiiiiiiiiiii VI-209
1. Introduction..........oooo VI-211
2. Experimental ... VI-212

2.1 plasma setup design.........ccoevviieiiiiiiieeeeeeee e VI-212
2.2 Downstream gas phase analysis ........ccccccccvvvveveennnnnn. VI-213
2.3 OES analysis of the plasma-produced species.......... VI-213
3 Results and diSCUSSION.........cccoviiiiiiiiiiiiieee e VI-214

I-25



VII.
VIII.

3.1

Net production of NH3, NOx and HNOx downstream..VI-214

3.2 OES shows NH and NO are produced in the plasma VI-220
3.3 NH presence in the afterglow...................cccc. VI-222
34 NHs and HNOx loss through salt formation and
(o =Toto] 0 0] 0T0 171 o] o TSR VI1-225
3.5 Energy consumption and production rate .................. VI-231

CONCIUSIONS ... VI-237

General conclusions and outlookK .............ccccuvveeeeiieeennnn. VII-239

MaterialS ... VIII-245

APPENAIX ..ot eanee IX-247
A. Calibration CUrVeS .............euvueiiiiiiiiiiiiiiiiiiiiiiiiees IX-247
B. Selectivity of NHs, NH20H and NH2NH2 colorimetric
measurements in plasma-exposed water ............cccccevvvnnnnnn. IX-249
C. Chemistry set......coooiiiiiiiiiiie e IX-251
D. Validation of the chemistry set in the GAP .................... IX-252
E. CFD model of the SoftJet..........cccoeeeiiiiiis IX-256
F. Interpulse gas temperature profile............cccccccvennnnnnnnns IX-259
G. Afterglow gas temperature profile .............................. IX-260
H. NOx Production rate ... IX-263
I.  Energy transfer due to electron impact reactions.......... IX-264
J. Extended reaction analysis ..........cccccovviiiiiiiiiiiiiii IX-265
K. Rate coefficient plots for the Zeldovich mechanism ...... IX-268

1-26



L. The effect of O2 on the VDF of N2: the ambivalent role of the
vibrational KiINELICS ..c..oneeeeee e, IX-269

M.  Rate and selectivity of NHs production and conversion of N2

IX-272
N. Energy consumption calculation ...................cooeeee IX-274
O. Calculation of AG values..........ccooeeeeeeeeiiiiiie, IX-274

P. Concentration of nitrogen fixated species as a function of time
IX-275

Q. H20/D20 results for 1.4 L/min ....o.ooveveeieeeeieeeieeaen. IX-276

R. OES spectra recorded perpendicular to the plasma effluent

IX-277
S. List of reactions and rate coefficients................cocee IX-288
X REfEreNCES ....ooiiiiiiii e X-309
Xl.  List of abreviations ...........cccoooiiiiii X1-349
XIl.  List of publications...........cccooeeiiiiiiiiiiiiieeeee e XI11-353
XIll.  Conference contributions.............ccooeeeiiii, XII-355
Other Achievements......... ..o XI-357

I-27



1-28



INTRODUCTION

This Chapter discusses the context and background necessary to
support the work presented in Chapters II-VI and is based on the

following published works:

Vervloessem, E., Gromov, M., De Geyter, N., Bogaerts, A., Gorbaneyv,
Y., & Nikiforov, A. (2023). NHs and HNOx formation and loss in nitrogen
fixation from air with water vapor by non-equilibrium plasma. ACS Sust.
Chem. Eng., 11, 4289-4298.

DOI:10.1021/acssuschemeng.3c00208

Vervloessem, E., Gorbanev, Y., Nikiforov, A., De Geyter, N., &
Bogaerts, A. (2022). Sustainable NOx production from air in pulsed
plasma: elucidating the chemistry behind the low energy consumption.
Green Chem., 24, 916-929. DOI:10.1039/d1gc02762j

Vervloessem, E., Aghaei, M., Jardali, F., Hafezkhiabani, N., &
Bogaerts, A. (2020). Plasma-based N2 fixation into NOx: Insights from
modeling toward optimum yields and energy costs in a gliding arc
plasmatron. ACS Sust. Chem. Eng., 8(26), 9711-9720.
DOI:10.1021/acssuschemeng.0c01815

Gorbanev, Y., Vervloessem, E., Nikiforov, A., & Bogaerts, A. (2020).
Nitrogen fixation with water vapor by non-equilibrium plasma: toward
sustainable ammonia production. ACS Sust. Chem. Eng., 8, 2996—
3004. DOI:10.1021/acssuschemeng.9b07849
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This Chapter gives the context necessary to understand why we are
doing this research, both broadly (why do we need alternative ways to
make fertilizer?) and more specifically (what (fundamental) questions
remain open in the field of plasma-based nitrogen fixation?).

Next to this, it also gives background information on the chemistry and

physics that will be used in the following Chapters.
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1. Nitrogen fixation as a global problem

1.1  What is nitrogen fixation?

Nitrogen (N) is an indispensable building block for all living organisms
as well as for pharmaceutical and chemical industry. It is needed for
DNA, RNA?2, i.e. the molecules that store and transfer genetic
information, and it is a constituent of proteins that function as
messengers, catalysts, receptors... In short, they form the structural
basis for cell-based life'. Global N is predominantly present in the form
of chemically-inert atmospheric N2, which makes up 78% of the air. In
order to make it accessible for living organisms, N2 has to be
transformed to a reactive form, such as ammonia (NHs) or nitrogen
oxides (NOx), upon reacting with H2 or O2 gas, in a process called
nitrogen fixation (NF)2. This can be achieved through naturally
occurring, highly energy-consuming processes (abiotic) and through
specialized micro-organisms (biotic)3->.

In a nutshell, N is needed for plants to grow and beings to live and NF

is the process that makes N available for plants as food.

1.2 Why do we need synthetic NF?

The ever-growing population, requires more fixed N than the Earth can
provide. For this reason we have been supplementing the soil with
additional N, first by natural sources (e.g. by recycling organic waste
from plants, humans and animals and by planting N2 fixing legumes®)
and later also through synthetic fertilizer? to make up for the high
demand. Since the invention of synthetic fertilizers, food production

increased drastically and enabled mass population expansion’. Figure

a DNA, deoxyribonucleic acid and RNA, ribonucleic acid.
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1 shows the world population from 1900 to 2015 in red and below it —
in green — the population that would be supported without the use of
synthetic N fertilizer’~"". About 232 million tons of fixed N would be
needed per year by 2050, as projected by Bodirsky et al.'?. Biological
NF is estimated on 100-175 million tonnes per year in comparison??,
though one must keep in mind this is unevenly distributed across the

globe.

Figure 1 World population supported with (red) and without (green)
synthetic nitrogen fertilizer as a function of time since 1900. 1913, the
year Haber-Bosch was commercialized, is annotated. Based on data
from Erisman et al.’®, Smil et al.”, Stewart et al.'', Gapminder
population data (before 1950)8 and UN database (population after
1950)°.

1.3 How do we synthetically fix our nitrogen today?
The most important industrial process in the field of NF is the Haber-

Bosh (HB) process: a thermo-catalytic conversion of N2 and Hz into
ammonia (NH3) (R 1.1)"4,
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3H, + N, > 2NH; AH? = —92 k] R 1.1

The year HB was commercialized (1913) is annotated on Figure 1,
emphasizing the Ilink between HB and population expansion.
Approximately 80% of the globally produced NHs is used for plant
growth?. Moreover, NHs is a commodity chemical used as an important
building block for the production of pharmaceutical compounds, and it
is also used in cleaning solutions, textile industry, as a greener fuel, as
a deNOx agent in automotive industry, etc.3 # The price for mineral and
organic fertilizer is approximately 0.7 euro/kg N and 2 euro/kg N,
respectively, depending on the region. In 2022 the price has doubled
compared to 2020, a peak that has been decreasing again in 2023.
Due to its great economic importance, the HB process has been
extensively optimized during its 100-year existence, and there is
currently no viable alternative or complementary process bringing the

same support'®.

1.4 Why is there a drive to develop an improved way

to synthetically fix nitrogen?
While supporting 50% of the world's population'® (Figure 1), the HB
process depends on fossil fuels (natural gas) for energy and, for the
majority of HB chemical plants, as a source of H2'%'". This industrial
NF process requires 1.8% of the total energy production worldwide'®,
3 — 5% of the globally produced natural gas, and it emits more than 417
million tons of COz2 per year. According to statistics from 2021, this was
more than 1/3 of the yearly CO2 emissions from the chemical industry
combined?®'®19, Second in line were high-value chemicals (i.e.

ethylene, propylene, benzene, toluene and mixed xylenes; 258 million
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tons; 2021) followed by EtOH(l) (250 million tons; 2021)%°. Modern HB
plants use a part of their CO2 emission (150 Mt/year) to produce a
solution of urea and ammonium nitrate (UAN) used as fertilizer,
however, this cannot offset the carbon emission?".

Moreover, because of the harsh conditions (high temperature and
pressure) required for its operation, HB is only economically feasible
on large scales??, resulting in massive centralized production and
subsequent costly distribution of the produced NHs. Despite the rise of
renewable energy, current HB plants cannot accommodate the
intermittency of fluctuating sources, such as wind and solar®.
Currently, the main supplier of CH4 in Europe is no longer available due
the recent geopolitical events, making CHs-based HB less feasible in

Europe.

Also noteworthy is that NHs and hence HB is the starting point for all
mineral fertilizers. For example, HNO3, one of the main constituents of
nitrogen-based and some K-based fertilizers and one of the world's 15
largest commodity chemicals?4, is commercially produced via the
Ostwald process, which converts NH3 into HNO3 in two steps via NOx?°,
which is then combined with NH3 to create NH4NOs3, and afterwards

used in fertilizer (see Figure 2 and Reaction R 1.2-R 1.5).

ANHs + 50, » 4NO + 6H,0 AH? = —902 kJ RI1.2
2NO + 0, - 2NO, AH® = —114 kJ RI1.3
3NO, + H,0 - 2HNOs(aq) + NO AH? = —117 kJ R 1.4
NH; + HNOs(aq) - NH,NO4 RI.5

The production of HNOs is therefore directly limited by NH3 production
through the HB process. This means 50% of the world’s population

alimentation depends on one single chemical process.
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Figure 2 Various pathways for NF with a focus on the different possible
hydrogen sources. Each full line represents a possible pathway
towards basic fertilizer chemicals. The current industrial process is
shown in blue. (Catalyst-free) plasma-based processed are indicated
with black and red lines, red to bring attention to the fact Hz (blue, green
or grey) gas is used. Commercial processes that (usually) use catalysis
are indicated with a yellow star.

Other primary drivers for the development of an alternative commercial
NF process are: (i) the need for more modular processes making
fertilizer production (with currently NH3 as its main base chemical)
possible in regions with limited or no access to commercial sources,
and (ii) a need to combat the rising cost and associated emission,
safety and security concerns of fertilizer transport from a centralised
large scale plant?®. A small-scale fertilizer production unit making use
of the local wind- and other alternative and renewable sources can
serve these needs.

Next to its indispensable use in fertilization, NH3 shows potential as a
flexible long-term energy carrier and zero-carbon fuel, with an energy

density of about 22 MJ/kg, which is less than but comparable with fossil
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fuels?’. Hence, rethinking NH3 production is of even more vital

importance as it can play a role in our journey to carbon-neutrality?2.

Thus, while a synthetic NF process is necessary, the current industrial
process does not fit into the concept of sustainable production.
However, HB currently is the most energy-efficient process for NH3
synthesis. There are no easy reductions in energy consumption left;
bettering the way nitrogen is fixed requires drastic changes in the

technology and innovation.

1.5 Not more but better NF

We are in need of more sustainable NF methods to support human
alimentation, but we still need a reliable supply of fertilizers
nonetheless. At the same time agriculture is the largest contributor to
nitrogen pollution'?. Synthetic NF could therefore be seen in direct
opposition to the current (again) active public and political debate on
the nitrogen crisis, i.e. the predicament concerned with a surplus of
fixed nitrogen with a detrimental effect on our environment?®. What is
the role of an NF process developer or fundamental researcher in the

nitrogen crisis debate?

As humans we have had a significant (often negative) influence on the
full Earth’s nitrogen cycle'. Cycling reactive N has more than doubled
in the last century3, however, more than 50% of the applied fertilizer is
lost to the atmosphere and water streams?3 and only 16% of the applied
N ends up in our food3!, which shows synthetic N is not used efficiently.
Reactive N is lost in the chain, mainly through excretion by livestock
(2/3 of their ingested N) and gaseous emissions from the stables or
fields (20%). 55% is reused through the use of manure as fertilizer3?,

though up until now destroying N waste has been cheaper than reusing
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the streams, this will most likely not be cost efficient anymore in the

near future.

Since the 1990s NOx emissions have been subject to pollution
control®®33 and nitrogen critical loads ® have been prominent in
governmental ecological protection policies since the 1980s in farming,
industry, urbanization, transport, etc.34. We know better what is needed
and what the sustainable limits are; or at least, doing better now has

become more eminent to our future well-being.

In this framework, it is indeed necessary to tackle all issues regarding
the N cycle with great attention. We need to adapt the way we use and
apply the fertilizer to minimize our impact on the environment and
therefore allow for us to thrive, and we need to ensure enough reactive
nitrogen is present in the soil to sustain the current population. Both
matters are pressing.

With such an interconnected problem, it is not straightforward to identify
the effort that will make the biggest impact. It is our job to keep the
context of the problem in mind. For example, Huang et al. showed that
when fertilizer could meet the demand close to the field only when the
crop needs it, nutrient loss and NH3 pollution would be reduced3®. An
example of this is split application® which, when used alone, reduced
the NH3 emissions by 25%3%. Also, the current commercial process
would not operate well at a small scale, nor would it (remotely) on site.
The production capacity of a HB plant typically ranges from 2000 —
3000 t NH3 per day?¢, 1 — 100 t NH3 per day can be regarded as small

bThe nitrogen critical load is an official level of exposure to nitrogen containing
species, below which significant harmful effects in terms of acidification and/or
eutrophication of the environment do not occur to present knowledge3+.

¢ Applying fertilizer to the field on multiple timepoints throughout the season opposed
to applying all fertilizer at once.
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scale, though it is difficult to put a range on this3”. Consequently, if we
were to implement this to reduce soil pollution, a small-scale process,
ideally compatible with renewable energy sources would be needed,
which can simultaneously tick the box for a more sustainable

production process.

Lastly, diversification of fertilizer production is a key point in providing
sustainable fertilizers. At the moment, the majority of fixed N comes
from one source, namely HB, regardless of local restrictions and
advantages. Curated solutions for specific regions should be
considered, keeping availability of resources (Hz, H20, CH4), scale and
energy supply possibilities in mind.

The whole system of processes needs continuous improvement,
however, one should not only focus on the problem that is deemed
most promising, highly urgent or of the most critical importance.

Fundamental research looks further than that.

1.6 Alternative methods for nitrogen fixation, and

specifically plasma-based NF

Considerable efforts are devoted to provide alternative and greener
approaches at an industrial scale'2%38-42 These include reimagining
HB or developing alternative or complementary processes for NF, such
as enzyme-based, plasma-based 19414344  and (electro-)catalytic
methods with both heterogeneous and homogeneous catalysts'45.
Among the different techniques mentioned, plasma-based NF is
particularly appealing because of its flexibility and synergy with
sustainable energy sources'%:37:44:46.47,

Figure 2 summarizes the different possible NF plasma-based

processes possible (red and black) starting from different H and N
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sources, next to the current industrial processes (in blue). It should be
emphasized that, though the focus is often on NH3s production, (H)NOx
synthesis is also a valid way to fix N. It can be converted into other N
containing products such as NHs and is a commercially valuable
productin a.o. the fertilizer industry, as explained before. The main goal
is making N available in a more reactive form, be it (H)NOx or NHs.
Currently, the industrial way to make N available is by N reduction, i.e.

NH3 formation.

Another realm, though outside of the scope of this thesis, is the
combination of plasma with catalysis (not included in Figure 2, though
similar paths can be followed). 90% of all commercial industrial
chemical processes include catalysis*®. Due to the large role catalysis
plays in industrial processes, great effort has been put into plasma

catalysis research*®,

Current improvements in the HB process are mainly concerned with
the methane reforming for Hz extraction, which accounts for over 80%
of the total energy required for NH3 production®®. The challenges and
potential of improved HB-based fertilizer production, i.e. blue and green
ammonia, are well described in literature®'-%2. In brief, green and blue
ammonia are produced using HB but with a reduced or zero carbon
footprint, respectively, through the electrification of the heating
process, carbon capture and storage (CCS), the use of electrolysis-
based hydrogen, etc.%3. There is a long way to go: in 2020, of the 185
million tons of NH3 produced only a small fraction of a percent (10 000

tons) was electrolysis-based.
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2. Plasma-based NF

Plasma is an ionized gas with collective properties. It consists of
charged species (ions and electrons) and neutral species (photons,
excited and ground state atoms, radicals and molecules). Plasma-
based processes are interesting to be considered as an alternative for
synthetic NF54.

21 Advantages of a plasma-based conversion

process

A plasma reactor is powered by electricity, and can be easily turned
on/off, so it can be integrated with fluctuating renewable electricity
sources'™'® by providing peak shaving and grid stabilization*.
Moreover, it has no economy of scale, hence it can produce fertilizers
in small scale plasma-based reactors right where they are needed,
reducing or even eliminating transport costs, together with increasing
availability of fertilizers in remoted areas3. Furthermore, it offers a
cheap process, as it operates at ambient pressure and temperature,
i.e. at milder conditions than the HB process. The fact that plasma-
based NF can use abundant feedstock like air, nitrogen, and water is
appealing as well?344,

Interestingly, the theoretical minimum energy cost of plasma-based NF
into NO is 0.2 MJ/mol N, i.e., 2.5 times lower than the HB process®®
(see later). This is attributed to the fact that in plasma, the applied
electric energy is predominantly transferred to the electrons, which
activate the gas molecules by electron impact excitation, ionization and

d There is no set criterion to determine whether a process is remote or local. One way
to look at it would be by comparing the fraction of the total cost related to transport.
In a local process, the transport cost does not make up a significant portion of the
production process, while in a remote case it does make up a significant fraction.
Depending on the region, the “cut-off point” might be different.
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dissociation reactions, and consequently, the gas does not have to be
heated as a whole for the conversion process, thereby limiting the

energy cost43:54.5

The economic feasibility of plasma-based processes is discussed in
Chapter IV, while the state of the art is discussed in section 5, of this

Chapter.

3. The fundamentals of plasma

99% of the visible universe is made up of plasma. We can see plasmas
in the form of stars, including - of course - our own Sun, nebulas,
auroras and lightning®*. Most of the plasmas on earth, however, are
artificial; Electrical arcs were the first studied in the early 1800s.
Currently a range of plasma types are researched and applied in daily
life, with most notable applications in the field of lasers, thin film
deposition, abatement of volatile organic compounds (VOCs), lighting,
in the treatment of surfaces such as hardening and etching (most
notable computer chips), in medicine (sterilization, deactivation of
micro-organisms, tissue engineering...) and gas conversion, the focus

of this thesis®*.

3.1 Properties of a plasma
A plasma is a complex state of matter with a number of collective
properties and non-equilibrium processes. Below, a few are highlighted
to support the discussions further in the thesis.

3.1.1 Library of species
As explained before, a plasma starts with neutral molecules, positive
ions and electrons but quickly evolves to a chemical cocktail of

molecules, atoms, ions, photons, electrons and a range of excited
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species. It is very typical for a plasma to have a set of reactions

associated with it in the thousands, due to this wide range of species.

3.1.2 Conductivity and quasi-neutrality
Due to the charged species (electrons and ions) present, a plasma is
electrically conductive. However, plasma is electrically neutral,
meaning that among the molecules, atoms (both in the ground and
excited state), electrons, ions and photons, the positively and

negatively charged species are balanced.

3.1.3 Temperature
Temperature essentially gives information on the kinetic energy of a
group of species. Because of the specific nature of a plasma, however,
one temperature most often does not describe the whole plasma. For
example, the electron temperature can become much higher compared
to the temperature of other species because of their light mass. Indeed,

electrons take up energy much more easily and transfer that energy to

the heavy particles through collisions®”, since =2 = 1840, where my, is

me

the mass of an H atom and m,, is the mass of an electron. Therefore,
we typically characterize the plasma based on the temperatures related
to the different kind of species present. Most commonly, the electron
temperature (Te), the gas temperature (Tg) or rotational temperature,
which is most of the time representative of the temperature associated
with the heavy species (atoms, molecules, ions), and the vibrational
temperature (Tv), associated with the vibrationally excited species, are
indicative for the application and behaviour of the plasma.

In a thermal plasma, all species have the same temperature (Te= Tg=
Tv), meaning the plasma is in thermal equilibrium. In a non-thermal or

non-equilibrium plasma the species are not in equilibrium with each
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other, conventionally meaning the Tg < Tv << Te < 10° K. In a quasi-
thermal, also called warm plasma, the temperature is in between
thermal and non-thermal plasma, with only a significantly elevated Te
(Te>> Tg=Tv). Lastly, in a cold plasma the Tq4 stays at (or near) room

temperature®. In this thesis, a non-equilibrium plasma is used.

3.1.4 Luminosity
A part of the heavy particles can be excited due to the high energy
present in a plasma. Afterwards they can fall back to a lower state, or
their ground state, by photon emission, which is one of the processes
responsible for the light emission of a plasma. This property will be

used in Chapter VI.

3.1.5 Timescales
The chemical and physical cocktail in a plasma results in a wide range
of timescales associated with the numerous (transport) processes that
take place. Figure 3 shows the most important plasma processes and

their timescale, ranging over 12 orders of magnitude®’.
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Figure 3 Timescales of relevant collisional and transport processes in
atmospheric-pressure plasmas. Adapted from Bruggeman et al.%’.

4. The fundamentals of plasma chemistry

Plasma offers three main characteristics that make it attractive for gas
conversion chemistry. (1) They contain a high concentration of
energetic and chemically active species like electrons, ions, atoms,
excited states, radicals and photons. (2) At least some of these
components have an energy density that can be significantly higher
than the energy densities encountered in conventional chemistry. (3)
Related to this, plasmas can be far from thermodynamical equilibrium,
enabling high concentrations of chemically active species while

keeping the bulk temperature low in comparison®.

4.1 Enabling chemistry through energy transfer

Energy transfer processes in plasmas enable non-conventional
chemistry. The ones relevant to this thesis are briefly discussed

hereafter.
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4.2 Electrons and electron impact reactions
Electrons are the first to receive energy from the electric field in a
plasma, due to their small mass, and they distribute it among the other
plasma components. The amount of energy going into each possible
energy transfer process, i.e. electronic excitation, vibrational excitation,
dissociation and ionization, depends on the gas composition and the
reduced electric field, which is the ratio of electric field over gas number
density. This parameter is very important in plasmas and it determines
the electron energy distribution function (EEDF), i.e. how many
electrons of a certain energy there are. Consequently, by influencing
the electron parameters (density, temperature, EEDF) one can often

control the plasma chemistry.

4.3 Electronic excitation
Electrons can transfer their energy to another species, resulting in an
electronically excited species (R 1.6)
e+ A(g E) — e + A(E)) R 1.6
where A is a molecule or atom in the ground (g) or electronically excited
state (Ex). Electronically excited species show different kinetics

compared to ground state species.

4.4 Vibrational excitation and transfer of vibrational

energy
Electrons can also vibrationally excite molecules (e-V,R 1.7) and those
excited molecules can exchange vibrational energy in vibrational-
vibrational (VV, R 1.8) and vibrational-translational exchange reactions

(VT, R 1.9), through which vibrational energy is transferred to heat.
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e+ A(g Vi) » e+ A(V) RI17
AW) +A(vj) » A(vi — 1) +A(vi + 1) R1.8

4.5 Ladder climbing

Ladder climbing is a phenomenon where the vibrational energy of a
molecule is step-wise increased through VV and e-V exchanges. In this
way, the energy needed for each step is lower compared to direct
electron impact vibrational excitation to the same level, allowing for a

higher population of high vibrationally excited molecules.

4.6 Vibrational distribution functions

The above processes, be it between molecules of the same kind (e.g.
N2-N2), different kind (e.g. O2-N2) or with atoms (e.g. N2-N), determine
the distribution of (vibrational) energy within one type of molecule,
visualised by the vibrational distribution function (VDF), which sets out
the normalized density of a vibrationally excited molecule as a function
of the molecule’s vibrational energy or vibrational level.

illustrates a set of simplified VDFs. Under thermal equilibrium, the
translationally, rotationally and vibrationally excited species follow a

Boltzmann distribution (1.1) %8
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where N is the total number of molecules, Ei is the energy of the it

state, gi is its statistical weight describing the degeneracy of the it
state, kb is the Boltzmann constant and Tg is the gas temperature®®.
Typically, the normalized density is shown in logarithmic scale, seeing
as from the ground state upward the population of each level lowers

drastically.

—— Non-thermal
Thermal (T1)

Thermal (T2) with T2 < T1

Normalized Density

Vibrational Level

Figure 4 lllustrative VDF, showing the normalized density as function
of the vibrational level of a molecule for two non-thermal cases (blue,
dot), a thermal case at T1 (yellow; upside triangle) and a thermal case
at T2 (green, downside triangle), with T2 < T1.

Two examples of thermal VDFs are shown in green (T1) and yellow
(T2), where T2 < T1. Two examples of non-thermal VDFs are shown in
blue, typically they are elevated above the thermal distribution for a
particular gas temperature associated with that VDF and do not have
a Boltzmann (straight) distribution, though they can show a quasi-

Boltzmann distribution as well®®. Simply said, when a system shows a
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non-thermal VDF for a certain species, there are more (higher)
vibrationally excited molecules present than would be expected in the
equilibrium situation. (Note: an under-population of these vibrationally
excited species would also be considered non-equilibrium.) The
process of stepwise increasing the vibrational energy in a molecule, i.e.
ladder climbing, creates a plateau in the VDF.

The surplus of vibrationally excited species can effectively lower the
energy barrier for reactions, as illustrated in Figure 5 for N2. N2 is
vibrationally excited from the ground state via electron impact
vibrational excitation and/or ladder climbing processes such as VV
exchange. The increase in potential energy lowers the activation
barrier of the reaction coordinate, effectively facilitating N2 splitting into
2N. The vibrational efficiency (a ) determines how efficient the
vibrational energy is used in lowering the energy barrier, with a = 1

being 100% efficiency.
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Figure 5 Ladder climbing and schematic reaction coordinate for N2
splitting for different vibrational levels of N2. a stands for the vibrational
efficiency, with a=1 meaning full efficient use of the vibrational energy.
Based on a similar figure by Mehta et al.®0.
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5. A literature overview of plasma-based nitrogen

fixation
As stated by many authors23:2544.61 plasma, if correctly applied, can be
active, selective and efficient in applications associated with NF. This
section gives an overview of the state of the art relevant to frame the
work presented in Chapters IV-VI. Plasma-based catalytic NF is not

discussed in detail.

5.1 Structure of the overview

There are two main ways to fix nitrogen: by oxidation into most
commonly NOx and HNOx and by reduction into NHs. Figure 2 shows
the different types of plasma-based N2 fixation pathways into NOx and
NHs by means of different N2/O2/H20/H2 gas combinations: (1) NOx can
be formed in plasma from an N2/Oz2 feed gas in different ratios®®¢?, of
which the most accessible is air, but it can also be formed in other
N2/O2, N2/H20 and N2/O2/H20 combinations, like humid air. Note that
NOx can be used directly in the production of HNO3% (see above) or
can be reduced post-plasma for the production of NH3%6. (2) NHa is
mostly produced in plasma from N2/H2 using plasma-catalytic
systems*’, but can also be formed via plasma treated liquid H20 in
different forms and/or humid (i.e., water vapour-containing) air, humid
N2 or N2/O2/H20/Hz in other ratios®°.

The following discussion on the state of the art is structured as follows.
The different plasma-based NF systems are divided into dry and wet
systems, meaning without and with the presence of water, be it in liquid
or gaseous form. In these sections, the performance and underlying
chemistry of oxidation and reduction are discussed. In the case of dry

systems, this division is very clean, while under wet systems there is
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more interconnection as wet systems inherently show both oxidation

and reduction simultaneously.
5.2 Dry systems (N2/O2;N2/H>)

5.2.1 Nitrogen oxidation

Performance

The Birkeland-Eyde process was the first commercialized plasma-
based NF installation in 190342 and was soon after fully replaced by the
thermal-catalytic Haber-Bosch process. More than a century later, a
wide range of plasma types have been studied for plasma-based NOx
production, driven by the need for an alternative to the current industrial
process and other applications®3, including thermal plasmas??84, spark
discharges®>%%, radio-frequency (RF) discharges®’, laser-produced
discharges®®, corona discharges®®%9, glow discharges’®’!, (packed
bed) dielectric barrier discharges (DBD)’%72, microwave discharges
(MW)73-77 " different types of arc discharges38416270.78-80 (including

pulsed arc and gliding arc) and plasma jets in contact with water8%81,

An overview of the reported energy consumption (EC) and product
concentrations is given in Table 1. The NOx concentration is generally
in the range of 1 to 14 %, which is in the range of 0.1 — 68 g/h, while
the EC spans over a very large range within 5 orders of magnitude
(0.28 — 1673 MJ/(mol N)). Important to note, the best performance
values in terms of yield and EC apply to low-pressure plasma reactors,
but they did not account for the energy required to maintain low
pressure and cooling of the reactor; moreover, these values (1980s)"®
have not been reproduced since then (entries 25 and 26 in Table 1).

Currently, the best performing atmospheric-pressure plasmas are the
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recently reported atmospheric MW plasma by Kelly et al. (2 MJ/(mol
N), entry 20)"” and two modified gliding arc reactors, using an effusion
nozzle (2.1 MJ/(mol N), entry 18)82 and elevated pressure (1.8 MJ/(mol
N) entry 19)83. Without additional parts a rotating gliding arc performs
worse than the presented MW, however, a MW reactor often needs a
low-pressure starting sequence with active cooling, which is not
included in the reported EC. A take-away is that the most promising
results have been achieved in warm plasmas (e.g. MW and arc)
opposed to cold plasma types (e.g. DBD and corona).

In general, to the best of our knowledge, the theoretical minimum EC
for plasma-based NOx production (0.2 MJ/(mol N)) had not yet been
reached before the work presented in Chapter IV was submitted.
Around the same time, Britun et al. confirmed that this low EC can
indeed be achieved through their work in another pulsed plasma (entry
26).

The wide range when it comes to EC and production rate reflects (1)
improvement through time, as we for example can see clearly in the
evolution of the rotating gliding arc (entries 18 — 20) and (2) the (maybe
inherent) difference in performance of distinguishable plasma types.
One should also keep in mind maximising performance should not be
considered in isolation. As an example, DBDs generally perform sub-
par compared to many other configurations in Table 1, however, they
are still considered as they are very compatible with catalysts, a
different but potentially promising route.

The largest challenge in developing a plasma setup is the reverse
correlation between EC and yield. Low EC often comes at a low yield

and vice versa.
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Table 1 Overview of the different reported NOx concentrations and associated EC in various types of plasma
reactors in literature. More elaborate discussions on the state of the art of plasma-based NOx production can
be found in the papers of Bogaerts & Neyts*4, Jardali et al.®?, Rouwenhorst et al.3” and Winter et al.?3,

Plasma type Concentration Production rate EC (MJ/(mol N)) Ref. Entry
(%) (products) (g/h)

Electric arc (Birkeland- 2 (NO) 10740 24-31 42,64 1

Eyde)

Electric arc with water 4.7 (NO) - 3.5 84 2

injection

Spark discharge -(NO and NO2) - 20.27 and 40 65 3

Transient spark 0.04 (NO) 0.09 8.6 66 4

discharge 0.01 (NO2)

Pin-to-plane ns-pulsed - (NOx) 0.001¢ 50-77 70 5

spark discharge

Pulsed arc discharge 0.02 (NO) 0.18 10.6 85 6
0.08 (NO2)

RF crossed discharge 0.02 (NO) 0.08 24 - 108 67 7
0.6 (NO2)

Laser-produced -(NO and NO2) - 8.9 68 8

discharge

(Positive/negative) DCT - (NO and NO2) - 1057/1673 65 9

corona discharge

¢ Based on average molecular weight of NO and NOz2, as the selectivity is not reported.
f Direct current (DC)
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Plasma type Concentration Production rate EC (MJ/(mol N)) Ref. Entry
(%) (products) (g/h)

Pin-to-pin DC glow 0.7 (NOx) 1.9 2.8 71 10

discharge

Batch DBD 0.1 (NO) 0.01 56 — 140 70 11
0.2 (NO2)
0.3 (N20)

Packed DBD (y-Al203) 0.4 (NO) 0.5 18 72 12
0.6 (NO2)

Propeller arc 0.3 (NO) 1.2 4.2 70 13
0.09 (NO2)

Pulsed milli-scale 0.8 (NO) 0.1 28-438 3841 14

gliding arc 0.25 (NO2)

Pulsed gliding arc 0.5 (NO) <0.1 4.8 38 15
0.7 (NO2)

Gliding arc plasmatron 1.35 (NO) 18 3.6 59 16
0.15 (NO2)

Rotating gliding arc 5.4 (NOx) 7.0 2.5 62 17

Rotating gliding arc 5.9 (NOx) 7.4 2.1 82 18

(effusion nozzle)

Rotating gliding arc 4.8 (NOx) 68.9 1.8 83 19

(elevated pressure, 3

bar)

Atmospheric-pressure 3.8 (NOx) 85.9 2.0 w 20

MW plasma

MW plasma 0.3 (NO) 1.7 3.8 3 21
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0.02 (NO2)

MW plasma with 6 (NO) 30.4 0.84 86 22
catalyst (MoCO3)*

Pulsed MW discharge* 6 (NO) - 0.6 5 23
MW plasma with 14 (NO) - 0.28 76 24
magnetic field*

Pulsed plasma jet 0.02 (NOx) <0.1 0.42 87, 25
(SOft Jet) this work
Pulsed DC spark + 0.01 (NO) 0.3 0.4 88 26

*obtained at reduced pressure (0.01 — 0.07 atm)
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Minimum theoretical energy consumption for plasma-based NO
production. To make one NO molecule through N, + O - NO + N we
need 1 eV or 0.096 MJ/mol, if all energy is directed towards this
reaction®. There are three main loss channels that can lower the

efficiency of this reaction (r)%*:

N = Nex " Nret " Nchem 1.2
Nex 1S determined by the energy losses related to the excitation of low

productive degrees of freedom. Indeed, the most efficient way to
perform this reaction is through vibrational excitation, while other
excitations lower this factor. n,..; is related to energy losses outside of
the active discharge zone, i.e. VT-relaxation. Lastly, n.4em is mainly
related to losses through exothermic reactions®.

In literature, 0.2 MJ/mol is generally used as the minimum theoretical
energy consumption for plasma-based NO production’44. This
number assumes that n,, and n,..; are close to 1, meaning the reaction
is dominated by vibrational excitation. It is assumed that the limiting
factor is due to losses in exothermic reactions and vibrational energy
losses like VV and VT exchanges, i.e. n:em, Which is estimated to be
50%%4. It is evident from this explanation that this number is dependent
on the assumptions made regarding efficiency losses, i.e. the 50% loss
due to n.nemis an estimation, which could be chosen slightly higher or
lower.

Underlying chemistry

A number of literature reports discuss the underlying chemical
mechanisms, either purely experimental®® or supported by
modelling#'-°962.80_ |t is generally known that the most energy-efficient
pathway to NOx is via the non-thermal Zeldovich mechanism promoted

by vibrational excitation37:4144.5962.69 Thijs is represented by reactions
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R 1.10 and R I.11; where g and v stand for the ground state and the
vibrationally excited states of the molecule, respectively. The
mechanism (R 1.10 and R 1.11) inherently includes the thermal

Zeldovich mechanism, i.e. the Zeldovich reactions from the ground

state only.
0,(v,g) + N> NO + 0 R1.10
N, (v,g)+0 - NO+N RI1.11

Vibrationally excited molecules decrease the activation energy barrier,
facilitating the reaction**, as explained in this Chapter before (section
4.6). The Zeldovich mechanism can thus be exploited by
overpopulation of the vibrational levels (non-thermal VDF, see section
4.6). A so-called “vibrational-translational (VT) non-equilibrium” can be
induced through pulsing®®7° and low values of the reduced electric
field*'. Exploiting the non-thermal Zeldovich mechanism to achieve the
theoretical minimum EC in practice is one of the holy grails in plasma-
based NOx production research. Furthermore, besides the direct
formation of NOx, minimising its destruction via back reactions and
maximising the fraction of gas treated by the plasma are two other

common challenges in this research field37:5%.62,

5.2.2 Nitrogen reduction

Performance

The commercial NH3 production process is a catalytic one, which is
also possible in the field of plasma-catalytic NH3s synthesis. Looking at
dry plasma-based N reduction literature, catalytic systems are most
common. Also, in the last 25 years, most plasma-based NHs synthesis
has been performed in DBD®°, with RF and MW second®. Plasma-
catalytic NF typically proceeds in N2/H2 plasmas, though there are

examples that use CH4/N2%, operating in a range from low (5-700 Pa)

1-57



to atmospheric pressure. The energy consumption in DBDs ranges
from 18 — 180 MJ/mol, with outliers at 786 and 4950 MJ/mol®®-%°. The
lowest EC’s are reported by Aihara et al. (18 MJ/mol)%, Bai et al. (33
MJ/mol)®' and Peng et al. (36 MJ/mol)®’. The NHz3 outlet concentrations
range from 0.008 to 2.3% °°-1°1 with production rates ranging from
0.003 to 0.4 g/h °-%° among these the best performing are Aihara et
al. (0.12 g/h)® and Bai et al. (0.4 and 0.18 g/h)%-°', which is an order
of magnitude to two orders of magnitude lower at best compared to the
NOx production rate discussed in section 5.2.1. Another potential
synthesis was proposed by Hollevoet et al., who combined plasma
nitrogen oxidation with catalytic reduction to ammonia (PNOCRA)#6.102
via lean NOx trap technology, achieving a favourable yield (>1%; or 17
g/h) and EC (4.6 MJ/mol NH3)%.

Underlying chemistry

The majority of setups described in literature for plasma-based NHs
production in dry conditions involve a catalyst, meaning the underlying
chemistry involves surfaces and associated processes like Eley-Rideal
and Langmuir-Hinshelwood mechanisms?*”-1%, The influence of the
catalyst and the plasma are coupled with each other, which makes it
challenging to study both effects separately but also together. To keep
the discussion within the scope of the thesis, i.e. to support the
discussions in Chapters IV-VI, the underlying chemistry will be
discussed in a more general way focussing on important species and
intermediates that — in a first assumption — are similar in both catalytic
and non-catalytic dry NHs synthesis.

In N2/H2 feed mixtures, the best performance is mostly found in N2 rich
mixtures, meaning non-stoichiometric ratio’s, which has been attributed

to a higher fraction of energy that must be deposited into N2 because
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of its strong triple bond®5.96.98,104-106

It is widely assumed that the synthesis from Hz and N2 starts form the
dissociation, ionization and excitation of the feed gasses®!197.198 (R | 4-
R 1.5), X, vx and Ex are ground, vibrational and electronic states,
respectively). The dissociation is followed by the formation of NH
radicals, which is considered an important intermediate (R 1.6). NH is
seen as the precursor of NHs and its concentration has a strong effect
on the NHs production rate'07:10%110  Next, NH3 is produced through
stepwise addition of H and H2 (R I.7-R 1.19), meaning NH2 is not a

necessary intermediate (R 1.9)%99.107.111,

N2 activation

N,(X,v.,Ey) +e—> 2N +e R1.12
H,(X,v.,Ey) +e—>2H +e R1.13
Precursor formation
N+ H - NH R1.14
NH + H - NH, RI1.15

Stepwise addition and NH3 formation

NH + H, > NH, + H R1.16
NH + H, - NH, R1.17
NH, + H - NH; R1.18

NH, + H, > NHy + H R1.19

There is no general agreement on the importance of each N2 activation
channel facilitating NHs synthesis. Direct dissociation''?,
ionization9194113  electronic  excitation®® 112114 and vibrational
excitation''®120 have all been put forward as important in different
plasmas®. The larger the contribution of N2(v) can be made, the more
energy efficient the NHs synthesis would be. Based on modelling, Hong

et al.’® and van ‘t Veer et al.’? identified that reactions between
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radicals and vibrationally and electronically excited molecules played a
more significant role in the formation of NH and NHs than ion-ion
interactions’"®. Electron impact dissociation of N2 has been proposed
as the first step®:112. In case of a catalytic surface, also dissociative
adsorption of N2 has been proposed*’ as well as N2(v) dissociation
followed by adsorption''®-20, There is also no consensus on the rate
determining step. As summarized by Zhou et al.8%, hypotheses include
the formation of NHx on the catalyst surface®, recombination of N and

H and dissociative adsorption of N93:106.117,

Plasma-catalytic processes show promise, and the interest is well-
founded if one looks at the successful history of catalytic processes. A
synergistic combination of cold plasma and catalysis in theory affords
higher reaction productivity in a way that is not achievable with
conventional thermal catalysis'® 19, at least partly due to the excitation
of the strong bonds in N2 by plasma?® 2!, and/or the facile generation
of H atoms?2 23, Regardless of whether a plasma-based process, might
or might not involve a catalyst, it is more straightforward to elucidate
the underlying chemistry in a non-catalytic system, due to the complex

nature of plasma-catalysis'°.

5.3 Wet systems (N2/H20(g/l);N2/O2/H20(g/l))

Water can be introduced in a plasma system in a range of different
ways: liquid (films), vapor and droplets are discussed in this overview.
When H20 is introduced in the system as a liquid, there is a build-up of
NF products in the liquid. This can be NHs3 in the form of NH4*, and/or
oxidation products of N like nitrite (NO2’) and nitrate (NOs"). Therefore,
the plasma-based synthesis of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) in water is often referred to as plasma-
activated water (PAW) or plasma-treated water (PTW)'2'-123, Though
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the publications on wet N oxidation and reduction are relatively sparse,
compared to dry systems, interest has been increasing in the last 10
years®9124,

Plasma-liquid setups are often investigated in the field of plasma
medicine for the production of reactive oxygen and nitrogen species
(RONS)'?® and water treatment. Though their focus, in a sense, often
is NF as well, they will not be discussed here, as their framework is
different: (i) they often inherently need liquid water close to the plasma
source, (ii) energy cost is often not the limiting factor (hence noble
gasses are often used) and (iii) (tunability of) short-lived species play a
more significant role opposed to stable NF species.

Due to evaporation taking place in virtually all setups, water vapor is
always present, though in different quantities. Therefore, when a setup
with H20 vapor is discussed in this overview, it refers to H2O vapor

added to the inlet gas mixture, unless stated otherwise.

5.3.1 Nitrogen oxidation

Performance

For wet N oxidation, we look at N2/H20 and N2/O2/H20 mixtures, with
the most readily available air/H20. Next to NOx formation (R 1.25), water
also enables deep oxidation of N into HNO2 and HNO3 (R 1.26-R 1.27),
which can dissolve in the liquid as NO2" and NO31%6.127 (R |.29-R 1.32).
A common by-product is H202'%8 (R 1.28; see further under Underlying
Chemistry).

Error! Reference source not found. gives an overview of plasma
setups involving water, including the gas mixture, water state, reduction
and oxidation products and their production rates and energy
consumption expressed for the total NF and for NH3/NH4* production,

if the reported date allowed its calculation. lons and neutral molecules
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are used to distinguish between species measured in the liquid phase
(e.g. NH4") or the gas phase (e.g. NHs), respectively. Every entry
reports production of N oxidized species; they typically underperform
in production rate and energy consumption compared to their dry gas
phase counterparts (N2/O2/H20(I) vs. N2/Oz2), discussed in section
5.2.1. The production rate ranges from <0.01 to 669 mg/h, which is two
to three orders of magnitude lower compared to the state of the art of
dry N oxidation (Table 1; 10 — 68900 mg/h). The pulsed transient spark
by Janda et al.’®? (120 mg/h, 7.2 MJ/mol; entry 11), the spray type jet
in combination with UV irradiation by Peng et al.'% (177 mg/h; entry 6)
and the falling water film DBD by Liu et al.’?” (669 mg/h, 43 MJ/mol;
entry 8) show the best performance. While the EC of gas phase
oxidation spans over one order of magnitude, the range for wet
oxidation spans more than three orders of magnitude, with the best
performing setup - in terms of EC - in the same order of magnitude as
their dry counterpart (7.2 MJ/mol (wet) vs 1.8 MJ/mol (dry)) at much
lower production rates (0.13 g/h (wet) vs. 69 g/h (dry)). There are three
points to make on this comparison and performance evaluation.

(1) The wet and dry oxidation of N are not directly comparable to one
another: dry oxidation produces NOx, while wet oxidation can
synthesize HNO3/NOs™ in one step, meaning it would replace the full
commercial Ostwald process, while dry oxidation needs one more step
for deep oxidation into HNOs. However, this does not equalize the
performance of wet and dry oxidation, as initial splitting and oxidation
of N is the limiting step, meaning the main conclusion still stands. A
good example to illustrate this point is the hybrid NOx/Os plasma
system studied by Dinh et al.’?°. An NOx producing plasma followed by
an ozone producing DBD was studied, enabling full conversion of NOx
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into HNO3(l) at a production rate of 8.46 g/h and 8 MJ/mol N, including
both the energy cost for the NOx and the DBD plasma. Essentially, this
is a dry N oxidation system adapted for deep oxidation, hence it is a
suitable reference point. Firstly, when comparing the production rate
and energy cost of Dinh et al.’s system to the trends in Table 1
discussed before, it shows the performance of wet N oxidation is still
sub-par, the exception is for entry 10 in Table 2, by Janda et al.'?2 (7.2
MJ/mol), though it comes at a low production rate. Secondly, the arc
system used for NOx production described in this work has a low
production rate (3.25 g/h) and high energy consumption (5.3 MJ/mol N)
compared to the best performing NOx-producing plasmas (Table 1),
meaning we can expect easy changes will dramatically improve the
performance. The current state of the art thus suggests that for plasma-
based N oxidation, dry systems perform better.

(2) However, most wet systems described in literature are focussed on
N reduction, using H20 as a H source, opposed to oxidation, which
means the oxidation performance is logically inferior compared to dry
plasma-based oxidation, as optimizing performance is not the aim of
the maijority of the works reported. Section 5.4, goes into more detail
on this point.

(3) Lastly, wet systems have not been studied as extensively yet as dry

systems, which will also be discussed in more detail in Section 5.4.
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Table 2 Overview of wet plasma-based N oxidation and reduction systems. Nd stands for “not defined”, meaning
the data necessary to calculate the metric are not reported.

Plasma type Gas composition Production rate (mg/h)? EC (MJ/(mol N)) Ref. Entry
Plasma above a liquid (H20) surface
DBD above H,0 surface NH.s* 0.10-0.14 NO; 0.28-0.83 nd 130,13 14
NOs 0.22-0.45 ! 1
Pulsed jet above H>.O and  N2/H>O(l) NH4* 4.90 NO2 0 1139 /total N 132 2
ethanol (EtOH) NOs 41.02 3750/NH3
N2/EtOH(I) NH4* 52.23 NO2> 0 340/total N
NO34.42 351/NH3
Dielectric beads (DB)- N2/H20 NH.*0.05 NO2 0.11 3244/total N 133 3
filed DBD above H>O NH4*0.38 (DB) NO2 0.10 (DB) 3729/NH3;
NO3 0.13

NO4 0.07 (DB)

Plasma above a liquid (H20) surface + UV irradiation®
DBD above liquid + UV N2/H20(1) NH4* 12 uM/h® NO; 27 uM/h° 987.2/NHs 134 4
NH.s* 29 uM/h (UV)® NO2 nd (UV)°

NOs nd°
NOs 13 (UV)°
NH4* 54 pM/hd NOx(g) 21 pM/he
Air/H,0(l) NH4* 27 pM/hd nd 5
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DBD above H;O surface  N2/H20(l) NH4* 0.01 NO, 0.0011 nd 13513 6
+ UV NH4* 0.04 (UV) NO, 0.0007(UV) 6
NO3 0.0017
NOs 0.003 (UV)
Spray-type yet + UV N2/H20(1) NH4*1.53 NO; 44.6 nd 105 7
NH4* 2.55 (UV) NO2 111.2 (UV)
NO3 2604¢
O3 3348 (UV)e
Plasma + introduction of liquid H.O (droplets, water film, plasma-in-water, electrospray, water vapor)
DBD + H.O droplets N2/H20(g/) NH4* 0.18 NO, 0.46 1350/total N 137 g8
NOs 2.67 7854/NH3
DBD falling water film Air/H2O(l) NO; 669.6 43/total N 127 9
Bubble discharge N2/H20(1) NH4* 0.16 NO2 17.86 680 /total N 138 10
NO3s 17.94 48750/NH3
NH3 4.5 NOx 15 919/total N
1747/NH;
Pin-to-flowing liquid Air/H20(1) NHs 0 NO 84.96 12.7/total N 139 11
NO, 78.59
HNO: 50.67
NH4* 0 NO2> 11.84 248/total N
NO3 2.02
Pulsed transient spark +  Air/H.O(microdropl NH3/NH4* 0 NO 106 9.3/total N 122 12
H2O electrospray ets) NO2 0.35
HNO. 0.027
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NH3/NH4* 0 NO 99 7.2/total N
Air/H20(9) NO2 16.3
HNO: 14.5
NHs/NH4*" 0 NO 106 7.8/total N
Air NO: 3.4
HNO. 0.08
Pulsed spark “Soft Jet” N2/H20(g/l) NH4*0.26 NO> 0.35 15 MJ/mol total Ths 13
NO3 0.02 N thesis,
100 MJ/mol NH; 140
Air/H20(g/1) NH4*0.03 NOyx 0.69
21 MJ/mol total
N
240 MJ/mol NH3
Hybrid plasma-electrocatalytic/electrochemical systems
Plasma-electrochemical N2/H20(1) NH.* 0.36 NOx 1.3 mM/hf 139/total N9 141 14
system
Hybrid plasma- Air/H20(1) NH.* 23.2 NO, 2.5 mM/h" 924 .48/total N 142 15
electrocatalytic system 910.8/NH3
(Cu-nanowires)
Plasma-activated N2/H20(1) NHas/NH4* 0 NO 6.3 1350/total N 143 16
electrolysis H> 2.9

66



a Mind the production rate in this table is expressed in mg/h,
while in other places in the text and in Table 1, it is sometimes
expressed in g/h to allow for easier comparison when placed
next to each other.

P Irradiation not included in EC calculation.

¢ Treatment time (tt) = 10 min

dtt = 20 min, UV data for this tt not included.
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¢ 100 times higher compared to the other NO3" production rate
reported in their work (50 mg/h), this might be a mistake,
therefore it was not discussed under wet N oxidation.
fData on cell volume not reported.

9 Calculated from one reported number in the paper, no data
on power or its calculation.

h Data needed for calculation not reported. Based on
estimation.



Underlying mechanisms

In N2/H20 and N2/O2/H20 plasmas, it is generally accepted that H20
homolytically dissociates into H and OH (R 1.20)%. Other proposed
mechanisms include R 1.23 and R 1.24, though this was in a ns pulsed
system'™4. It has been shown that OH can play a role in N oxidation
through the extended Zeldovich mechanism (R 1.25)'3%.145, Gromov et
al. compared a dry system with a wet system (pin-to-flowing water film)
and observed a drop in NO production efficiency when moving from dry
to wet. One of their explanations was that the extended Zeldovich

mechanism might be less efficient than its dry counterpart?3°.

Also the regular Zeldovich mechanism can take place, as R 1.21
produces O radicals from water, that can be used in R 1.25.

For so-called deep oxidation of N, OH can react with NO and NO2
resulting in the formation of HNO2 and HNO3 (R 1.26 — R 1.30) and with
another OH to form H202 (R 1.28)'22.127.146_ HNOx and H202 dissolve in
H20 (R 1.31 - R 1.32)"%2,

H-0 decomposition

e+H,0 > OH+H+e R1.20
e+0H->H+0+e R1.21
H20 UV irradiation 120—170 nm OH + H R 1.22
0 + H,0 —» OH + OH RI23
N} + H,0 - Ny(g) + H + OH R1.24

Extended Zeldovich mechanism
N+OH - NO+H R 1.25
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Deep N oxidation

NO + OH - HNO,(g) R1.26
NO, + OH — HNO5(g) R1.27
20H - H,0,(9) R1.28
NO + H,0,(g) » HNO,(g) + OH R1.29
NO, + H,0,(g) » HNO5(g) R1.30
HNO,(g) » HNO,(aq) » NO; + H* R 1.31
HNOs(g) » HNOs(aq) » NO; + H* R1.32

Gromov et al. (Table 2, entry 11) showed by using isopropanol as an
OH scavenger, that OH was responsible for 30% of the produced NOx
139 suggesting that R .26, R .27 and by extension also R 1.28; R 1.29
and R 1.30 can play a significant role in NOx formation.

NOx can also be formed via R 1.33 and R 1.34, with R 1.33 more
favoured compared to R 1.34, due to the higher solubility of NO2 in
comparison with NO'47. However, they have much lower rates and can
generally not compete with R 1.26-R 1.308°. Indeed, HNO3 and HNO>
are more easily dissolved in water compared to NO and NO29. HNO2
formation in the gas phase and its significant role on NO2(aq) formation
was confirmed in humid air and electrospray containing air by Janda et
al.’?2, Also, HNO2 formation via R 1.26 was in line with their
observations'?2. Sakakura et al. suggested NOx~ was formed by the
reaction with OH- and Natom, alternatively, they proposed NO formation
from Natom and OH- followed by R 1.20, after which HNOz is taken up by
the liquid and further oxidizes into NO3-13'. On the same topic, Janda

et al. concluded from their comparison of products in dry, humid and

9 Based on their Henry’s constants: kn HNO3 = 2.1 108 mol kg-'atm-', kn HNO2 = 50
mol kg'atm-'; kn NO2 = 0.007 mol kg'atm'; kn NO = 0.0018 mol kg'atm- all at
298.15 K123,147.
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electrosprayed air that, when there is no H20 available in the gas phase
either, both dissolved NOz2 is necessary in equal or greater amounts
than dissolved NO, for NO2" formation to occur (R 1.33-R 1.34)'22,
2NO, + H,0(l) » NO7 + NO; + 2H* R1.33
NO 4+ NO, + H,0(l) » 2NO; + 2H* R 1.34
In the liquid, NOz" is converted into NO3™ via H202 (R 1.35) and NO2 (R
1.36)8°,

NO; + H,0,(aq) = NO3 + H,0(1) R 1.35
NO; + NO; + 0,(aq) = 2NO3 R 1.36
Lastly, NO can also be further oxidized into NO3 or N20s, though it can
be reasonably assumed that this pathway does not have a significant
contribution, seeing as they, when measured, were not present in the
studies included in this overview. The same applies to NO2’s dimer,

N20a4.

5.3.2 Nitrogen reduction
Performance Wet N reduction, in essence, aims to use H20 as a H
source in one-step NH3 synthesis?8-31. Hz is costly and energy intensive

to produce, while H20 is a raw and abundant material.

Table 2 shows the performance indicators of the setups that are
discussed below. Most of the studies are performed in N2/H20
mixtures, though Haruyama et al.’3* and Sun et al.'*2also measure NH3
in the liquid phase when using air/H20. The NHs production rate spans
over three orders of magnitude (0.001 — 23 mg/h) and the range of EC
spans over four orders of magnitude (7.2 — 48750 MJ/mol), meaning
they underperform compared to dry N reduction (0.3 — 400 mg/h; 18 —
180 MJ/mol). Note, dry reduction needs Ho.

When taking into account a balance between production rate and EC,
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plasma-electrocatalytic systems seem to have the best performance
(entry 11 and 12; 0.36 mg/h at 139 MJ/mol in N2; 23.2 mg/h at 910
MJ/mol in air)'41.142_ Looking at the range of different plasma types and
ways to introduce water, one can see this subfield is in an earlier stage
compared to dry plasma-based NF. Many of the studies are exploratory
or focus on more fundamental questions (e.g. What is the role of the
H20 liquid surface? Which plasma species are important?), meaning
optimizing for the best performance is not the main focus yet. The
following sections discuss the main characteristics of the systems in
Table 2, sorted by how H20 is introduced.

Liquid water. (entry 1-16) Sakakura et al.130.131.135136 gnd

Haruyama et al.’®* studied a similar DBD above a H20
container/reservoir in a number of works and focused on the pathways
towards NF species (entry 1, 4, 6). They concluded that the plasma-
liquid interface is the main reaction locus for NHs formation and that the
surface area is therefore important, resulting in studies using for
example H20 droplets and H20 films. In response, Liu et al. studied a
falling water film DBD and improved wet oxidation drastically, though
they saw no NHs production, which was mainly attributed to the air used
opposed to pure N2'27:142,
Kubota et al. compared a N2 jet above water versus EtOH(l). Though it
was shown EtOH(l) was more performative for NH4* production (entry
2), one has to keep in mind that EtOH(l) is not a raw material like
H20(1)'32. Nonetheless, it can give more insight on the pathways
towards NF products (see below).

UV-irradiation. (entry 4-6) Sakakura et al.’®>136 Haruyama et
al.’™® and Peng et al.’% studied setups with a liquid surface in

combination with UV irradiation of the liquid surface to increase the
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availability of precursors at the plasma-liquid interface. All four systems
showed an increase in NH4" upon UV irradiation (2-4 fold), NOz2
decreases in all four cases, and NOs™ increased in the case of Peng et
al.’% and Sakakura et al.’3%136 while in the case of Haruyama et al.3*

its production decreased.

(Micro)droplets. (entry 8 and 12) Toth et al. studied a coaxial
DBD with water droplets introduced in the plasma by an atomizer,
producing NOx™ and NHs (entry 8)'3’. Comparing H20 and H2 as a H
source, they found that both H20 vapor and droplets produced more
NF species in total and the NHs production was comparable between
H2 and H20. Additionally, water vapor showed a slightly higher rate for
NHs production compared to water droplets, possibly due to an
increased availability of H2O molecules. Though the EC is comparably
high (7845 MJ/mol), the process is continuous and scalable, with room
for improvement in the area of the H20-atomization'®’. Janda et al.
studied water droplets as well, though in air, and did not observe NH3
production'?2, On the other hand, Gromov et al, observed a reduction
in efficiency when H20 (liquid) was added, which they attributed to the
energy loss due to evaporation’®. Adding H20 as a gas could
potentially avoid this loss, but needs to be verified.

Plasma-in-liquid. (entry 10) Peng et al."®8 studied an in situ NF
system where plasma is formed in bubbles under water, measuring
both production in the liquid and the gas phase. They report one of the
best production rates (4.6 mg/h), though at a very high EC (1747 and
4.8 x10* MJ/mol).

Water vapor. (entry 8, 12) In N2/H2/H20 mixtures in a catalyst
(Ru/Al203) -packed DBD, it has been shown that H20-vapor (0-0.21%)
is a good promotor for NH3 formation at low energy densities (<1200
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JIL), increasing its energy yield with 30%'#. In air or N2 mixtures,
studies using water vapor are limited3®'?2. Both studies show the same
(entry 8)'%7 or increased (entry 12)'??2 performance when H20 droplets
were changed to vapor, though NH3s production only takes place in the
N2/H20(g) mixture3”.

Plasma-electrochemical/-catalytic systems. (entry 14-16) In
plasma-electrocatalytic ammonia synthesis, nitrogen is reduced by
electrons driven by an applied bias at atmospheric pressure and low
temperatures?®. Plasma activation of N2 can overcome the first
limitation of electrocatalytic NHs production, namely the high
overpotentials that are required for Nz activation. Still, a standing
limitation of this synthesis method is the limited NHs production
selectivity compared to H reduction?6.143.149_|nteresting to note is the
synthesis route proposed by Sun et al., where first NOx was produced
in air by an AC plasma spark in water, followed by an electrolyser
converting NOx into NH3'4? (Table 2, entry 15). Another plasma-
electrocatalytic system was proposed by Hawtof et al., showing a
relatively low EC (139 MJ/mol). Note, H2SO4 was added to the liquid

as a H source and to trap the formed NH3z'4'.

Underlying chemistry

The reactions between N2/H20 and air/H20 are complex because of
the simultaneous oxidation and reduction of N2 taking place. With the
current knowledge, the plasma-based NH3s synthesis mechanism from
N2/H20 and N2/H2 systems could be similar, though research on the
underlying mechanisms in this area is lacking. Toth et al. performed a
test where H20 was replaced by an equivalent amount of Hz gas in the
inlet and observed similar NHs production rates, which could support

this hypothesis?’.
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(1) N2 is activated, with the formation of atomic N, excited N2 (N2(v,E))
and molecular Nz ions (N2*) (R .12 — R 1.13; section 5.2.2). This is
proposed as a crucial step by many authors studying wet N reduction
systems05.135,136,141- (2) Next, H20, the H source, is dissociated into H
and OH radicals via electron impact or UV irradiation (R 1.20, R 1.22)
and possibly OH splits further into H and O radicals (R 1.21)'%5. (3)
Then, it is assumed NH is formed, either through N2* reacting with H20
directly'3® or H reacting with N2* after H2O decomposition%. (4) NH is
then further hydrogenated, similar to the reaction scheme in N2/H2
mixtures explained above. NH2 could be a much more important
intermediate compared to N2/Hz2 mixtures, seeing as R 1.17 is expected
to have a much lower importance. Indeed, in N2/H20 mixtures, limited
H2 production has been observed'3¢1%0, but in general its fraction is
logically much lower than in N2/H2 mixtures. Next to NHs, by-products
include NO2/HNO2, NO3/HNO3, NO/NO2 and H202 (R 1.26 — R 1.32) if
both gas and liquid phase products are considered.

With regards to the N2/H20 ratio, a more systematic study is needed to
elucidate this dependence. The range of H20 fractions in most studies
was low (0-3%'22137) and not subject of the study.

The next sections summarize suggested pathways and propositions
regarding the underlying mechanisms discussed in the reported works
(Table 2).

Reaction locus. Liquid'05130.131.134 ' 935137 and gas+liquid'05.134
have been proposed as the reaction locus for NH3 formation. Peng et
al. proposed HNOx was formed in the liquid phase, while NHz was
formed in both the gas and the liquid'%. Hawtof et al. proposed
solvated electrons and H radicals to play a crucial role in plasma-

electrocatalytic NHs synthesis. In their setup, this was confirmed by
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electron and H scavengers, hence they suggested liquid as the reaction
locus''. Sakakura et al. proposed that the plasma-liquid interface is
the most important reaction locus for their type of setup36. Lastly, Toth
et al. also suggested that NHs is formed in the gas phase and that the
plasma-liquid interface plays little to no role in this system, contrary to
what has been suggested previously'®”. This confirms the work
discussed in Chapter V. Thus, the very role of liquid H20 in plasma-

based NF remains unclear.

Plasma-liquid interface. When a plasma-liquid (P/L) interface
is present, the liquid surface has been identified by different authors as
a vital player in NF130.131.134.135 "which is not illogical as the liquid H20
is the only source of H except for evaporated H20. Haruyama et al.
observed an increase in NF species production as a result of increasing
the plasma-liquid surface area’*. Following this, designs with an
increasing P/L surface have been put forward: water flowing films,
aerosol droplets and plasmas with a larger surface increase the contact
area and hence the synthesis rate 05122127 On the other hand, Gromov
et al. compared a dry (pin-to-plate) and a plasma-liquid system (pin-to-
water flowing film) and observed a decrease in NF in the presence of
a liquid H20 film, which they attribute to energy loss to evaporating
H20139,

The extraction of H from the liquid surface is assumed to be the rate
limiting step for NH3s formation in plasma-liquid systems, by authors
using similar systems (plasma above a water-filled container).
Haruyama et al. confirmed this for their system using D20O/H20 and the
kinetic isotope effect'34. UV radiation of the surface is one way used to
increase the available H at the P/L surface through R .22, and has

been shown to increase NF (up to 4 fold) compared to their UV-less
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counterpart 105.134-136_ Sakakura et al. showed that N2*/N2* based NH3
pathways are improved by UV irradiation, while Natom based pathways
are not influenced, likely because Natom reactivity with H20 is already
high, also suggesting they follow different mechanisms'3%. Lastly,
Haruyama et al. pointed out, confirmed by their experiments, that UV
also increases the decomposition of NH3 and the latter should therefore
be tapped off in practical applications'34.

While the importance of a plasma-liquid interface is proposed by many
works, it is not necessarily a universal pathway for plasma-based NF
as those works focus on very similar systems and there are other works
that present a counterbalance to this predominant narrative'3”-13°. The
importance of a plasma-liquid surface is therefore likely system-

dependent and needs to be looked into further.

Suggested pathways and important species. A number of
suggestions on how H is introduced into NHs have been made.
Sakakura et al. suggested that NH4* could be formed via reaction
between N2*/N2* with H20 and H to produce N2H*, which then acts as
a promotor and as a H source''. In another study of theirs, they
suggested NH4* was formed through Natom and/or N2*/N2* extracting H
from H20 on the liquid surface as another pathway'3® next to H20
decomposing first'36. Additionally, they concluded that it is important to
form a reaction field in which activated N (Natom and/or N2*/N2*) would
be able to react quickly'36. Both Sakakura et al. and Haruyama et al.
stated NH is expected to dissolve in H20 and reduce further there 34136,
meaning they suggest NHs is formed in the liquid.

Kubota et al.’®? compared EtOH(l) and H20(l) as the liquid and found
EtOH(l) increased NH4" production from 4.9 to 53.2 mg/h, while
reducing the oxidation pathway drastically (41.0 to 4.4 mg/h NOx),
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meaning in EtOH(I) the reduction of N is more facile than its oxidation.
EtOH(l) has H atoms in the form of C—H and O—H available, while H20
only has the O—H type. Because the abstraction of the labile H from C—
H is easier compared to O—H of H20, this results in a mixture of OH +
H when H20 is used and predominantly H in case of EtOH(l). The
comparison suggests that reduction involves a pathway with H in both
H20 and EtOH(l) while oxidation mainly happens through an OH
pathway'32. The increase in total NF when moving from H20 to EtOH(l)
could be attributed mainly to the facile abstraction of H in case of
EtOH(l) compared to H20, but also other factors, for example the
decrease in by-product synthesis (e.g. H202) could play a role, though
this was not tested.

Another possible pathway for NHs formation is the reduction of
NOx/NOx by H20, which was tested via water droplet DBD by Toth et
al. by introducing HNO3/NOs  droplets in the plasma. This test
suggested the contribution of this pathway was small and the direct
reduction of N2 appears to be dominant'?’. In a plasma-electrocatalytic
system proposed by Sun et al.’#? (entry 10), this pathway did result in
significant NOx to NHs4" conversion. Note that the oxidation and
reduction took place in separate cells.

From these works, we can conclude that in terms of
pathways/mechanisms, studies have not yet gone very deep, which is
understandable considering the novelty and multi-phase aspect of the
field. Most works indicate N activation, be it as Natom, N2* and/or N2* as
an important step, as well as H availability. Whether NHs is formed in
the gas phase, liquid phase or both is inconclusive based on the current

literature.
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Tuning selectivity. In a wet plasma, a whole range of NF species
can be produced, therefore, the tunability of the product selectivity is
under study. At the same time, this insight can shed light on the
pathways towards the different NF species. Usually, high selectivity
towards NHs or HNOzs is preferred. For example, Sakakura et al. used
pH-controlled trap cells and were able to tune the NF composition while
keeping the total NF capacity constant, under certain conditions'0.

It is interesting to map the influence of Oz on wet NF, seeing as air is
raw and abundant. Haruyama et al. observed a proportional decrease
in NHs production when moving from pure N2 to an air plasma above
H20, suggesting that contamination with oxygen does not affect NH3
production in plasma-liquid systems'34. On the same topic, Sakakura
et al. could tune the selectivity by changing the gas phase oxygen
concentration while keeping the total NF constant’0. Seeing as there
was no change in total NF in a O2-free system, this suggests the limiting
step for both N oxidation and reduction does not involve Oz2.

While H is important for reduction, OH is the main precursor for NOx,
HNO3/NOx and H202 formation. As confirmed by Sakakura et al. using
electron spin resonance (ESR) measurements, oxygen in the gas
phase increases OH production in the liquid water phase and in this
way promoted a pathway to NOx in H20"3°. Since both H and OH

originate from H20 dissociation, tuning these species is a challenge.

Another work by Sakakura et al. investigated the role of Natom and N2*,
with a short and long life-time, respectively, for different plasma-H20
surface distances, and found increasing the distance could tune the
selectivity towards NHs production opposed to oxidation through the
suppression of HO- and H202 production at longer distances, which
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decreases NOx synthesis''. In summary, Sakakura et al. concluded
that the reactions in the liquid could be controlled by modulating active
species in the gas phase3".

Peng et al. observed that when plasma is generated inside H20
(opposed to on the surface), the selectivity of the oxidation product is
shifted towards NOs", while the reduction selectivity remains similar,
which can be attributed to the higher concentration of O species in the
case of plasma-in-water, facilitating the conversion of NO to NO2'38,
NO is a main precursor for HNO2/NO2 while NO2 is the main precursor
for HNO3/NOs". Additionally, also direct NO2= to NOs" conversion
through for example H202 could be of different importance between
plasma-on-water and plasma-in-water systems, however, this was not
studied.

Lastly, Tsuchida et al. found that the NH3 selectivity could be increased
from 41 to 83% in their DBD above liquid H20, by adding dielectric
beads, which increased the atomic N in the plasma33,

This shows the selectivity is tuneable in different ways, which adds
flexibility, customizability and can also help improve the general NF

performance.
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5.4 Summary and outlook
In summary, Table 2 shows various plasma sources that study wet
plasma-based NF for oxidation and reduction. In terms of production
rates and EC they underperform in comparison with dry systems or do
not focus on production rates or EC, hence this information is often
lacking (Table 2). This is likely because the field is relatively new, most
studies are exploratory and/or focus on elucidating NF pathways. The
discussion on the proposed pathways showed a lot is still unclear, and
on many topics there is no consensus. The following section

summarizes the main gaps in knowledge in wet plasma-based NF.

Analysis outside liquid H20. In terms of species production,
often the focus is limited to the liquid. Only some works study both the
gas and liquid phase in equal detail'38, which could be because the
liquid was put forward as most important 130.131.134.135 At the same time,
it is clear the production (in the liquid) is influenced heavily by the gas
phase composition'22.130.131,135-137 * Analyzing both would thus improve

elucidation.

Pathway elucidation and de-coupling effects. Combined
oxidation and reduction in wet plasma systems and the multi-phase
nature of wet systems complicate pathway elucidation. The insight on
mechanisms is lacking and there is no consensus on the role of H20,
and the transport of plasma species into the liquid is poorly understood.
Most pathways/mechanistic studies use a very similar wet plasma
system with a DBD above a liquid surface'30:131.133,135136_Though this
resulted in a good set of fundamental studies on the underlying
mechanisms in this type of setup, the proposed pathways likely reflect
this overrepresentation.

Seeing as wet NF systems are inherently more complicated than dry
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systems because of their array of reaction loci, de-coupling the effects
is therefore even more crucial. For example there is H20 vapor present
in virtually every setup, its isolated effect on the H20 oxidation and

reduction pathways, however, has been scarcely studied'?21%,

Modelling studies are more complicated when a liquid is
present, usually requiring more-dimensional models'™'-%* A big
challenge is the lack of fundamental reaction rate coefficients and
cross-section data developed specifically for the liquid phase. The
knowledge on gas to liquid transport is limited under non-equilibrium,
which makes modelling transport from the gas to the liquid phase

especially challenging®’.15",

Studying more diverse plasmatypes and ways to introduce
H20. Compared to dry NF, the array of plasma types for wet systems
is still limited. Moreover, even though the overview above illustrates
that increasing the availability of H20 is crucial to improve wet NF, there
are limited studies that branch out into other ways to introduce H20 into
the system’?2137 Bruggeman and Leys'®®, and Kovacevic et al.'®®
discuss a broad spectrum of plasmas in and in contact with liquid H20,

illustrating the wide range of possibilities.

The overview shows that both plasma-based N oxidation and (perhaps
more interesting) reduction can take place in wet plasma systems using
raw and abundant materials, like H20, air and N2, avoiding H2 as a H
source. The summary illustrates there are many areas that have not
been studied yet, including dedicated studies for improving the

performance, which shows the potential is considerable.
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6. Other Alternative NF methods

There are a number of HB-alternatives proposed in literature. Here we
very briefly discuss the three main ones. Each field has its challenges
and assets and this text certainly does not cover all of them.

Next to direct NF methods, i.e. converting N2 into NF products, there
are also a number of alternative fertilizer technologies under research
such as recovery methods'>” ranging from reusing ammonia emission

through bioscrubbing'®® the conversion of urine into fertilizer'°.

6.1 Thermochemical reduction

Thermochemical N2 reduction is the most closely related to HB but at
low pressure (1 — 10 bar) and low temperature (<600 K). Compared
with ambient temperatures this is still a high-temperature process and
the requirement for Hz is a drawback. Therefore, unconventional highly
active and electron-rich catalysts and supports are under investigation

to decrease the temperature further'°,

6.2 Biological NF

Biological NF research is concerned with reproducing the core
nitrogenase enzyme process for application in the fertilizer industry, i.e.
mimicking the behaviour of NF micro-organisms that play a role in
naturally enriching the soil. It is a self-regulating process that consumes
renewable and environmentally benign substances like carbohydrates
at ambient conditions' %1, The underlying (bio)chemistry is complex
and our understanding is incomplete, but the concept has a lot of
potential to radically change the way we grow our crops '6'162_ Oldroyd
and Dixon conclude that introducing legume symbiosis and
nitrogenase for enrichment of the soil are complex engineering

processes and therefore this field will be unlikely to deliver genuine
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solutions in the next 20 years'®3. As a supplementary or supportive
method in for example soil that does not require as much nitrogen,

biological NF can provide us some support in a shorter timeframe%4.

There are a number of adjacent technologies under investigation in the
field of bio-engineering that do not specifically mimic biological NF but
instead use bacteria directly in the soil. In addition to fertilization, this
field aims to employ the additional benefits bacteria have to offer, such

as increasing resistance to biotic and abiotic stress6°.

6.3 Electrochemical and photo(electro)chemical NF

Electrochemical and photo(electro)chemical NF systems have also
been explored, often in combination with a catalyst. As with plasma,
they have less rigorous requirements in terms of yield, they also focus
on decentralised systems'® and can use abundant materials like N2
and H20 under mild conditions 66167 Electrolysis setups are relatively
simpled®14%.168 gnd both electrochemical and photo(electrochemical)
systems are powered by electricity, which fits with the goal of industrial
process electrification8%.124169 However, as discussed by Xue et al.,
Deng et al. and Zheng et al., (photo)(electro)chemical N reduction
faces great challenges, such as overcoming the dissociation barrier of
N2, weak binding strength of N2 to heterogeneous catalysts, and the
competition of other products'.167.170 |ndeed, the NH3 yield and
production rate of this type of NF process is very limited by the
competition between N2 reduction, the H2 evolution reaction and other
species such as NH2NH223.166.170 gnd poor performance due to the low
solubility of nitrogen in aqueous electrolytes®®124.149,168,169,171 " The

extremely low amounts of NH3 pose significant analytical challenges®”.
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The electrochemical oxidation field is still very much in its infancy and

is therefore difficult to discuss'69:170,

-84



7. Aim of this thesis

Plasma technology offers an attractive alternative or complementary
technique to fix N in a way that is more in line with the current needs
and sustainability standards. The improvements in performance and
the leaps of gained insights in dry plasma-based NF literature in the
last years to decades show the potential and, in combination with
economical and interdisciplinary studies, also the technical applicability
of plasma-based NF. Wet plasma-based NF, on the other hand, is
currently the little brother of dry plasma-based NF, meaning there are
still many more open-ended questions. The works presented in this

thesis add to the state of the art in two main ways.

Firstly, this thesis aims to take into account the identified knowledge-
gaps and challenges summarized at the end of the last section.
Specifically, (1) we put our focus on branching out to another way of
introducing water into the plasma system, i.e. H20 vapor, (2) we de-
couple the problem for pathway elucidation by starting with
characterization of the chosen plasma, next a simpler gas mixture and
building up from there, (3) we include modelling, though not under wet
conditions (the high complexity, made it not feasible within the timing
of this thesis) and (4) we focus on also analyzing species and
performance outside liquid H20.
Secondly, in a more concrete way, this thesis adds to the elucidation
of wet plasma-based NF by, contributing to two of the main open-ended
research questions in this field.

1. What is the role of liquid vs gaseous H20 in wet plasma-based

NH3 formation?
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2. What are the important chemical pathways towards plasma-
based nitrogen fixated species (NHs3/(H)NOx) in a wet
environment?

Lastly, in connection with points (2) and (3), regarding decoupling and
modelling, we aim to elucidate the role of pulsing in reaching a low
energy consumption for NOx formation from dry air. We will start with

this last research question, before moving to wet plasma-based NF.

Figure 6 illustrates the global approach of this thesis.

Figure 6 Global picture of the thesis including points of focus,
research questions and the most important methods.
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METHODOLOGY

This Chapter focusses on the experimental and modelling
methodology, presented in Chapters Ill — VI, based on the following

published works:

Vervloessem, E., Gromov, M., De Geyter, N., Bogaerts, A., Gorbaneyv,
Y., & Nikiforov, A. (2023). NHs and HNOx formation and loss in nitrogen
fixation from air with water vapor by non-equilibrium plasma. ACS Sust.
Chem. Eng., 11, 4289-4298.

DOI:10.1021/acssuschemeng.3c00208

Vervloessem, E., Gorbanev, Y., Nikiforov, A., De Geyter, N., &
Bogaerts, A. (2022). Sustainable NOx production from air in pulsed
plasma: elucidating the chemistry behind the low energy consumption.
Green Chem., 24, 916-929. DOI:10.1039/d1gc02762j

Gorbanev, Y., Vervloessem, E., Nikiforov, A., & Bogaerts, A. (2020).
Nitrogen fixation with water vapor by non-equilibrium plasma: toward
sustainable ammonia production. ACS Sust. Chem. Eng., 8, 2996—
3004. DOI:10.1021/acssuschemeng.9b07849

Vervloessem, E., Aghaei, M., Jardali, F., Hafezkhiabani, N., &
Bogaerts, A. (2020). Plasma-based N2 fixation into NOx: Insights from
modeling toward optimum vyields and energy costs in a gliding arc
plasmatron. ACS Sust. Chem. Eng., 8(26), 9711-9720.
DOI:10.1021/acssuschemeng.0c01815
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https://doi.org/10.1021/acssuschemeng.3c00208
https://doi.org/10.1021/acssuschemeng.9b07849
https://doi.org/10.1021/acssuschemeng.0c01815%201

Materials, chemicals and equipment referred to in this and the following

Chapters are listed in the Materials Chapter (Chapter VIII).
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Often a plasma process or a process in general is rated based on
macroscopic performance indicators; for example, how much NOy is
produced and at what energy cost. However, to make improvements
efficiently, it is important to first gain underlying insight into the
chemistry and physics involved.

A first step is getting to know the system, in this case the plasma, we
are working with through so-called characterization: if we know how hot
or cold the gas is, how the plasma is formed and how the gas swirls, it
is much easier to figure out how to make improvements. Additionally,
the performance is evaluated. This insight can be obtained through

methods such as the ones discussed in this Chapter.
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1. Electrical characterization

Plasma formation and power. Electrical characterization mainly
concerns the voltage and current profiles as a function of time. A key
characteristic of a plasma that can be measured through this is the
power going into the system, which shows how much energy is
consumed during the plasma-based conversion. The multiplication of
the current and voltage waveforms gives a power profile as a function
of time. In case of a pulsed source, this quantifies the time-resolved
characteristics of the plasma, i.e. the pulse pattern, and hence the duty
cycle (ratio of the pulse width over the pulse period).

Power can be used to describe many different characteristics of the
system, therefore it is important to specify and understand what kind of
power is meant. The next sections explain instantaneous power,

average power, plasma power and total power (also called plug power).

The instantaneous power is calculated by P(t) = V(t)I(t) and gives
the power at one time t, providing information on, for example, the peak
power, important in pulsed plasmas. Here, P is the power in watts, V is

the voltage in volts and | is the current in ampere. The average power,
on the other hand, P = Ti fOTD V(t)I(t) considers the power going into
D

the system over a full discharge period Tp, or more general:

1 n
- V: X I 1.1
nzl ;

=1

Another important distinction is made between the plasma power and
the total power (Figure 7). The total power is the sum of all power
consumed by the wall plug, also commonly called the plug power, while

the plasma power is the energy per time unit sustaining the plasma and
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is thus related to the chemical efficiency of the discharge, i.e. the power
that influences the plasma chemistry and therefore the efficiency of the
chemical conversion. When talking about the total power, the term
plug-to-x (e.g. plug-to-NOx) can be used®. Maximizing the power
fraction going into the plasma, i.e. minimizing the power losses, is a
physical/electrical engineering question outside the scope of this
thesis. Here, when the power is discussed, be it instantaneous power
or averaged power, it will always be the power deposited into plasma
(plasma power), unless specified otherwise. Figure 7 shows a
schematic diagram of the total power, or wall plug power, of which
commonly only a fraction is the plasma power.

Total power or|---- —
plug power

consumed by
power supply

Plasma power | - - - - e
consumed

by plasma
generation

Figure 7 Representation of the total power divided up into the power
consumed by the power supply and by plasma generation.

In Chapters Ill, the waveforms are measured using a voltage probe
(Tektronix P6015A, see Chapter VIII, Materials, Table 13, entry 26) and
a current probe (Pearson Current Monitor 2877, Table 13, entry 27),
connected to a LeCroy WaveSurfer 64Xs oscilloscope (Materials,
Table 13, entry 28).
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2. Optical characterization

Information on the physics and the chemistry can be obtained through
(i) passive optical diagnostic techniques and (ii) active optical
diagnostic techniques. The former analyzes the spontaneous radiation
emitted from the plasma, the latter sends in light of a known wavelength

and analyzes the resulting emission from the plasma.

21. Infra-red camera

Gas temperature on a macroscopic scale. An infra-red (IR)
camera can be used to measure the temperature of different (outside)
areas of the setup. In the presented experiments, the camera’s
resolution is such that the measured temperature can be seen as time-
averaged. This means we obtain a better understanding of the heating
of the casing and the surrounding gas as a function of the gas flow rate,
operation time and gas composition, which are useful a.o. as modelling
input, though the information should be used complementary to other
diagnostics. A more dedicated and advanced technique making use of
IR light is Fourier transform IR spectroscopy, which is generally used
for the quantitative and qualitative detection of molecules (see section
3.1.1).

In Chapter Ill, the IR images are taken using a TiS45 Fluke IR camera
(Chapter VIII, Materials, Table 13, entry 29).

2.2, ICCD camera

Visualising the plasma as a function of time. An intensified
charged coupled device (ICCD) is suited to visualize a discharge that
is operating on a microsecond timescale since it can operate under low-

light conditions, by increasing the number of electrons that are
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generated within the intensifier, and down to nanosecond exposure

times, with the fast shutter.

In Chapter Il , a Hamamatsu C8484 |ICCD camera with a 100 ns
exposure time is used (Chapter VIII, Materials, Table 13, entry 30).

2.3. Rayleigh scattering

Gas temperature of the afterglow. Rayleigh scattering is an active
spectroscopic method typically used for gas temperature
measurements, as the Rayleigh scattering signal is proportional to the

density of the heavy scattered particles’"2:

. . p
I ~ il — i
z :ia n z I,l.a T,ks 1.2

where kj is the Boltzmann constant and ¢! is the Rayleigh scattering

cross-section of heavy particles. The gas temperature can therefore be

calculated as the ratio of the intensity of the scattered laser light I...¢
corresponding to a known reference temperature T, (for example,

independently measured room temperature) and the scattered intensity

when it passes through the plasma I,:

I
f
Ty ==L Tro 1.3

Iy

This means Rayleigh scattering can determine the gas temperature
where there is a proper line of sight for the laser.

In Chapter Ill, the laser scattering experiments are performed in
ambient conditions, with a pulsed Litron nano-S Nd:YAG laser
(wavelength 532 nm, pulse energy 12 mJ, repetition rate 10 Hz, pulse
duration 8 ns; Chapter VIII, Materials, Table 13, entry 31). The laser
beam has a Gaussian shape with a diameter of 0.5 mm. The scattered

light is collected, perpendicularly to the laser beam, by a Hamamatsu
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C8484 ICCD camera with a 532 nm filter (Chapter VIII, Materials, Table
13, entry 30). The synchronization between the laser pulse and the
ICCD camera is achieved by an SRS delay generator DG535 (Chapter
VIII, Materials, Table 13, entry 32). The experimental setup is shown in

Figure 8.

Figure 8 Rayleigh scattering spectroscopy setup including: Nd:YAG
laser at 532 nm (1), polarizer (2), lens =500 mm (3), delay generator
(4), ICCD camera (5), plasma jet (6), filter 532 nm (7), beam dump (8),
PC with control software (9).

2.4, OES

Optical emission spectroscopy (OES) is a frequently used non-invasive
and passive diagnostic method for the characterisation of plasma’’3.
Light emitted from the plasma is recorded and used to identify
transitions by assessing the light's intensity as a function of the
wavelength. The position of the lines and their intensity contains
information on the plasma'’2. (As OES is able to qualitatively and semi-
quantitatively determine species, it can also be classified under 3
Chemical diagnostics)

Line position. One of the central principles of OES is the
excitation of particles (atoms, molecules and ions) and their decay.
Since the energy of a transition, and therefore the emitted light of de-

11-95



excitation, is characteristic of the species, the central wavelength is an
identifier for the species making the transition'”®. The central
wavelength of an emission line 4, is proportional to the photon energy
E = E, — E}, which corresponds to the energy gap of the transition from

level p with energy E,, to level k with energy Ej (lower in energy):

_ hc
- E, — E; 1.4

Ao

where h is Plank’s constant and ¢ is the speed of light.'"4

Line intensity. The line intensity is quantified by the emission
coefficient of the excited species and depends only on the density of
the excited level n(p), which depends on the plasma parameters (Te,
Ne, Tg, Nn,...)173174,

In Chapters lll and VI, two main applications of OES were used: the
measurement of the gas temperature and the identification and semi-
quantification of excited species and their corresponding ground state.

The setups are shown in Figure 9a and b, respectively.

Figure 9 Basic gas analysis experimental setup as used in Chapter |
and VI. (a) OES setup axial to the jet used for gas temperature and
species measurements. (b) OES setup perpendicular to the afterglow
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using 10 fibers for spatially resolved measurements (1-10 mm from the
nozzle) used for species measurements.

2.4.1. Gas temperature
In the case of non-equilibrium atmospheric-pressure plasmas, the
rotational temperature Trt can be used as an indicator of the gas
translational temperature due to the very high frequency of collisions,
which leads to equilibrium between different rotational states of the
colliding particles. Determination of Tt assumes a Boltzmann

distribution of rotational/vibrational states’’3.

In this thesis, the OES temperature measurements were based on
relative intensity measurements of spectral lines of the second positive
system of nitrogen (N2 C3My—> B3y transition). The discharge emission
was collected with fiber optics (diameter 600 ym) directly facing the
region where a bright electrical discharge is generated. An Avantes
spectrometer (AvaSpec-3048, 300-390 nm; Chapter VIII, Materials,
Table 13, entry 33) is used to partially resolve rotational structure of the
N2 bands. The spectrometer is calibrated with a 250-2400 nm
Hamamatsu halogen lamp and power supply (Chapter VI, Materials,
Table 13, entry 34 and 35, respectively). The rotational temperature
was spatially and time averaged. MassiveOES software is used to fit
the experimental and theoretical spectra, providing Trot as a result of

the fitting process as described in Sremacki et al.'72,

2.4.2. Excited species
First, the species are identified using the recorded spectra. To identify
the fingerprint (i.e. line positions) of a molecule, the book by Pearse
and Gaydon'”® is used. The wavelength for transitions of atoms and
ions can be found in the NIST database’’®. For a selection of specific
OH, NO and N2* transitions, the LIFBASE database is available'"”.
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To correlate intensities of excited species measured in OES to ground
state densities and to compare different bands (i.e. different species)
with each other, a number of corrections and approximations have to

be considered as follows:
(1)  Collisional quenching of excited states is taken into account.

(2) The measured intensities are corrected for the spectrometer

sensitivity and fiber optics transparency at different wavelengths.

(83) The intensities are corrected to take into account the difference
in excitation probabilities associated with the different transitions used.
This means the emission of the excited states can be linked to the
emission of the ground state.

This approach is based on the following approximations (similar to
corona approximation'”8): (1) Transitions upwards for ionization and
excitation occur solely through electron impact. (2) Transitions
downwards only occur through spontaneous emission and radiative
decay. These two points mean we do not take into account collisional
recombination, collisional excitation, three-body recombination, step-
wise excitation, charge exchange, and VV and VT processes'’. (3)
The difference in excitation probability is calculated assuming a
Maxwell electron energy distribution; in other words, it is a simplified
approach to population densities in non-equilibrium plasmas. We infer
that the corrections we made suffice to support the discussion of the
obtained results.

The methodology is explained below for the case of a N2/O2/H20
plasma containing NH, NO and N2 as main species of interest but a

similar reasoning can be used for other species.
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The NH(A3I-X32) transition can be detected at 336.00 nm; there are
no major interferences in this region. The main pathway for production
of NH(A3M-X3%) is through NHs. It is commonly accepted that NH(A3M-
X3%) is a good indication of the NH3 density'®.

NHs + e — NH(AT) + Hz + e k(c)'e° R1I1

The NO(A22*—B2[]) transition is detected at 226.94 nm. In Chapter VI,
the NO(B2M-X2MN) transition (around 340 nm'"®) is only observed in the
afterglow. Both NO(A2X*) and NO(B?l) states are formed mainly
through:

e + NO — e + NO(A2S*) k(o)™™' R1I.2

e + NO — e + NO(B2N) k(o)'8! RI1L.3
The N2 (C3M-B3r1; Second Positive System; 337 nm) transition'” is
measured and used for gas temperature determination.

Correction for quenching of the species of interest by H20,
O2 and N2. Quenching reduces the fraction of the state that can be
observed through photon emission’? and collisional quenching
reduces the effective branching ratio of a spontaneous transition i — k.
Following Hartinger et al.', the quenching of the excited species can
be expressed as shown in eq. 11.5. Here g represents the fraction of the

excited species that is present after quenching.

A
q= 110 10’ ,where Q = Zn Vi Op IL5
A Einstein transition coefficient (s)
Q effective quenching rate (s™)
n; number density of the quenching partner i (cm)
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v,;  relative velocity (cm.s™)
gy Cross-section (cm?)
In case quenching coefficients instead of Cross-sections are given, Q

is expressed as follows:

0= Zni Kiq 1.6

k quenching coefficient (cm3.s™)

iq
The Einstein transition coefficient denotes the total spontaneous
emission rate of the upper level, which is equal to its reciprocal lifetime.
For NO(A2Z*-2T) and NH(A3M-X3Z), A is taken from LIFBASE'"” and
from Zhou et al.'8, respectively. The values are reported in Table 3. Q

is a sum over all possible quenchers, taking into account their density.

The relative speed of the quencher to the quenched molecule is

calculated as follows:

8kT
VUret = E 1.7
. 1 . .
with p = 5+ = n’:ﬁ:z in (g.particle™)
mq my
Meaning m; =

M;"Ny4
with:

k = 1.380649 x 10~ '%cm?2. g.s72. K1, for v,,, expressed in(cm.s™).
This also means that:

kiq = OiVUpei

1.8

For both the quenching coefficients and Cross-sections, a wide range
of values are found in literature. In Chapter VI, the Q values from three
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sources are calculated and their average is used as the quenching

coefficient. The three sets of constants are shown in Table 4.

With g known, the signal corrected for quenching is calculated using

eq. 11.9:

Imeasurea = lorginal " 4 1.9
q fraction of the signal that is visible after quenching
Imeasured measured signal
Loriginal the signal without quenching
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Table 3 Einstein transition coefficients of NH(A3M-X3%) and NO(A2Z*).

Einstein transition coefficient A (s™)
NO(A25*-2[1)  9.8x10° 185
NHEM=3%) 1.39x108 184

Table 4 The Cross-sections and rate coefficients for NH(A3I) and NO(A2X+) quenching by N2, O2 and H20

as collisional quenchers.

Quencher Cross-section (NH(A3M)) (cm?)

Rate coefficient (NO(A2Z*)) (cm3.s™)

Set A Set B SetC Set D Set E
N2 0.1 x 107® 82 0.0061 x 107 186 0.00047 x 10710 187 0.00065 x 10710 188 (0.00074 x 1010 187
02 1.5x 1078 18243 x107° 186 1.47 x 107° 187 1.46 x 1070 18 159 x 10710 189
H20 9.8 x 107® 82 9.8 x 107 186 7.71 x 10710 187 7.8 x 10710 18 7.58 x 10710 189
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Correction for sensitivity. The difference in light collection of
the spectrometer at different wavelengths is measured and used to
correct the NH(A3M —-X3%) and NO(A2Z*-?M1) band intensities. As a light
source, a Hamamatsu D2 model L7293 lamp is used with a C9598
power supply (Chapter VIII, Materials, Table 13, entry 34 and 35,
respectively).

Correction for excitation probability. The correction for the
excitation probability can be applied under the approximation that the
system behaves as assumed in the corona model explained above.
Direct electron impact excitation requires electrons with an energy
above 5.48 eV and 3.68 eV, for NO(A2Z*-[1) and NH(A3M-X3%),190
respectively, i.e. the corresponding excitation probability will be

different by the following factor (eq. 11.10):

EEno
P(NO) Messager P (kb : Te)

Ne>s5.48ev
= =017 X —— 11.10
P(NH) 7Nes3eger exp (k NTIj) Ne>3.68 eV
b’ le
P probability of electron impact excitation

n, electron density

T, electron temperature

k, Boltzmann constant

The ratio of the electron density with the required energy for the
excitation to NO(A2Z*) and NH(A3II) can be presented by the fraction
of electrons, assuming a Maxwell-Boltzmann energy distribution, which
results in an excitation factor of 0.0331 for NO(A%Z*) excitation
compared to NH(A3M). It has to be noted that the considered corona
model corrected for quenching processes is valid for low ionization
degree plasmas with only electron impact excitation mechanisms.

Additional excitation processes can lead to overestimation of the
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excited states density in the corona model. However, a model including
a complete set of population processes would require a collisional-
radiative model, which is not yet available in literature for mixtures such

as used in our work.

For the experiments described in Chapter VI, a Horiba iHR550
spectrometer with UV 250 nm blazed grating of 2400 g/mm (Chapter
VIII, Materials, Table 13, entry 36) and a Zolix Omni750 spectrometer
with 500 nm blazed grating of 3600 g/mm equipped with a linear fiber
optics array slit (Chapter VIII, Materials, Table 13, entry 37) is used, for

the experiments axial and perpendicular to the plasma, respectively.

3. Chemical diagnostics

The following techniques are used to qualitatively and quantitatively
determine chemical species in the gas phase and in aqueous solutions.
They are supplementary techniques or complementary depending on
the species of interest. Note, OES can and was also used as a

chemical diagnostics tool, but was discussed in the previous section.
3.1. Gas phase

3.1.1. FTIR spectroscopy

Quantification of IR active species. Fourier transform
spectroscopy is an absorption spectroscopy technique using a broad
band light source. Absorption techniques measure the intensity
decrease of light, in this case IR light, passing through a medium. The
Fourier transform aspect refers to the use of a Michelson interferometer
with one movable mirror, which converts the light into an interferogram.
A Fourier transform converts the interferogram into an actual spectrum.
Together with a CCD camera, this enables simultaneous recording of

all wavelengths, an increase in the signal-to-noise ratio and high
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spectral resolution™. The FTIR spectrum is a chemical fingerprint for
ground state molecules that absorb IR light (i.e. vibrational transitions)

and can be used to identify and quantify chemical species in a sample.

The so-called Lambert-Beer law shows the signal intensity decreases

as a function of the path length through the medium:
I(v) = Iy(v)exp (—znjaj(V) X L) 1111
j

with I(v) the intensity after passing through the medium, I,(v) the

intensity before passing, n; the density of the absorbing species j,
0;(v) the absorption Cross-section of a transition of species j and L the

length. Homogeneous distribution of the species is assumed'’3. In
practice, often the area under the curve is used when talking about the
intensity.

In Chapters IV and VI, a Matrix-MG2 Bruker FTIR (5 m optical path) is
used. Two methods are employed for quantification: Bruker's database
and Beer's law based on the absorption Cross-sections from the
HITRAN database'? as described below. The deviation between
methods was found to be <3%. The concentration of gaseous HNOZ2 is
calculated through Beer's law only, using the absorbance Cross-
section reported by Barney et al.'®3. Though for NO, NO2 and N20 the
concentration is determined through both Beer’s law and the Bruker
system, all concentrations reported are determined using Beer’s law,
for consistency in Chapter VI. In Chapter IV, only the values directly
from the Bruker's database are reported, because all species
discussed in that work are present in the database. Since the average

deviation between the two methods is <3% (based on:
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1 - i . . . p
- ?=1M, for the conditions measured) there is no significant

n CBruker

difference in the results, nor the discussion.

Beer’s law. The concentrations are determined by measuring a
reference signal from a gas mixture with a known concentration of the

species of interest and via Beer’s law as follows'%*:

.12

In(I1(v)/1o(v)) (1012>
le = X
o;(v)-L n
where In(I1(v)/I,(v)) is the measured absorbance (A(v)) as a function
of wavenumber (v), g;(v) is the absorption Cross-section of species j
as a function of v in cm? molecule!, and L is the length of the
absorbance pathway [in cm]. The last term in the brackets performs the
unit conversion from cm-2 to ppm, where n is the gas density at 323

Kelvin (the temperature in the gas cell).

Figure 10 shows the theoretical absorbance peaks for NO, NO2, N20O,
NH3, HNO3, HNO2 and Os as reported in the HITRAN database’®?.
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Figure 10 (a) Overview of absorption bands from NO, NO2, N2O, HNOs,
HNO2, NH3 and Os; (b) HNO2 and HNO3 bands in the 3400 — 3800 cm~
' region; (c) HNOz2, HNO3, NO and NO2 bands in the 1550 — 1850 cm-’
region; (d) HNO2 and HNO3 bands in the 1100 - 1500 cm-* region; (e)
HNO2 and HNO3 bands in the 700 - 1100 cm™' region. All simulated
spectra were from the HITRAN database'?, except for HNO:2 and the
HNO3 region (3700 — 3800 cm-') annotated with dashed lines, which
are digitized from Pipa et al.'% based on literature values'9197.

3.2. Liquid phase

3.2.1. UV-VIS spectroscopy
Quantification of (derived) UV-VIS active species. UV-VIS
spectroscopy is a light absorption-based technique, however, contrary
to FTIR, it looks at the absorption of UV and visible light. Molecules of
interest are therefore often converted into a molecule with a clear
absorption maximum in the UV-VIS range, i.e. a chromophore. The

behaviour of the light spectrum before and after the medium can also
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be described by Lambert-Beer’s law, most often used in the following

form:

Iy(v)
I (v)

where A is the measured (dimensionless) absorbance as a function of

A(v)=ln( )=£><c><L .13

the wavelength, I(v) the intensity after passing through the
medium,l,(v) the intensity before passing, ¢ the extinction coefficient
in L.mol".cm™! or molar absorptivity, ¢ the concentration in mol.L-! and
L the path length in cm-'. Logically this resembles eq. 11.12, both written
using the constants and quantities and their respective units as

commonly used for each method.

In practice, both the area under the curve and the absorption maximum
can be used in combination with a calibration curve and a blank or
reference spectrum. In this thesis, only UV-VIS spectroscopy in liquid
is used. De-ionized H20 is used to prepare all solutions. Background
absorbance and evaporation are accounted for in the final
concentration values. All calibration curves and discussion on the test
selectivity can be found in Appendix A and B, on pg. IX-247 and 1X-249
, respectively. Details on the materials can be found in Chapter VIII,
Materials, Table 13, entries 1 - 20.

The procedures used are as follows:

HNO3/NO3 and HNO2/NOz. The concentrations of NOs  and
NOz" are measured using the Nitrate/nitrite Kit based on a Griess essay
with nitrate reductase enzyme in Chapter V,%8-200 and for NO2 using
the Griess essay in Chapter VI. In general, this essay is based on the
following two step reaction, where an azo dye chromophore is formed:
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Figure 11 Griess reaction for the quantification of nitrite.

Nitrate/nitrite Kit protocol. For NO2z-detection, 100 pyL of NO2z-
containing H20 solution is mixed with 50 pL of Griess reagent 1 and 50
uL of Griess reagent 2, and incubated for 6 min. Samples are measured
in a 96 flat-bottom well plate using a BIO-RAD iMark microplate reader
at 540 nm. For NOs™-detection, 80 puL of NOs-containing H20 solution
is mixed with 10 pL of nitrate reductase and 10 yL of nitrate reductase
cofactor and incubated for 1 h at room temperature. by doing so, all
NOs™ is converted into NO2~, which is measured. The amount of NO3~
is calculated as the difference of the two values obtained. The
calibration is performed using solutions of NaNOz2 (provided in the kit).
Griess essay protocol. Griess reagent is made mixing 1 g
sulphanilamide, 0.1 g naphtylethylenediamine, 2.3 mL phosphoric acid
(85%) and 97.7 mL H20. 1 mL of Griess reagent is mixed with 1 mL of
the NO2-containing H20 solution; after 10 min of incubation in the dark,
the absorbance is measured at the peak maximum of 540 nm within 30
min after colour development. The calibration was performed using
solutions of NaNO2. Background absorbance is accounted for in the

final concentration values.

NHs. NHs concentrations are measured using the indophenol
blue reaction’4201, In general, this essay is based on the following

reaction:
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OH
NH; + OCIF —— NH,Cl ——> o=<:>=N‘
Cl

OOt g’
o o=l )—on
Figure 12 Indophenol blue reaction for the quantification of NH3.
Protocol. Though the above reaction is followed in all likeliness, the kit
does not specify the reagents provided. 140 uL of Chromogen A (from
the NHs kit) is mixed with 140 pL of the NHs-containing H20 solution;
after 30 min of incubation, 70 uL of Chromogen B is added; after
another 30 min of incubation, 140 puL of Chromogen C is added, and
the resulting mixture was incubated for 2 h. The absorbance was

measured at the peak maximum of 637 nm.

H202. H202 is measured using titanium(lV)sulphate with the
addition of NaN3'9%-20_ Adding NaNs first to the treated solution is
necessary to avoid the destruction of H202 by reaction with NO2*(R 11.4),
instead NO2  reacts away via R 1.5. The chromophore is formed
through reaction of H202 with Ti** ions, forming a vyellow

peroxytitanium(lV) complex (R 11.6) 2%,

NO; + H,0, + H* - NO3 + H,0 + H* R 1.4
3N; + NO; + 4H* - 5N, + 2H,0 RIL5
Ti** + H,0, + 2H,0 » H,TiO, + 4H™ RIIL6

Protocol. Immediately after plasma treatment, 50 uL of 80 mM NaNs
solution, 200 pL H202 containing H20 and 50 pL of 0.1 M
K2TiO(C204)2:2H20 is mixed and analyzed by UV-VIS absorption using

a spectrophotometer at 400 nm.
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NH20H. NH20H is assessed by colourimetry via reduction of
Fe(lll) to Fe(ll) and subsequent complexation with 1,10-
phenanthroline.?°2 NH20H is oxidized to N2O by Fe(lll) (NH4Fe(SOa4)2,
FAS), and Fe(lll) is reduced to Fe(ll) (R 1.7 - R 11.8)?%3, Next, the
chromophore ferroin complex — tris(1,10-phenanthroline)iron(ll) sulfate

— is formed by coupling 1,10-phenanthroline to Fe(ll) (Figure 13)2°2,

Fe(NH,0H)3* - Fe?* + H,NO- + H* RIL7
Fe3* + H,NO - Fe?* + HNO + H* RIL8
2H,NO - N, + 2H,0 RI1.9
2HNO - N,0 + H,0 RI.10

Figure 13 Tris(1,10-phenanthroline)iron(ll) sulfate complex formation,
for the quantification of NH2OH.

Protocol. 1.2 mL of the NH20H-containing solution is mixed with 100
ML of a 5:6 mixture of 1 M CH3COONa and 1 M CH3COOH, to buffer
the solution at pH 4.8. Then, 100 yL of 4 mM NH4Fe(SO4)2¢12H20 in
0.1 M HCI is added. After the solution is vigorously stirred for 2 min,
100 uL of 1,10-phenanthroline in 0.1 M HCl is added, and the resulting
mixture is incubated for 30 min. The absorbance is measured at the

peak maximum of 510 nm.

NH2NH2. NH2NH2 was assessed via formation of an azo-dye in

a reaction with 4-dimethylaminobenzaldehyde forming a chromophore

azo-dye?%4,
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Figure 14 Dimethylaminobenzaldehyde formation reaction for the
quantification of NH2NH2. The unspecified Hy-1 reagent from the kit is
most likely hydrochloric acid.

Protocol.1 mL of the NH2NH2-containing solution is mixed with 100 yL
of the Hy-1 reagent from the Spectroquant Hydrazine Test Kit, and
incubated for 10 min. The absorbance was measured at the peak
maximum of 458 nm.

A UV-VIS Thermo Fischer Genesys 6 spectrophotometer using Hellma
quartz cuvettes with a 10 mm path length and Shimadzu UV mini 1240
spectrometer are used in Chapter V and VI, respectively (Chapter VIII,

Materials, Table 13, entries 38 and 39, respectively).

4. pH and temperature measurements

Ambient and liquid temperature, and pH values are measured using an
Extech Instruments TM100 thermometer and a Mettler Toledo MP255
pH meter, respectively (Chapter VIII, Materials, Table 13, entries 41

and 40, respectively).

5. Kinetic isotope effect

The kinetic isotope effect (KIE) is used in Chapter V to investigate the
role of liquid vs. gaseous water using heavy water (D20) as a reactant.
Isotopically labeled molecules show lower reaction rates compared to
their non-labeled counterparts due to their higher bond dissociation

energy. Indeed, the heavier the molecule or atom, the lower the
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frequency of vibration and the smaller the zero point energy in the
potential energy surface. This does not change the energy potential
surface itself, hence only the reaction rate is affected. For example, R-
D conversion will be slower than R-H conversion, due to Ep > Ex?,
The KIE is most pronounced when the change in mass between the
isotopes is largest, meaning isotopic labeling of H-containing
molecules with D will have the largest change in rate, known as the

deuterium effect.
6. Computational models

6.1. Reality in an unreal box
A computational model is a theoretical representation of a system or
object through mathematical expressions, e.g. describing known

physical and chemical laws or theories.

6.1.1. Why do we need models?
Plasma is a complex mix of chemistry and physics. Therefore, it is often
challenging to separate the different effects at play, which makes
elucidation of the chemistry and physics difficult. A model simulates (a
part of) the process taking place, allowing us to gain a deeper
understanding. Modelling shows a number of advantages that make it
an excellent complementary method to purely experimental work; here
we give three main examples. Firstly, one does not necessarily have to
perform all the experiments of interest, e.g. small changes in the setup
can be screened first within the model before practical implementation.
Secondly, modelling allows us to look into the underlying physics and
chemistry in a way that is rarely possible through experiments alone,
e.g. looking at the individual reactions. Thirdly, one can decouple

effects with much more ease, e.g. by setting up a model for an
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experiment that would not be easily available in practice.
Modelling can therefore accelerate fundamental and applied research

and even open up new paths that were not possible before.

6.1.2. Predictive vs. explanatory models

A model is made with the application in mind: predictive models and
explanatory models are discriminated. The former aims to provide good
predictions for future outcomes by using associations between
predictors and the outcome variable. The variables used in predictive
models are based on association, not statistical significance or
scientific meaning. A predictive model can to a certain extent be used
as a substitute for direct measurement and experimentation.

Explanatory models aim to gain insight and elucidate the underlying
physics and chemistry by analysing multiple, simultaneous, physical or
chemical phenomena. In this case, the outcome of the model is a
consequence of the phenomena that are (not) included in the model.
By comparing its outcome to experimental results and/or similar
phenomena, one can verify the validity of the model and use it to
elucidate the role of the phenomena included within the model. The

models presented in this thesis are considered explanatory models.

6.1.3. A simplified presentation of reality
All models are a simplified representation of reality, designed for a
specific use. To realize achievable models with feasible calculation
times, the complexity of the reality we are trying to represent is always
reduced by (1) approximating an aspect or phenomenon through the
use of a simplified version and (2) making assumptions that allow us to
neglect certain phenomena. Such simplifications are either well-

founded in the physics or made out of necessity to allow for feasibility

[1-114



or because a certain aspect of the system is unknown. In both cases,
approximations and assumptions are kept in the back of our mind
during construction, validation and analysis. For example, as shown in
Figure 15, let's say we are simulating an apple in a music-filled room
and want to study the influence of the room temperature on the apple:
to start this study the apple could (1) be approximated as a sphere with
apple properties, like density and heat conductivity and (2) we can
neglect the music that is playing in the background, the notes on the
wall and the woodcarving detail of the door and windows, as we know
it does not influence the apple and the phenomenon we like to study,

temperature.

Figure 15 Example of a model (left) compared to the more detailed
reality (right) of an apple in a room.

6.1.4. Different fit for each approach
Depending on the phenomena of interest and boundary conditions
such as infrastructure, time and availability of data, a suitable model
type is used. Common distinction is made between 0D — 1D — 2D and
3D models, typically going from low to high complexity when looking at

the physics/chemistry involved.
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Choosing a model type is often a balance between calculation time and
comprehensiveness, though this is not the only aspect that should be
taken into account. Added complexity also complicates reliable model
construction and convolutes error identification. Moreover, a thorough
knowledge of the underlying physics and chemistry, allows for well-
founded simplifications resulting in a less complex model that attains
the same insight. Lastly, simplification of one aspect, e.g. physics, can
allow for the elaborate description of another aspect, e.g. chemistry, as
is done in the OD model explained below.

Ultimately, the model type should be decided carefully and cannot be

done without sufficient knowledge of the phenomena we want to study.

The theoretical background on the model types used are discussed
below. A description of the specific model used in this thesis is given in

Chapter IV section 3.

6.2. 0D Chemical kinetics model

A zero-dimensional (OD) kinetic model describes the chemistry of a
process as a function of time without spatial variations or transport of
species. It is most convenient for describing complex chemistry, i.e. a
large set of reactions, while keeping the computational load low.

The basis for the 0D model is the continuity equation, which contains
the chemical kinetics. As input - be it initial or as a function of time -
one needs a set of data related to the reactions and species included
in the model and information on the plasma properties, like power and
gas temperature. Though a number of secondary properties can be
calculated in the OD model, the main output is species densities as a

function of time.
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6.2.1. The continuity equation
The zero-dimensional (OD) chemical kinetics model - or 0D model in
short - used in Chapter IV is based on the code ZDPlasKin. Herein, the
species densities are obtained as a function of time by numerically
solving a set of continuity equations (R 1.22) for the individual species

included in the model (see Table 7):

dni R L
dr Z[(an — A )kiﬂ“lL] 114
j l

The equation represents mass conservation, where n; is the density of
species i, afj and aiLj are the right and left stoichiometric coefficients

species i in reaction j, and niis the is de density of the reacting species,

for the following general reaction:

aA + bB (+AH) 8 cc+dp (+AH) 115
Here, A, B, C and D are the different species and a, b, c and d are their
respective stoichiometric coefficients. AH represents the enthalpy of
reaction j. The reaction rate coefficients, k;, of the heavy particle
reactions are expressed in cm3.s™' or cm®.s-" for two-body or three-body
reactions, respectively. k; is either constant or dependent on the gas
temperature. The rate coefficients of the electron impact reactions are
calculated according to the following equation:

k = j 61()V(E)i(E)de 116

€th

e is the electron energy (usually in eV), gy, is the minimum threshold
energy needed to induce the reaction, v(¢) is the velocity of the
electrons, o;(¢) is the Cross-section of collision i, and f(g) is the
electron energy distribution function (EEDF) (Elastic collisions are also

included in the model: in this case, the lower limit of the integration
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equals 0). To calculate the EEDF and the rate coefficients of the
electron impact reactions, the code has a built-in Boltzmann solver,
BOLSIG+2%, The electric field (E) is calculated from a given power
density, using the so-called local field approximation'’8, meaning the
effect of non-local electrons is neglected when solving the electron

energy equation, i.e. spatial variations are excluded'’>:

E= .17

P
o
P is the input power density (W m=) and ¢ is the plasma conductivity
(A.V-.m™), expressed as'’8:

0 =-en e .18

where n, is the electron number density and . the electron mobility.

6.2.2. The chemistry set
A reaction set for use in a 0D model consists of (1) electron impact
reactions where the reaction rate coefficients can be calculated through
the cross-sections and (2) heavy particle reactions, where the reaction
rate coefficients necessary for the continuity equation are either
constant or depend on the gas temperature. Both the reaction rate
coefficients and cross-sections can be found in literature, with notable
examples such as, among others, Atkinson et al.207-210 Kossiyi et al.?'",
Tsang et al.2'22'3 and databases such as the NIST chemical kinetics
database'’® - for reaction rate coefficients - and LxCat?'* and
Phys4Entry?' - for Cross-section data. Furthermore, a reaction set can
be expanded, as done in this thesis with an elaborate description of
vibrational kinetics, which in case of the presented works includes: N2
and Og, i.e. N2 and O2 electron impact vibrational excitations, N2-Nz,

02-O2 and N2-Oz2 vibrational-vibrational (VV) exchanges and N2-N2, N2-
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02, O2-N2, O2-O2, N2-N, O2-O and N2-O vibrational-translational (VT)
relaxations. 24 vibrational levels for N2 and 15 levels for Oz are
included. The calculation of reaction rate coefficients related to these

reactions are explained below.

Often there are multiple sources available for a coefficient related to a
reaction. The most appropriate constant can be chosen based on, a.o.,
whether the constant was based on experiments or modelling, whether
it is valid for the specific experimental conditions under study (most
commonly gas temperature and pressure), whether the finding was
recent and/or confirmed by other sources. The list of reactions, their
reaction rate coefficients and cross-sections are presented in Appendix
C, pg. IX-251, where we refer to last Appendix, pg. 1X-288, for the full
list. This chemistry set was first validated in a previous work related to
my master thesis?'6, which is discussed in Appendix D, pg. IX-252.

A few concepts and methods should be explained alongside the

chemistry set.

Scaling laws and distribution functions. The included
species can have different energies depending on how they are
rotationally, vibrationally and electronically excited. For example, in the
case of N2 molecules, the total number density is distributed among the
different energy states commonly described by a distribution function,
which gives the probability of finding a molecule of a certain (in this
case) vibrationally excited state (also see section 4.6). One can look at
this group of species - with a certain distribution function associated
with it - as one species, or one can consider each individual state as a
separate species. In this thesis, the latter approach is used. Excited
species typically show different kinetic behaviour, which means it is

important for them to be included as such within the 0D model.
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Electron impact reactions with excited species. In the model
described in Chapter IV, the Cross-sections for the electron impact
reactions involving excited species on the left-hand side were shifted
over the difference in the threshold energies when a separate Cross-
section for that excited species was not available in literature.

Reactions with vibrationally excited species. As explained in
the introduction, vibrationally excited species can facilitate certain

reactions by lowering their activation energy by o E, **:

— akE,
To

E,
K To) = ke exp (- )0, - ak,) 1119

with E, the energy of the vibrational level of the species being
considered, a the efficiency with which the vibrational energy is used,
kg, the pre-exponential factor and 6 the Heaviside function (6(x —
Xo) =1 when x >0; and 6(x —x,) =0 when x <0). In a plasma,
where vibrationally excited species are overpopulated compared to the

equilibrium case, it is thus important to take these types of reactions

into account.

VT and VV exchanges. The reaction rate coefficient
expressions of the VT relaxations and VV exchanges between N2-Nz,
02-0O2, N2-O2 are calculated using the Forced Harmonic Oscillator
(FHO) model proposed by Adamovich et al.?'”. This method offers a
semi-classical non-perturbative analytical solution for VT and VV
transitions of diatomic molecules by averaging the VT and VV
probabilities ( Pyt and Pyy ) over the one-dimensional Boltzmann

distribution.

S

: (ng)® 2ng 11.20
Pyr(i—f) = G2 € -exp(—s_l_ 18)
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1) _2)]1°
- e [ng )ng )] 02\® 2n§1)n§2) 02 11.21
5 =L 51 (Fe) . _Zs s Te
vvly, 1z 1,12 D)2 2 exp STl 4
: 1/s
withs=[i—f] ,ng = %} . psand & are collision- and potential-

specific parameters.
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Table 5 Vibrational-vibrational exchanges and vibrational-translational
relaxations for N2 (as an example) and the rate coefficient expressions.

Reaction Rate coefficient
No(vi) + M - Np(vi—1) + M 7 - (%) f0°° Py (¥) - exp (‘;‘(; ) vdv
Na(vi) + Na(v)) = Np(vi = D+ Np(vj+1) 7. (%) Jy Py (@) - exp (_22; ) vdv

M represents any neutral molecule in the plasma.
v; and v; are the vibrational levels of N, (0-24).

Z is the collision frequency and v is the particle velocity.

The reaction rate coefficients of the VT relaxations between N2-N are
based on quasi-classical calculations that are reproduced through a fit

as proposed by Esposito et al.?'8, for the following general reaction:

N,(v) + N - N,(w) + N, withv > w

All the relevant trends in the reaction rate coefficient are taken into
consideration by using an additive model into the exponential argument
of the reaction rate coefficient, as shown in the following expression
(valid forv=1—-66 and Av = 1 — 30):

k(v,T,Av) =

(v, Av) (v, Av) (v, Av) .22

exp <31(V,AV) +a2 Y[: v + 2 ¥2 v + a4 ¥'3 v + as(v,Av)-ln(T)>

where
aj(v,Av) =
11.23
Zio(AV) + zi; (AV)V + zi, (AV)V? + zi5(AV)V3 + zi, (AV)v?

zj(Av) = byj + ¢;Av 11.24

for which the parameters are reported in2'8,
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Similarly, the reaction rate coefficients of the VT relaxations between
02-O are based on quasi-classical calculations that have been
reproduced through a fit as proposed by Esposito et al.?'9, for the

following general reaction:

0,(v) + 0 > 0,(w) + 0, with v > w 11.25

The reaction rate coefficient is then determined based on the following
expression:

a;(v,4v) 11.26

K(T,v,Av) = DegF - exp (a;(v,Av) + (D) + a3 (v, Av) - In(T)

where Av is (v — w)

a;(v,Av) =
bis (AV) + byy (AV)V + bys (Av)v? .27
i3 v) + i4a \AV)V + is\AV)Vv
bi; (Av) + by, (AV) - In(v) + 102" + exp(v)
bj;(Av) = cjj1 + Gijz - In(AV) + cjj3 - Av- exp(—Av) + ¢jj4 - Av - Av 11.28

The coefficients c;j, are generated using a linear least squares method

and are reported in?'® where the degeneracy factor (DegF) is also

explained.
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6.2.3. 0D to quasi-1D: plug flow reactor model
Every time progression in the 0D model can be translated into position
progression by means of the gas flow velocity, which can be either set
or calculated. This transforms a time-dependent OD model (“batch
reactor”) into a quasi-1D model (“plug flow reactor”), where the plasma
characteristics vary as a function of the distance travelled by the gas.
In this way, the spatial variations can be taken into account to a certain
extent without increasing the computational load. Chapter IV, section
3, discusses the transformation specifically for the plasma device
presented in this thesis. One can either use a set gas flow velocity to
perform this transformation or calculate the gas flow velocity within the

setup using a computational fluid dynamics model.

6.3. Computational fluid dynamics model
Computational fluid dynamics (henceforth CFD) describes fluid flows
through numerical analysis. In Chapter IV, a CFD model is used as an
input into the 0D model to effectively transform time-dependent

calculations of the chemistry into position-dependent calculations.

6.3.1. Geometry and meshing
A CFD simulation starts with the geometry of the system, usually in 2D
or 3D. This computational volume is appropriately discretized, i.e.
meshed, to obtain an accurate and feasible numerical solution for the
nonlinear equations computed. Meshing takes the equations and
transforms their continuous form into a system of algebraic difference
equations, creating a number of cells that cover the entire simulation

domain?20,
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6.3.2. Boundary and initial conditions
The simulated volume is bounded by set conditions based on
assumptions that simplify the problem or by known conditions. In other
words, boundary conditions take into account how the simulated space
interacts with the environment. The initial conditions specify the known
starting conditions and/or initial guesses for parameters to start

iterations for steady-state simulations?2°.

6.3.3. Solver
To solve the set of differential equations, an appropriate solver is
chosen, including smoothers and tolerances in order to achieve a

solution or facilitate a solution in a more reasonable time.

6.3.4. k — e model
In Chapter IV, the k — € model, which is part of the Reynolds-averaged
Navier Stokes (RANS) family, is used to describe the turbulent flow.
Next to the conservation equations, two transport equations are solved:
the turbulent kinetic energy (k) and the rate of dissipation of the
turbulent kinetic energy (¢). The k — € model is well-suited to describe
problems with relatively small pressure gradients and is the most
commonly used model to describe turbulent flow??°. For a more
elaborate discussion on this type of model in a comprehensible way,
we suggest Computational Fluid Dynamics for Engineers by Anderson

et al.?20,
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lll. CHARACTERIZATION OF THE SOFT
JET

This Chapter gives an overview of the characterization of the plasma
source used in Chapters IV - VI and is based on the following published

works:

Vervloessem, E., Gromov, M., De Geyter, N., Bogaerts, A., Gorbaneyv,
Y., & Nikiforov, A. (2023). NHs and HNOx formation and loss in nitrogen
fixation from air with water vapor by non-equilibrium plasma. ACS Sust.
Chem. Eng., 11, 4289-4298.

DOI:10.1021/acssuschemeng.3c00208

Vervloessem, E., Gorbanev, Y., Nikiforov, A., De Geyter, N., &
Bogaerts, A. (2022). Sustainable NOx production from air in pulsed
plasma: elucidating the chemistry behind the low energy consumption.
Green Chem., 24, 916-929. DOI:10.1039/d1gc02762j

Gorbanev, Y., Vervloessem, E., Nikiforov, A., & Bogaerts, A. (2020).
Nitrogen fixation with water vapor by non-equilibrium plasma: toward
sustainable ammonia production. ACS Sust. Chem. Eng., 8, 2996—
3004. DOI:10.1021/acssuschemeng.9b07849
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In Chapters IV - VI, a plasma source named the Soft Jet is used. This
Chapter gives an overview of the properties and characteristics of the
Soft Jet. Knowing the temperature of the plasma, how much energy it
consumes and what it looks like can help us better understand the
chemistry we study in the next Chapters. Also, understanding a plasma

source inside-out is crucial in making a good model of it.

In short, the Soft Jet is a pulsed plasma source. Meaning it quickly turns
on and off for short periods of time. The temperature of the plasma is
fairly high (1450 °C), but thanks to the short pulses it feels close to
room temperature to the touch. Furthermore, this jet only needs a small

amount of power to operate.
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1. Soft Jet: a pulsed non-equilibrium plasma

In this thesis, we applied a plasma jet typically used in biomedical
applications, such as anti-cancer therapy??' and the synthesis of anti-
bacterial nanomaterials???. Figure 16 shows a picture of the Soft Jet

(left) and a schematic (right).

Figure 16 (a) Side view of the Soft Jet. The dashed lines indicate parts
that are located on the inside. The plasma effluent (afterglow) is
manually drawn in purple as it would not be clearly visible in a picture.
(b) Schematic of the inside of the Soft Jet, with the most important
dimensions. The dashed arrow lines indicate the gas flow direction
through the jet.

The jet comprises a powered needle electrode ringed by a quartz
capillary (outer diameter 5 mm; inner diameter 2 mm), contained in a
metal tube. The feed gas is supplied into the capillary and leaves the
jet via the nozzle tip screwed on top.

The plasma is ignited inside a small cavity between the needle and the

nozzle (inner diameter 0.7 mm, volume ca. 0.4 mm3), with the nozzle
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serving as the ground electrode, and the quartz tube as a dielectric

spacer.

The plasma is generated by connecting the secondary windings of a
high frequency transformer to the system of electrodes separated by a
small dielectric spacer. The voltage and current waveforms are close
to sinusoidal, and are governed by the primary winding and the
transformer characteristics, and high capacitance of the source,
respectively (see section 2). Taking into account the shape of the
discharge (see section 2.2 below), we consider the discharge
mechanism to be similar to the phenomena occurring during the
formation of a low current spark?23. In short, the plasma operates in a

pulsed spark mode.

2. Pulsing behaviour and power calculation
The voltage and current waveforms and time-resolved imaging are
used to calculate the power going into the plasma and to accurately

describe the source in the model presented in Chapter IV.

21. Voltage and current waveforms
Figure 17 shows the voltage and current (V-1) characteristics of the Soft
Jet at three relevant time-scales: (a) long, (b) for a typical gas residence

time at 1 L/min, and (c) short, showing the V-l characteristics.

(a) The long time-scale shows the pulse trains (26.3 ms) with pulse-off
time in-between (149.9 ms), meaning the pulse train has a frequency
of 6 Hz.

(b) Shows a representation of a typical residence time of a gas
molecule in the plasma (here for 1 L/min), if it were to enter during a
pulse train. During this residence time (0.2 ms), the molecules
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experience ca. 30 pulses (at 1 L/min) within one pulse train.
(c) One pulse train (26.3 ms; panel a) contains 4420 pulses, with each
period of 11.9 ys containing 2 pulses (which can be recognised as
peaks). The duration of one pulse is 0.74 us, with an interpulse duration
of 5.21 pys. The frequency of one such period (two peaks) is 84 Hz.

We tested different gas compositions and concluded that the V-I
characteristics, and hence the power calculations, are virtually
independent of the gas composition for N2, humid N2, air and humid air.
We therefore use the same diagnostics results for all gas compositions

discussed in this thesis.
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Figure 17 Measured V-I characteristics of the Soft Jet in dry air at three
different time-scales: (a) long; (b) for the typical residence time of a gas
molecule in the plasma; (c) short, shows V-I characteristics within one
pulse train. The pulse (dark grey) and interpulse (light grey) are
annotated; and (d) ICCD camera frames ca. at timepoint |. and II.
indicated by orange lines on panel c (see Figure 18).
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2.2. Time-resolved imaging of the plasma

The plasma was visualized using an ICCD camera at different time
points during one period, with 100 ns exposure time (Figure 18). The
time indication on the frames is shown in relation to the voltage
crossing the zero value (0 ps). Two low current sparks are generated
at 4.4 and 9.6 us. The intensity (i.e. brightness on the images) of the
signal decreases with time, until the next spark. The visible zone of low
light intensity appearing in between sparks corresponds to the
afterglow emission.

If these frames are put next to the V-I characteristics, we can conclude
that plasma is only ignited during the small peaks in current and
voltage. As an illustration, two ICCD frames are shown on Figure 17c

and d, one within the peak (I.) and one right after (I1.).

Figure 18 Time-resolved imaging of the plasma discharge obtained
using an ICCD camera with a 100 ns exposure time. Time indication
on the frames is shown in relation to the voltage crossing the zero
value. The camera lens surface was perpendicular to the effluent.
Plasma conditions: 0.7 L/min N2 with 100% H20 vapor saturation.
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2.3. Power calculation

Because of the spark type nature of the plasma, the plasma is formed
only during the peak of the voltage and current waveform, as seen in
Figure 17c and d. Hence, this corresponds to the discharge power,
which is deposited into the plasma, whereas the sinusoidal shape of
the current and voltage waveforms correspond to a displacement
current, i.e. power that does not go into the plasma??*. Note, it is the
plasma power that is used to calculated the energy consumption in the
following Chapters.

The integration of the peak in this power profile, corresponding to the
V-l peaks (i.e. the sharp peak above the sinusoidal-like shape in Figure
17¢) gives an energy of ca. 4-108J, which, when divided by the duration
of the peak (0.74 us), yields a power value (in W) corresponding to the
time-averaged power within the peak. This way, the average peak
power of two peaks within the same period was found to be 5.11+0.35
W. For a volume of 0.39 cm3, this results in a peak power density of 13

kW-cm-3 (i.e. the power density for the 0.74 us duration of the pulse).

The measured power of one pulse, i.e. the peak power, does not equal
the power put into the plasma overall. Indeed, as explained in the
previous section, there is a pulse train only 14.9% of the time (6 Hz)
and within this pulse train there is only a pulse 12.4% of the time (84
Hz). Hence, the total duty cycle of the plasma is merely 1.86% (12.4%
x 14.9%), i.e. the time a plasma is present. With a peak power of 5.11
W, this means the plasma power of the Soft Jet is 0.1 W. This power is
used to calculate the ECs in the following Chapters. The peak power
and the pulse characteristics are used in the model (Chapter IV).
Chapter Il on Methodology explains the different viewpoints for power

calculation, here, we used the approach that is custom in plasma
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research: considering only the power that goes into the plasma to

evaluate the EC.

The asymmetry of the V-I profiles shown in Figure 17c can be explained
by a higher power deposition in the positive half-period of the applied
voltage. Such effect of voltage polarity on the discharge behaviour is
often observed in plasmas??® and can be explained by charge
accumulation in the discharge gap leading to asymmetry of the V-I

waveforms.

3. Gas temperature

On a macroscopic scale, the Soft Jet is close to room temperature, as

can be seen on an IR frame of the Soft Jet’s outer casing (

Figure 19a) and the outer casing’s temperature as a function of the

plasma operation time and gas composition (

Figure 19b). The nozzle temperature increases mildly as a function of
time, saturating within 10 min, likely due to reaching a thermal
equilibrium with the surrounding atmosphere and the passing feed gas.
Based on the energy deposited within one pulse, the plasma
temperature is very likely much higher. Therefore, we looked at the gas
temperature (3.1) in the plasma and after the plasma (3.2) in more

detail.
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Figure 19 (a) A typical image obtained for the temperature
measurements of the outer casing of the plasma jet performed by
imaging with an IR camera. (b) The Soft Jet’s outer casing temperature
as a function of the operation time, at 0.2; 0.7 and 1.4 L/min and 100%
humidity and dry conditions in N2.

3.1. Arc temperature

Analysis of the OES spectra allows us to estimate the temperature of
the plasma during a pulse. The methodology used is explained in
Chapter Il on Methodology, section 2.4 of this thesis. In short, the
rotational temperature measured via OES can be used as an indicator
of the translational temperature or the gas temperature (Tg).

OES is a spatially- and time-averaged measurement which allows us
to measure the plasma core temperature (Tq in the arc) by a line of
sight looking into the Soft Jet. The arc emission is much higher
compared to the afterglow emission, this means the contribution of the

emission from the afterglow in the gas temperature estimations was

111-136



very low or even negligible. Based on these measurements, the arc

temperature, i.e. the Tg, within a pulse is 1750 + 150 K.

3.2. Afterglow and plasma effluent temperature
The temperature outside of the jet nozzle was mapped using Rayleigh-
scattering spectroscopy (RSS) using the methodology explained in
Methodology section 2.3. The spectra are taken perpendicular to the
jet, meaning there is no contribution of the arc emission.

Table 6 The average temperature of the plasma effluent at different
distances from the nozzle, gas flow rates (FR), at 0 or 100% relative

humidity (rel. hum.) and the corresponding effluent width, as measured
by RSS.

Distance FR H20 rel. Effluent Effluent T Entry
from the jet (L/min) hum. width (K)
(mm) (%) (mm)

+0.2mm 210K
1.2 0.2 - 1.2 381 1
1.2 0.35 - 1.0 364 2
1.2 0.7 - 0.9 349 3
1.2 1.4 - 0.8 320 4
1.2 0.2 100 1.1 393 5
1.2 1.4 100 0.9 330 6
3.4 0.2 - 1.8 345 7
3.4 0.35 - 1.6 348 8
3.4 0.7 - 1.3 325 9
3.4 1.4 - 1.0 308 10
3.4 0.2 100 1.8 346 11
3.4 1.4 100 1.0 315 12
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Table 6 shows the average temperature of the plasma effluent at 1.2
and 3.4 mm from the nozzle, at 0.2 — 1.4 L/min and 100% relative
humidity for some select conditions. The temperatures range from Troom
to ca. 400 K, with the lowest flow rate, logically, reaching the highest
temperature. The temperature drops quickly as the distance from the
nozzle increases (1.2 — 3.4 mm); at 3.4 mm, the temperature does not
go above 350 K. Interesting to note is that under conditions of high
relative humidity (entries 5-6 and 11-12) the effluent temperature differs
by maximum 10 K compared to their dry counterparts, which is within

the error margin of the technique.

Note that OES and RSS are used complementary: RSS is used to
determine the temperature of the plasma jet effluent, while OES
spectra were mostly collected from the very bright region located
directly inside the plasma jet nozzle corresponding to the active
discharge region. The IR camera is used as a supplementary technique
to RSS. The above values indicate that the Soft Jet is a non-
equilibrium, non-thermal plasma.

Lastly, the temperature of both the plasma arc and the effluent was
higher than room temperature, thus clearly indicating that the H20
introduced into the feed gas as vapor in Chapters V and VI remains in
the gas phase throughout the whole plasma reactive system (0 — 100%

relative humidity).

4. Summary

In Chapters IV - VI, we use a so-called Soft Jet plasma, a pulsed spark
plasma with a peak power of 5.11 W and a duty cycle of 1.89%. The
plasma is only formed during the power pulse, meaning the plasma

power equals 0.1 W. The high power deposited in one pulse results in
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a high gas temperature of 1750 + 150 K in the plasma. The time-
averaged temperature of the jet, however, does not exceed 400 K and
drops to near room temperature a few mm from the outlet. This means
we are working with a non-equilibrium, non-thermal plasma.

The plasma power is used to calculate the energy consumption of NF
species synthesis, in Chapters IV - VI. Details on the pulse
characteristics, peak power, gas temperatures in the plasma, the
afterglow and beyond are used in the model (Chapter 1V), next to
providing useful background information on the plasma source to help

us in our understanding of its behaviour.
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V. SUSTAINABLE NOx PRODUCTION
FROM AIR IN PULSED PLASMA:
ELUCIDATING THE CHEMISTRY
BEHIND THE LOW  ENERGY
CONSUMPTION

This Chapter was published as:

Vervloessem, E., Gorbanev, Y., Nikiforov, A., De Geyter, N., &
Bogaerts, A. (2022). Sustainable NOx production from air in pulsed
plasma: elucidating the chemistry behind the low energy consumption.
Green Chem., 24, 916-929. DOI:10.1039/d1gc02762j
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This Chapter studies the pulsed plasma source described in Chapter
Ill. Pulsing means that the plasma is essentially turned on and off very
quickly while we let air pass through the plasma. We see that the air
passing through the plasma (i.e. O2 (oxygen) and N2 (nitrogen)) is
converted into NOy, a fixed form of nitrogen and something we can use
to make fertilizers. Interestingly, we notice this plasma does not
transform a lot of air into NOx, however, it is able to convert air at a very
low energy cost, meaning most of the electricity going into the plasma
is used to convert air into NOy, instead of being wasted. Keeping the
energy cost low is very important for industrial applications, therefore,
it is interesting to know how this plasma is able to use the energy so
efficiently. One hypothesis is that the fast on-off switching of the plasma
plays a crucial role.

To look into this, we develop a computer model of the plasma. We can
send virtual air into this model and observe what happens to it
chemically, i.e. what reactions occur. Now we can answer questions
such as: “What reactions are taking place a lot?” And: “Does the fast
on-off switching of the plasma indeed help in converting air into NOx in
a more energy-efficient way?”.

From the model we conclude that indeed, the fast on-off switching of
the plasma helps in using the energy more efficiently. We know this by
looking into the numerous reactions that take place in the plasma in
detail and analyzing their role in making NOx molecules.

This is another step towards a more sustainable way to make fertilizers.
This specific plasma is not suitable for industrial application, but we can
use the knowledge from this study to help us develop other plasmas
that might be a bit closer to real-life application, i.e. a better way to

make fertilizers.
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1. Introduction

In this Chapter, we present a combined computational and
experimental study of a pulsed plasma operating in air — the so-called
Soft Jet'23226 discussed in the previous Chapter. The pulsing plasma
(i.e. plasma with pulsed power) is attractive because pulsing helps to
reach the VT non-equilibrium at atmospheric pressure®-227.228 required
to achieve the theoretical minimum EC for plasma-based NOx
production of 0.2 MJ/mol %229 as explained in the Introduction, section
5.2.1. To date, no dedicated study — neither experimental not
computational — has been performed to elucidate the underlying

mechanisms of NOx formation induced by pulsing plasmas in dry air.

The first aim of this Chapter is to (1) address the applicability of plasma
technology, by discussing how detailed insights in the underlying
mechanisms can be used to improve the NOx yield and EC in plasma-
based NF. The additional aim is to (2) gain step-wise insight into wet
plasma-based NF by studying the source first in its simplest form,

before adding H20 in the next two Chapters.

2. Experimental

In this Chapter, the Soft Jet is supplied with compressed dry air
(Chapter VIII, Materials, Table 13, entry 22), and the gas flow rate is
controlled by a mass flow controller (MFC) (Chapter VIII, Materials,
Table 13, entry 42) ranging from 0.4 to 2.0 L/min. The pulse
characteristics of the plasma are discussed in Chapter lll, to which will
be referred often in this Chapter.
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2.1. Analysis of the plasma-treated gas
The plasma-treated gas (consisting of the products and unconverted
gas) was analyzed by FTIR (Chapter VIII, Materials, Table 13, entry
43), enabling quantitative analysis of the concentrations of NO, NOz,
N20s, N20 and Os. Details on this method can be found in section 3.1.1,
of the Methodology Chapter. Spectra were obtained with an average of
50 scans with a resolution of 0.5 cm™. The experiments were
performed in triplicates for each flow rate and the average was taken
over a 15 min measurement period, chosen to stabilize the FTIR
measurements. The system was flushed thoroughly with air for at least
15 min in between measurements. The reported concentrations and

error bars are the weighted average of this set of three measurements.

2.2, Energy consumption
Using the plasma power (P), calculated in the previous Chapter and
the total NOx concentration, the EC was calculated according to eq.
IV.1. The EC is expressed in MJ/mol N, where mol N is the amount of

nitrogen fixed.

oM P[W] 1
[molN " mol of NO, produced per second [mol/s] 106[]/M]] V.1

3. Model description

3.1. Quasi-1D plasma-kinetics model
To gain insight into the gas phase chemistry taking place in the Soft
Jet, we developed a quasi-1D chemical kinetics model within the Zero-
Dimensional (0D) plasma kinetics solver, ZDPlasKin?3°, The model

calculates, among other, the NOx concentration and reveals the
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underlying mechanisms. The densities of the various plasma species
are obtained as a function of time by numerically solving the continuity
equation for each species included in the model (Table 7) taking into
account the production and loss terms by the chemical reactions (see
Chapter Ill on Methodology). This type of modelling allows to describe
an extensive chemistry without extreme computational load. An
overview of the included reaction types and the full set of reactions can
be found in Appendix C, pg. IX-251, and the last Appendix, pg. IX-288,
respectively. This chemistry set was extensively developed and
validated in previous work, related to my master thesis 2'6. A discussion
on the validation can be found Appendix D, pg. IX-252. After critical
review of the literature, one reaction rate coefficient (k) in Appendix
Table 4, pg. 1X-290 (annotated in bold) was updated to a more recent

k value from a reliable source.

3.2. 0D to quasi-1D model

To account for spatial variations, the time dependence of the model
(“batch reactor”) is transformed into a spatial dependence (“plug flow
reactor”) using a gas velocity profile through the Soft Jet, as explained
in section 6.2.3 of the Methodology. This velocity profile is determined
by CFD calculations. General information on CFD can be found in
section 6.3 of the Methodology, while information on the CFD model of
the Soft Jet is given in Appendix E, pg. IX-256. The plasma
characteristics thus vary as a function of the distance travelled by the
gas through the Soft Jet. In essence, this transforms the time-

dependent OD model into a quasi 1D model.
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Table 7 Species included in the model.

N2 species

Neutral ground state molecules N,, N

and atoms

lons N*, N}, N, NS

Vibrationally excited N, (v — vy4)

molecules

Electronically excited N, (A32}), N, (B3I,), N, (C31,,)
molecules or atoms N, (a1%y ), N(2D), N(2P)

NxOy species
NO,N,0,NO,,NO3,N,0s,N,05,N,0,,NO*,N,0*,NOS,NO~,N,0~
O:2 species

Neutral ground state molecules 0,,05,0

and atoms

lons 0-,0,,05,0,,0%,05,0;
Vibrationally excited molecules 0, (v; — v45)

Electronically excited 0 (1D),0 (15),0,(a*A) ,
molecules or atoms 0,(b'z*) and a combination

of three states, i.e.
0,(A3z+,C3A,c'27) at  a
threshold energy of 4.5 eV.

3.3. Applying the quasi-1D model to the Soft Jet
Figure 20 shows a schematic description of the quasi-1D model. The
species follow the blue line, through the plasma (orange), wherein the
molecules experience the pulse train, into the afterglow and outside of
the jet until steady state is reached. Hence, the model follows a volume
element, moving through the plasma and the afterglow. The number of
pulses a species experiences depends on the gas flow rate, and thus
the residence time in the plasma: a longer residence time means the
gas encounters more pulses (320 pulses at a gas flow rate of 0.1 L/min;
15 pulses at 2.0 L/min). The gas temperature profile and the power
profile as a function of time, as experienced by the molecules, were
used as input in the model to simulate the pulses, and are plotted in
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Figure 20 Schematic description of the geometry considered in the
quasi-1D model. The dashed lines in (a) indicate the gas flow, the blue
lines in (a, c) indicate the region of the simulation. (a) Soft Jet, with the
plasma arc represented as a cylinder. (b) Dimensions of this plasma
arc cylinder. (c) Schematic explanation of the quasi-1D model: the gas
enters the plasma arc region at Xo and leaves the arc at Xarc Diameter,
after which it continues its way through the nozzle and in the afterglow.

Figure 21a. Together they define the pulsed behaviour of the jet and
the conditions inside and outside of the jet. The following sections
discuss how these profiles were constructed and what they look like.
Figure 21c shows the calculated electron temperature (Te), electron
density (ne) and reduced electric field (E/N) as calculated by the model
and can be rationalized as follows. At the beginning of the pulse
(approx. 0 us) a large amount of energy is deposited, resulting in a high
E/N, with high energy electrons (high Te). ne is low, as not many
electrons have been produced yet. As high energy electrons start
colliding during the pulse, more electrons are freed, hence ne
increases, however, the power put into the system stays constant
throughout the pulse, meaning Te decreases as the same energy is
divided amongst more electrons (0 — 0.74 us). Right after the pulse E/N
plummets as the power input is halted, on the other hand Te is still able
to rise further for about 0.5 ys, because of the electrons present and Tg
is still relatively high. During the interpulse (0.74 — 6 us) the parameters

are governed by (1) the Tg which decreases throughout the interpulse
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from 1750 — 330 K. Higher gas temperature, means more scattering
and therefore lower electron mobility (ue) and vice versa. (2) The
plasma conductivity, which is directly proportional to ne and pe and (3)
in turn determines the electric field strength (E = \/P_/o). As an
example, the increase in E/N towards the end of the interpulse takes
place because the Tg drops at constant power input, which results in a

higher pe, which increases the plasma conductivity and therefore the
E/N.
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Figure 21 (a) Input plasma parameters in the model, i.e., gas
temperature and power for two pulses. (b) Calculated plasma
characteristics, i.e., electron temperature, electron density and reduced
electric field, as calculated in the model, for air composition (80/20
N2/O2) and feed gas flow rate 1 L/min. The vertical grey dashed lines
indicate the pulse and interpulse times.
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3.3.1. Power profile — in plasma

The power deposited in the plasma, considering that the plasma is only
formed during the peak (= one pulse) of the voltage waveform
corresponds to 5.11 W for the duration of the pulse. This was calculated
based on the V-I profiles as explained in Chapter Ill. In between the
pulses (i.e. the so-called interpulse period), the power was set to 10%
of the peak power. Although the interpulse power (density) is not
known, we know that the power does not reach zero in the interpulse
period. Therefore, we assumed that the interpulse power is 10% of the
peak power. This assumption also significantly improves the
robustness of the calculations, as going to zero power, on the small
timescale that is necessary for the Soft Jet’s calculations, makes the
model crash, unless very small timesteps are used, resulting in much
too long calculation times. Also 1, 5 and 15% were considered,
balancing computational restrictions and physics, as well as to map the
influence of this choice. We infer the difference is small enough to
support the discussion and conclusions below.

Note that making elaborate speculations about the exact shape of the
interpulse power profile would not affect the calculation results, but
would only impede the model operation and interpretation. Therefore,
we decided upon a constant interpulse power, that includes the known
characteristics of the power, preventing that the results interpretation

would become ambiguous.

3.3.2. Temperature profile — in plasma
The gas temperature profile in the plasma is based on OES
measurements by a line of sight looking straight into the Soft Jet and is
virtually independent of flow rate. We chose OES as the only way to

measure the discharge temperature, due to geometric constraints.
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OES is a well-established technique for monitoring the plasma
temperature 126:172.231.232 gnd the spectral band used is representative
for the gas temperature under the conditions of our experiments 72
(see section 2.4.1, Methodology). The temperature during the pulse,
i.e. the gas temperature of the plasma arc is 1750 £ 150 K. This was
found to be the same within error margin (ca. 150 K), for the entire
range of flow rates investigated (0.2 — 2.0 L/min). There are a variety
of possible processes, including heat exchange, arc elongation,
possible arc constriction and even rotation that could result in a change
of gas temperature of the plasma as the gas flow changes. Based on
the OES measurements, we can conclude that these processes are not
dominant, or counteract each other, and therefore do not influence the
gas temperature of the plasma to a degree which would be
experimentally observable. One possible explanation is as follows: the
constant gas temperature is representative of the fact that there are a
number of mechanisms of gas heating at play. Indeed, as the flow rate
increases, the arc compresses but also elongates, resulting in a
constant energy deposition in the arc. The arc elongation does not
significantly increase the voltage due to the low power dissipation and
low resistivity of the discharge. Note, the change in flow could result in
other more elaborate changes in arc dynamics, such as rotation, which
influences the heat transfer as well. The full detailed study of the arc
dynamics would require either full-scale 3D modelling or direct optical
access to the arc region, which is not possible in the current
configuration of the plasma reactor. To evaluate the sensitivity of the
modelling results to changes in the input temperature, the upper (1900

K) and lower (1600 K) limit were ran as well in the OD model. There
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was no significant influence on the main mechanisms within this

temperature range.

As the interpulse gas temperature could not be measured directly due
to the small timescale of the pulses, the gas temperature during the
interpulse period was set to an exponential decay to 330 K, in
accordance with the average gas temperature measured by Rayleigh
scattering in the afterglow (see Chapter Ill, section 3). This
approximation was found valid through a sensitivity test described in

the Appendix section F, pg. IX-259.

3.3.3. Power and temperature profile — outside plasma

The plasma zone with the pulse train is followed by an afterglow, i.e.
outside of the jet nozzle, where post-plasma reactions can take place.
In this region the power was set to zero and the gas temperature profile
for each flow rate was calculated based on Rayleigh-gas temperature
measurements by line of sight perpendicular to the Soft Jet (See
Chapter lll, section 3.2). In reality, the temperature decrease in the
afterglow is flow rate dependent and likely due to the change of heat
transfer at higher flow rates, which is governed by the interplay
between elongation and restriction of the arc. Indeed, as the flow rate
increases, the afterglow temperature decreases. In the model, this is
approximated by one temperature profile, based on the available
experimental data. The full approach is explained in Appendix G, pg.
IX-260.

Note that the methods used for temperature measurements of the
plasma arc (OES) and the afterglow (Rayleigh scattering) are
complementary: due to geometrical constraints, Rayleigh scattering

cannot be applied to study the arc, while OES cannot be used to study
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the gas temperature in the afterglow due to very low (almost negligible)
emission of the afterglow.

Due to the short pulse duration, the time-averaged temperature of the
jet never exceeds 390 K. This means that even though on a
microscopic the temperature drops from 1750 K to room temperature
over 10 mm, on a macroscopic scale this temperature drop is due to
the cooling through heat exchange with surrounding cooler gas and is
not as substantial (i.e., approximately from 390 — 330 K with Troom =
308 K). This temperature drop agrees well with the literature reports on

this phenomenon 195233,

The thermal diagnostics provide us sufficient information on the
temperature behaviour in the plasma and in the afterglow, allowing to
model a large chemistry set without solving for the heat balance in the
model itself. This is a justified but considerate simplification to gain
more insight into the underlying chemistry, while keeping the
computational resources feasible. Although not needed in the Quasi-
1D model, a full heat balance would provide interesting insight.
However, it is a topic of a separate study, outside the scope of this

thesis.

3.3.4. Treatment fraction
Due to the pulsing nature of the Soft Jet and its geometry, only a
fraction of the gas is treated by plasma. This is included in the model,
which considers only a fraction of the gas being plasma-treated by a
pulse train, while the other molecules do not pass through the actual
plasma zone. In practice, we have accounted for this by multiplying the
calculated reactive plasma species densities by the effective treatment

fraction of 3.0%, as estimated from the experiments. This estimation
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was made as follows:
There are three options for the gas molecules moving through the Soft
Jet. These options determine whether a gas molecule is plasma-

treated or not, i.e. what is the effective treatment fraction:

(1) The gas molecule moves through the plasma zone when plasma is
on, i.e. it is plasma-treated during the pulse train. This case applies to
approximately 14.9% of the molecules, based on the duty cycle of the
pulse train (i.e., 26.3/(149.9 + 26.3)), see Chapter lll, section 2. Note,
this duty cycle should not be mistaken with the duty cycle of the entire

system (1.9%), as explained in the Methodology.

(2) The remainder of the gas molecules move through the plasma zone
untreated (pulse-off time; ca. 85.1% calculated from 149.9/(149.9 +
26.3)).

(3) Besides the duty cycle of the pulse train, also the physical
dimensions and shape of the ignited plasma play a role in determining
the effective treatment fraction. If the gas molecule moves alongside
the plasma, it cannot be plasma-treated, regardless of the plasma
ignition state. ICCD camera images of the plasma, discussed in
Chapter lll, section 2.2, show what fraction of the cavity is taken up by
the plasma. Based on this, we estimated that ca. 20% of the gas
moving through the cavity during plasma-on time (case 1) is actually
plasma-treated. From these 2D images of a 3D arc, it is only possible
to estimate the fraction. However, this estimation does not influence
the underlying mechanisms or other insights gained from the model, as
it only decreases the plasma-treated fraction, not the way in which the

gas is treated.
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The effective treatment fraction is calculated by multiplying the duty
cycle of the pulse train (case 1) with the fraction of the cavity that is

taken up by plasma (case 3) and amounts to 3.0% (20% x 14.9%).

In practice, only case (1) is modelled, i.e. molecules moving through
the Soft Jet when the plasma is on. Afterwards, the calculated densities
of the various reactive plasma species (i.e., electrons, various ions,
radicals, excited molecules) are multiplied by the effective treatment
fraction (3.0%) to obtain the effective calculated species densities.
Indeed, the remainder of the molecules move through untreated by the

plasma, hence they are not converted into reactive plasma species.
4. Results and discussion

4.1. NOx production and energy consumption

The Soft Jet produces NO and NO: at every flow rate investigated (0.4
— 2.0 L/min). As the flow rate increases, the NO concentration drops,
due to the shorter residence time of the gas in the plasma (Figure 22;
dotted green curve). The NO2 concentration remains approximately
constant, but is considerably lower than the NO concentration at all flow
rates. It is known from previous studies of NOx production in plasma
that NOz2 is formed from NO®2216_ As the equilibrium between NO and
NO:2 is reached more quickly than the time needed to initially form NO,
the NO/NO: ratio is lower at high flow rates (short residence time)
compared to low flow rates (long residence time).

The FTIR spectra confirm there is no production of O3, N20s, N20Os,
N20 and NOs3 at the investigated flow rates. In other words, we see a
good selectivity towards NO/NO2, which can be used directly for
fertiliser and base chemical production.

The minimum EC in the Soft Jet of 0.42 £ 0.03 MJ/(mol N) is reached
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at 1.5 L/min. Indeed, because the concentration stays constant
between 1.2 and 1.5 L/min, even though the residence time is shorter
at higher flow rates, a minimum in the EC is reached (Figure 22; orange
curve), corresponding to a maximum NOx production rate of 28.4 + 0.4
mg/h (See Appendix H, pg. 1X-263, for the production rates at all gas
feed flow rates). To the best of our knowledge, such a low EC — close
to the theoretical minimum EC of 0.2 MJ/(mol N) (cf. Introduction) — has
never been reported up to now in atmospheric-pressure plasmas. In
the next section, we discuss these results in the framework of the state
of the art.

The calculated NOx concentration (Figure 22; full black curve) as a
function of flow rate is in good agreement with the experimental data
(dotted black curve), both in trend and absolute values. The calculated
NO2 concentration is underestimated (< 1 ppm at all investigated flow
rates), however rather than tuning the reaction rate coefficients to
account for this underestimation, we prefer using only reliable scientific
works that investigated reaction rate coefficients. Indeed, we do not
know what exact (combination of) reaction rate coefficients might be
slightly over- or underestimated, and tuning the rate constants in order
to reach a better agreement would therefore not have a strong scientific
basis. In any case, we only compare the total NOx concentration,
because the oxidation of NO into NO2 can still occur after the plasma
or in the gas tubing to the FTIR, which is not included in the model.
Finally, just like in the experiments, there is no production of O3, N2Os,
N203, N20 and NOsin the model. This means our model can predict the
chemistry of the Soft Jet fairly well, in a wide range of flow rates, and
therefore can be used to gain a deeper understanding of the
mechanisms that lie at the base of this very energy-efficient NOx
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production (see section 4.3 Mechanisms of Energy-efficient NOx

Production in Pulsed Plasma).

Figure 22 NO, NO2zand total NOx (dashed lines) concentration as
measured by FTIR, calculated total NOx concentration (black; full line)
and measured EC (orange; right y-axis) as a function of the feed gas
flow rate. Error bars are plotted but are barely visible at most flow rates.

4.2. Comparison with the state of the art

As mentioned above, to our knowledge the EC obtained in our Soft Jet
is by far the lowest value reported in literature for plasma-based NOx
production at atmospheric pressure. The NOx or NO concentrations
and associated EC reported in various plasma types in literature are
summarised and discussed in full-length in section 5.2 of the Thesis
Introduction, specifically Table 1. The best performing setups to date
reach EC’s around 2 MJ/mol (Table 1, entries 20 - 25), while the Soft
Jet shows an EC % of that.

The very low EC reached with our Soft Jet shows that values close to
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the theoretical minimum EC for plasma-based NOx production at
atmospheric pressure can be achieved in practice. Although the Soft
Jet as is cannot be used in most applied settings directly, because of
the rather low NOx concentration achieved, the knowledge about the
low EC close to the theoretical minimum is highly beneficial, as
properties of the Soft Jet that lie at the base of this low EC can be used
to inform further research. As mentioned in the Introduction of this
thesis, around the time of publication another work was published by
Britun et al. in a spark type plasma, achieving near-the-limit energy

costs as well, effectively confirming our results.

4.3. Mechanisms of energy-efficient NOy

production in pulsed plasma
In literature, the positive influence of pulsed plasma in N2 fixation (either
due to arc rotation®?8° or by pulsing the power®®, like the Soft Jet)
38,70,75234 has been reported, and to a certain extent their physical
characteristics have been studied??8.235-237 However, because the
reported plasma reactors are so different in performance and type,
isolating the function of pulsing and determining whether or not and
how significantly it enhances the energy efficiency of NOx formation is
challenging. Therefore, the knowledge of pulse-driven chemistry is very
limited?38239, Qur model allows us to elucidate the underlying
mechanisms for our pulsed plasma source, which will provide us
general insight in the role of pulsing for reaching the most energy-

efficient plasma-based NOx formation.

4.3.1. Conditions for energy-efficient NOx production
To understand the benefits of pulsing, we remind the reader, in short,
about the difference between thermal and non-thermal plasmas. In

IV-158



thermal plasmas, the heavy species (gas molecules, radicals,...) and
electrons are in thermal equilibrium (i.e., same temperature), and a
large fraction of the input energy (plasma power) is lost to gas heating.
The high gas temperature (Tg~ 10* K) not only increases the EC, but
can also impede effective gas conversion by destroying the products
formed™. In “warm“ (or quasi-thermal) plasmas, the electron
temperature (around 1 eV) is higher than the temperature of the heavy
species, but the latter still can reach several thousands of Kelvin3’. This
electron temperature is ideal for efficient vibrational excitation of N2
molecules*!44, which is the most efficient path for dissociation and for
energy-efficient NOx formation through the vibrationally-enhanced
Zeldovich mechanism (Introduction, section 5.2.1). On the other hand,
the relatively high gas temperature reduces the vibrational population
by vibrational-translational (VT) relaxation, i.e., collisions of the
vibrational levels with ground state molecules, causing further gas
heating.588 Finally, in non-thermal plasmas, the gas temperature
remains near room temperature, but the electron temperature is
several eV, so the energy put into the plasma is used for gas
conversion instead of gas heating*. However, the electron
temperature is typically too high for efficient vibrational excitation of N2
molecules.

The holy grail in energy-efficient plasma-based NOx production is thus
to find plasma conditions which generate an electron temperature
around 1 eV. This typically corresponds to a reduced electric field (i.e.,
ratio of electric field over gas number density; E/N) up to 50 Td. These
conditions are most suitable for N2 vibrational excitation (Appendix I,
pg. IX-264). At the same time, the gas temperature should be kept low,
to maintain a high vibrational population of the N2 molecules. Such
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conditions are more easily achieved at low pressures, where collisions
(including VT relaxation) are less prominent (see also the best values
in Table 1 in the Introduction of this thesis, for low-pressure plasmas).
However, by pulsing the plasma power®8.66.227.228 the same conditions
may be reached at higher (e.g., atmospheric) pressure, because the
time during the pulses is too short for considerable gas heating®. This
eliminates the need for low-pressure equipment, which significantly
reduces the process cost*.

Due to its pulsing regime, the Soft Jet obviously meets the
requirements of this holy grail for energy-efficient NOx production,
exactly by the combination of high vibrational excitation and limited gas
temperature (strong VT non-equilibrium; see Introduction, section 4.4).
This is clearly revealed from the model. Indeed, the calculated reduced
electric field is around 30 Td, resulting in an electron temperature
around 0.7 — 1.0 eV in the pulses, for the various conditions
investigated (see Figure 21b for the condition of 1 L/min feed gas flow
rate). As mentioned above, these values of reduced electric field and
electron temperature are ideal for transferring most of the electron
energy to N2 vibrational excitation*'. In addition, the electron number
density is around 10" ¢cm during the pulses (see also Figure 21a),
which is fairly high, and thus also beneficial for strong vibrational
excitation.

Finally, the gas temperature, while being high (1750 K) during the
pulses, reduces to near room temperature in between the pulses
(interpulse period; see Figure 21a), and the time for VT relaxation
during the pulses is too short for significant vibrational depopulation.
Hence, a strong VT non-equilibrium is reached, important for splitting
the strong triple bond of N2: the vibrationally excited N2 molecules can
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more easily overcome the energy barrier of NOx formation through the
non-thermal Zeldovich mechanism (R 1V.1 and R V.2, further below),
as discussed above. The degree of N2 vibrational excitation will be

discussed in next section.

4.3.2. Influence of pulsing on the vibrational excitation of
N2 and Oz

Figure 23 (a) Calculated NO concentration (black curve) as a function
of time, during its residence time in the plasma (at 1 L/min),
encountering a train of pulses, and (b) calculated VDF of N2 taken in
the middle of each pulse, for four different time points, as indicated by
the vertical coloured lines in (a). The thermal VDF at 1750 K is also
plotted.
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Figure 24 (a) Calculated NO concentration (black curve) as a function
of time, during its residence time in the plasma (at 1 L/min),
encountering a train of pulses, and (b) calculated VDF of Oz taken in
the middle of each pulse, for four different time points, as indicated by
the vertical coloured lines in (a). The thermal VDF at 1750 K is also
plotted.

Figure 23a shows the calculated NO concentration as a function of
time, as formed during the train of pulses, within the gas residence time
in the plasma (Figure 23a; black curve), as well as the calculated
vibrational distribution function (VDF) of N2 (Figure 23b) at the time
points indicated in Figure 23a. The VDF shows how the energy is

distributed among the vibrationally excited levels of a molecule, by
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plotting the relative density of each level (normalised to the ground
state). An introduction to VDFs was given in section 4.6 of the
Introduction.

In case of VT equilibrium, the VDF exhibits a Boltzmann distribution,
dictated by the gas temperature (orange dashed line in Figure 23b).
The calculated N2 VDF in the Soft Jet, however, clearly deviates from
the thermal Boltzmann distribution. As time increases, the VDF builds
up to higher populations of the higher vibrational levels (see plateau in
Figure 23b), significantly above the Boltzmann distribution, i.e. a strong
VT non-equilibrium is reached. Inside the pulses, due to the relatively
high gas temperatures, VT relaxation will also occur to some extent,
but the rate of VT relaxation drops drastically when the temperature
drops after the pulses?'’. This allows for a longer lifetime of the
vibrationally excited states and hence a build-up of the VT non-
equilibrium (or plateau formation in the VDF of N2) over the time of
multiple pulses, as clearly illustrated in Figure 23b.

A reminder: Itis generally known that the most energy-efficient pathway
to NOx is via the non-thermal Zeldovich mechanism promoted by
vibrational excitation374144.59.6269 a5 was discussed in the Introduction
of this thesis. (Reactions R IV.1 and R IV.2; where g and v stand for
the ground state and the vibrationally excited states of the molecule,
respectively. The mechanism inherently includes the thermal Zeldovich
mechanism.)

0,(v,g) + N - NO+0 RIV.1
N, (v,g)+0 > NO+N RIV.2
Our model reveals that in the Soft Jet on average >99% of NO is formed
through vibrationally excited N2. However, not every vibrational level
contributes equally. The exact contribution of each level depends on (i)
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the energy level (i.e., the higher the level, the more the activation
energy for the Zeldovich mechanism is reduced), and (ii) the population
density of that level (and as is clear from Figure 23b, the lower
vibrational levels have a higher population density). Figure 25 shows
the contribution of the various N2 vibrational levels to the rate of R IV.1
and R IV.2, for different times in and after one pulse. N2(v12) has the
highest contribution, both during the pulse and the interpulse time.
Indeed, the N2(v12) population is sufficiently high (see plateau in the
VDF of N2) and the activation energy is reduced to zero. The densities
of the vibrational levels above v12 are (significantly) lower, while the
lower N2(v) levels require a higher activation energy for R IV.1 and
R IV.2. Note that pulsing is mainly beneficial for increasing the
population of N2(v). Indeed, the VT relaxation rate constant of O2 is
higher than for N2 at 300 K (kvt o2 = 5.107"® cm3.s" vs kvt n2 = 10718 —
10" cm3.s1)% and the reaction rate coefficient for electron impact
vibrational excitation of Oz is lower than for N2 above electron
temperatures of 0.6 eV4'%5. This results in a Boltzmann-distributed
(though elevated) VDF for Oz(v) (Figure 24). A lower degree of O2(v)
is, however, not a problem in plasma-based NOx formation, as the
production of O atoms is not the limiting process. Indeed, N2 has a

much higher dissociation energy compared to O2 (9.79 eV vs 5.15 eV).
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Figure 25 Contribution of each N2 vibrational level to the rate of R2 (b),
for different time points specified in (a), both during the pulse (solid
lines) and during the interpulse time (dashed lines).

Our model reveals that the density of O atoms is at least of the same
order of magnitude as the density of N atoms (see next section). We
should therefore focus especially on the non-equilibrium in the VDF of
N2 instead of O2. Interesting to note, even though only a fraction of the
gas passes through the arc, this is enough to produce an adequate
amount of vibrational population for the formation of NOx. The model

shows how pulsing enables such high vibrational population. A
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sufficiently high vibrational population (be it Boltzmann or non-
Boltzmann distributed), combined with a low treatment fraction is not
unique to the Soft Jet, a number of other plasma setups produce a
significant amount of NOx while working with a small treatment

fraction4162.216

4.4. NOx formation and loss mechanisms during

pulse and interpulse
The most important formation and loss processes of NO (including
oxidation to NOz2), as revealed by our model, are listed in Table 8. Their
calculated reaction rates are plotted and discussed in detail in the last
Appendix, pg. IX-288. Here, we present two sequential pulse-interpulse
cycles, as a representative case study to explain the main reaction
mechanisms in the pulses and during the interpulse times; depicted in

Figure 26. Panel (a) illustrates the reaction analysis, i.e., the

importance of the two steps of the (non-thermal) Zeldovich mechanism
(N1 and N2), as a function of time during the pulse and interpulse
period. Green represents the forward reaction (net NO production),
while black corresponds to the back reaction (net NO loss). Panel (b)
shows the corresponding densities of NO, NO2, N and O in the same

time-scale, as calculated in the model.
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Table 8 Main reactions for the formation and loss (F,L) of NO. The net
reactions (N), as they occur for either NO formation or loss (including
oxidation to NOz2), are denoted in grey. Note that N1, N2 and N3 are
net formation reactions for NO, while N4 is a net loss reaction.

Reaction Process
NO Formation N + 0,(g,v) > NO + 0 F1
0+ N,(g,v) > NO+N F2
NO Loss NO+0—-0,+N L1
NO+N->N,+0 L2
NO < NO2 NO,+ 0 - NO + 0, F3
NO +0, > NO, + 0 L3

NO,+M - NO+0+M  F4
NO+0+M—NO,+M L4

Netreactions N + 0,(g,v) = NO + 0O N1 =F1-L1
0+ N,(g,v)=NO+N N2 =F2-1L2
NO,+ 0 = NO + 0, N3 =L3-F3
NO+O0+M=NO,+M N4 =F4 - L4

(g) and (v) denote the molecules in the ground state vs vibrational
levels, respectively. Note that F2 can also occur from electronically
excited N2, but our model reveals that its contribution is only
significant at early times (7 - 11 % until ca. 35 ys), afterwards its
contribution drops to zero (103 %). M stands for any neutral
molecule.
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Figure 26 (a) Importance of N1 and N2 as a function of time during two
pulses and interpulse times, as indicated by a gradient scale (green =
forward reaction, i.e., net NO production; black = backward reaction,
i.e., net NO loss; white = no net production or loss). A darker shade
indicates a higher net rate, both in the forward or backward direction.
(b) Corresponding concentration of NO, NO2, N and O for the same two
pulses. The NO concentration is shown on the left y-axis, while the
other species concentrations are shown on the right y-axis. Note, the
NO2 concentration has been multiplied by 108 for better visibility.
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Our model reveals that the non-thermal Zeldovich mechanism
promoted by vibrational excitation is the main mechanism for NO
formation (N1 and N2; see Table 8); see detailed analysis in Appendix
J, pg. IX-265. It should be noted that the reactions with highest rate,
overall, are the oxidation of NO to NO2 (N3 in Table 8) and vice versa
(N4), which produce a limited amount of NO2 (< 1 ppm at all
investigated flow rates). However, they do not contribute to the initial
NOx formation, and are therefore not shown in Figure 26.

N1 is mainly important during the pulses, due to the high gas
temperature. Its rate rises during successive pulses because more N
atoms become available. Thanks to the strong VT non-equilibrium (see
Figure 23b), N2 dissociation is not the limiting step. Indeed, Figure 25
shows that the N and O concentrations are of the same order of
magnitude.

After the pulses, the rate of N1 gradually drops to zero due to the strong
temperature drop, which reduces the reaction rate coefficient (k) with a
factor 10° (see Appendix K, pg. IX-268). Note, however, that the rate of
N1 does not drop below zero (which would correspond to NO loss)
during the interpulse time. This is an interesting aspect that will be
discussed in more detail in the next section.

The rate of N2 shows roughly the same trend as for N1 during the
pulses, due to the high gas temperature. After the pulse, however, the
rate rises further, even though the rate coefficient drops due to the
lower temperature (see Appendix K, pg. IX-268). This is because N2(v)
builds up a strong VT non-equilibrium during the interpulse time, and
additionally an abundance of O atoms is produced during and right after
the pulse (through N1; see dashed pink curve in Figure 25b).
Subsequently, the rate of N2 drops below zero, corresponding to net
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NO loss. Species availability is the determining factor at this stage.
Indeed, during the second half of the interpulse period, less O atoms
are available due to the drop in the rate of N1, and the N atoms are
now preferably used for the back reaction of N2. Important to note is
that the negative rate of N2 never exceeds the positive rate (i.e.,
production of NO). Hence, while the NO production slows down and
the NO concentration drops slightly near the end of the interpulse time,
the NO concentration at the end of the pulse-interpulse cycle is still
higher than in the beginning of the pulse, demonstrating that the NO
concentration gradually builds up as a function of time, as is also clear
from Figure 23a above.

In general, we can conclude that the two steps of the non-thermal
Zeldovich mechanisms dominate the NO production. They occur at
high rates during the pulses, and gradually become negligible (for N1)
or occur in the backward direction (for N2) during the interpulse period,
but overall, they lead to a steady rise in NO concentration as a function

of time.

4.5. How pulsing assists NF at low energy

consumption
The next sections discuss the specific lessons learned from the above
reaction analysis, that can be applied to plasma-based N2 fixation more
in general. Our Soft Jet plasma obviously results in very low EC, and

this is clearly attributed to the pulsing.

4.5.1. Exploiting the VT non-equilibrium of N2
The pulse train builds up the N2(v) population during the pulses via
electron impact vibrational excitation and vibrational-vibrational (VV)

exchanges between vibrationally excited N2 and O2 molecules. At the
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same time, the temperature drop in between the pulses prevents two
things: (1) It prevents loss of vibrational energy caused by VT
relaxation. Indeed, low temperature plasma-based chemistry aims to
minimise energy losses through gas heating (hence through VT
relaxation) to maximise the selective input of energy into molecules for
chemical reaction through for example vibrational excitation. (2) It
prevents N2-O2 VV exchanges. The latter was found to be a limiting
mechanism for energy-efficient NOx production in a gliding arc
plasmatron?'®, Indeed, because O2-O2 VT relaxation is faster than N2-
N2 VT relaxation?'’, the N2-O2 VV exchanges connect the vibrational
energy of N2 to a sink of O2-O2 VT relaxation. A more detailed
explanation of this can be found in Appendix L, pg. IX-269. However,
in our Soft Jet plasma, due to the temperature drop after the pulses,
the O2-O2 VT relaxation rate drops and this vibrational sink is limited,
hence decreasing the loss of energy into heat that would be caused by
VT relaxation.

If power pulsing is properly adapted in the design of other plasma
sources, their EC could also be minimised. In order to use pulsing in
the most optimal way, a balance has to be found between pulse-on and
pulse-off times and the associated treatment fraction. Indeed, when the
pulse is off for a longer time to ensure cooling, the gas can obviously
not be treated and will therefore not be converted. The pulse
characteristics are clearly the underlying reason for the low EC of the
Soft Jet, but the limited treatment fraction is also why the NOx
concentration is low compared to other plasma types. Modelling can
help in this regard: by changing the pulse characteristics, an optimum

between both should be found.
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4.5.2. Suppressing the back reactions of the Zeldovich
mechanism

Next to promoting the N2 vibrational population, the other main
challenge in plasma-based NOx formation is limiting the back reactions
of the Zeldovich mechanism (L1 and L2 in Table 8) to prevent NOx
destruction. In continuous plasmas, which operate at constant
temperature, this is not straightforward, because both the back and
forward reactions are promoted at higher temperatures. However, their
temperature dependence is not exactly the same, and we can exploit
this in pulsed plasmas, due to the temperature drop in between the
pulses. The rate coefficients of the Zeldovich reactions are plotted as
a function of the gas temperature in Appendix K, pg. IX-268.
Another point of attention, specifically for the Zeldovich mechanism, is
that both forward reactions (F1 and F2) and their back reactions (L1
and L2) compete for the same species. For instance, the O atoms are
used for NO formation (F2) and for NO loss (L1). By pulsing the plasma,
the temperature dependence of the corresponding reaction rate
coefficients can be used to selectively limit the loss reaction (L1).
Indeed, the rate coefficients of both the forward and back reaction of
N1 increase with temperature, but the temperature dependence for L1
is much more pronounced (see Appendix K, pg. IX-268). Therefore, the
drop in temperature in the interpulse period essentially limits the back
reaction. In addition, while the rate coefficients of both L1 and F2 are
more temperature-dependent than for L2 and F1 (Appendix Figure 13,
Appendix K, pg. 1X-268), the rate of F2 is significantly enhanced by the
rise in N2(v) population during the interpulse period, and therefore the
O atoms are preferable consumed in F2 (NO production) as opposed
to L1 (NO loss).
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In the case of N2, suppressing the back reaction (L2) is more
challenging, as its rate coefficient is temperature-independent and
relatively high compared to the other reactions at play in the Zeldovich
mechanism (Appendix K, pg. 1X-268). The rate coefficient of the
forward reaction would only be greater than that of the back reaction
above 13200 K. This means that a drop in temperature does not favour
one reaction over the other, but instead, it is more a matter of reactive
species availability (O and N2(g,v)). Thus, based only on the rate
coefficients, N2 would benefit from a high temperature (and not from
the temperature drop after the pulses), but it is also strongly promoted
by a high N2(v) population, which is more pronounced at lower
temperature. Hence, a balance between these factors needs to be
found to fully exploit pulsing in order to maximise energy-efficient NOx

production in plasma.

4.6. Economic viability of plasma-based NOx

production
When discussing plasma-based N: fixation, the comparison with the
HB process is commonly made, based on production rate and EC of
NF species. However, the inherent differences between the HB
process and plasma-based NF are substantial, and plasma-based
processes offer other advantages, because they are electricity-based,
flexible, and they can operate on a small scale for decentralisation, as
explained in the Introduction of this thesis. Therefore, a direct
comparison with the HB process regarding production rate and EC is
not a great indicator of whether or not plasma-based NF is
economically viable**. To answer the latter, Rouwenhorst et al.

performed a techno-economic analysis (TEA) on plasma-based NOx
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production,®” and Anastasopoulou et al. carried out a Life Cycle
Assessment (LCA) of plasma-based NO production?°. The TEA was
benchmarked against a small scale electrolysis-based HB process
followed by an Ostwald process (100 t HNOs/day) 3. The LCA
considers the “cradle to factory gate”, i.e. starting from raw materials
up to HNOs production. It is benchmarked against the conventional
HNO3 process, including the steam reforming 24°.

The TEA concluded that plasma-based NOx production for HNO3
synthesis will become a highly competitive alternative to electrolysis-
based HB combined with the Ostwald process, if the EC can be
reduced to 0.7 MJ/(mol N)3. This is mainly due to the low capital
expenditure of plasma-based conversions®’. The lowest theoretical EC
limit of plasma-based NOx production is 0.2 MJ/(mol N),??° while the EC
of NHs synthesis via the Haber-Bosch process is at least two times
higher (0.48 MJ/(mol N))*. This potential is a large driving force in
plasma-based NOx production research??°. However, in practice such
a low EC had not yet been reported in atmospheric-pressure plasmas,
before the work presented in this Chapter.

Likewise, the LCA encourages plasma-based NF research by stating
that plasma demonstrates strong capabilities in becoming a viable
alternative to the current HNO3 production process, provided that
certain optimization steps are considered, such as the use of
renewable energy and at least either 10% NO yield, tail gas recycle or
energy recovery, as well as a combination of those methods?4°. When
assumed the process is electricity-based, HB is below the nitric acid
market value at production capacities above 200 t HNOs3, while plasma-
based processes are already commercially viable at 10 t HNO3s and
above. This means, for example, that in areas where the production
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cost is high, such as remote locations, electricity-driven processes can

become favourable at higher electricity cost.

This Chapter demonstrates that plasma-based NOx production can
meet the first prerequisite, based on the TEA, namely an EC below 0.7
MJ/(mol N). By combining knowledge from a pulsed plasma source,
like the Soft Jet, with other well-performing atmospheric-pressure
plasma setups, such as a Rotating Gliding Arc plasma (5.4 % NOx; 2.5
MJ/(mol N); Table 1, entry 23)%2, we believe it is attainable to meet the
second prerequisite, based on the LCA, regarding the NOx yield as

well.

5. Conclusions

In this Chapter, we presented a pulsed power plasma source (Soft Jet)
operating at atmospheric-pressure with dry air as feed gas, for NOx
production at a very low energy consumption (EC) of 0.42 £ 0.03
MJ/(mol N). This is the lowest EC reported for plasma-based NOx

production at atmospheric pressure to date.

To gain insight into the underlying mechanisms of this record-low EC,
we developed a chemical kinetics model, which provides very good
agreement with the experiments at the full range of flow rates (0.4 — 2.0
L/min) and can thus be used for reaction analysis. The model pinpoints
the specific aspects of pulsed plasma power, that allow for such a low
EC.

Our reaction analysis indeed illustrates that pulsing is the key for
energy-efficient plasma-based NOx production, by the drop in gas
temperature in between the pulses, which affects the rates of the
forward and back reactions of the Zeldovich mechanism in a delicate
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way, and also enhances the N2 vibrational population, crucial for the

(most efficient) non-thermal Zeldovich mechanism.

The exact pulse and interpulse times appear to be critical for finding a
balance between the drop in temperature and the fraction of gas
treated by the plasma (pulses). In the Soft Jet, this ratio of pulse and
interpulse times appears to be nearly ideal for energy-efficient NOx
formation, as evidenced by the unprecedented low EC, as compared
to other studies in literature. On the other hand, the NOx concentrations
obtained are very low (0.02 %), attributed to a limited fraction of gas
passing through the plasma, and this might also be improved by a

somewhat shorter interpulse period.

While this Soft Jet plasma is thus not suitable for practical applications
due to the low NOx production, the concepts revealed in our study will
be very useful for other plasma devices, which exhibit a larger fraction
of gas passing through the plasma, and which can hopefully be further
improved by a careful selection of the pulse and interpulse times, based

on the insights obtained in our study.

In terms of economic viability, we demonstrated that it is possible with
pulsed plasma to almost reach the theoretical minimum EC of plasma-
based NOx formation, and to meet the required EC (of 0.7 MJ/(mol N))
for plasmas to be competitive with the electrolysis-based HB and
Ostwald process for HNO3s synthesis, as recently defined in a TEA by
Rouwenhorst et al.%’.

Additionally, when the insights from our work about the influence of
pulsed plasma on the EC can be combined with other well-performing
atmospheric-pressure plasma setups, such as a Rotating Gliding Arc
plasma (5.4 % NOx; 2.5 MJ/(mol N))®2, we believe it is realistic to meet
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the second prerequisite (based on a LCA), regarding the NOx yield as

well.

Sustainable generation of reactive nitrogen (like NOx) is paramount and
plasma-based processes are promising in this field, as they are
electricity-driven, and can easily be switched on-off, i.e. they can easily
be coupled to fluctuating renewable electricity, providing grid
stabilisation and peak shaving, and they are suitable for small-scale
decentralised fertiliser production. In this Chapter, we showed that
pulsed plasmas can be the key for such energy-efficient sustainable

fertiliser and base chemical production.

Now that we have gained a deeper understanding of the chemistry
taking place in dry air, we are ready to move towards adding H20 in the
next Chapter. We add H20 both as a liquid and as a vapor, in order to

elucidate both of their roles in the formation of NF species.

6. Use of the Soft Jet in other works: Plasma Nitrogen
Oxidation Coupled with Catalytic Reduction to
Ammonia (PNOCRA)

In a collaboration with ir. Lander Hollevoet and prof. dr. ir. Johan
Martens of the Center for Surface Chemistry and Catalysis:
Characterization and Application Team at KULeuven, the results in this
Chapter were used as the NOx source in a joint paper, of which | am
second author, titled “Energy-efficient small-scale ammonia synthesis
process with plasma-enabled nitrogen oxidation and catalytic reduction
of absorbed NOx"1%2, A so-called PNOCRA (Plasma-NOx and catalytic
reduction to ammonia) system was developed to convert air into NH3
via a combination of plasma and catalytic reduction using a lean NOx
trap (LNT). The total energy cost of the PNOCRA process is ca. 2.1 MJ
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mol/NHs, making PNOCRA the least energy consuming small-scale

ammonia production process at mild conditions demonstrated so far.
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V. NITROGEN FIXATION WITH WATER
VAPOR BY  NON-EQUILIBRIUM
PLASMA: TOWARDS SUSTAINABLE
AMMONIA PRODUCTION

This Chapter was published as:

Gorbanev, Y., Vervioessem, E., Nikiforov, A., & Bogaerts, A. (2020).
Nitrogen fixation with water vapor by non-equilibrium plasma: toward
sustainable ammonia production. ACS Sust. Chem. Eng., 8, 2996—
3004. DOI:10.1021/acssuschemeng.9b07849"

h This work was led by Dr. Yury Gorbanev. My work included the
characterization of the Soft Jet together with Dr. Gorbanev (under close
supervision and practical guidance of Dr. Anton Nikiforov), which was
first published under this work and later used and expanded on in the
works presented in Chapters IV and VI.
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In the previous Chapter, we used a
plasma to convert air (nitrogen and
oxygen) into NOyx, a fixed form of
nitrogen (N) that we can use in
fertilizers. Now that we know a lot more
about the chemistry that takes place in
the plasma, we can make it a bit more
complicated by adding water (H20) into
the plasma as well. With H20 in the mix
(N2 + O2 + H20), one can make both
NOyx and NHs, which can be combined
into ammonium nitrate, a good basis for
fertilizer. In the industry as well as in
many research papers, H2 or hydrogen
gas is used as a H source, however, H>
is energy intensive to be produced.
Currently the industry uses methane

(CH4), the main component in natural

Figure 27 Schematic
illustration of the concept of
this chapter. A plasma is put
above liquid water (H20).
Using N2 and H20 (vapor) in
the plasma, we measure
ammonia (NHs) in the liquid
water. It is the water from the
gas phase (green) that is
used to form NHs (H in
green).

gas, i.e., a fossil fuel, to make H». Therefore, researchers are looking

for another way to add H to a reaction mixture. Water (H20), containing

2 H’s, is a very good candidate, because it is abundant and sustainable.

Naturally, a lot of other plasma researchers have also had this idea of

using water. Plasmas have been put on top of water in many different

ways and even inside water, all to make sure the plasma reacts with

the H>0O molecule. There is one large question that is not solved yet:

what is the best way to use water in combination with plasma? As a

gas, i.e. water vapor? Or as a liquid, e.g. a petri dish filled with water?
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Most plasma researchers have suggested liquid water plays and
important role.

In this Chapter, we look more deeply into that question, by adding water
both as a vapor and as a liquid.

Based on a series of tests we believe ammonia (NH3) is mainly formed
from water vapor and not liquid water, as was suggested by some other
researchers. Recently, however, our conclusion was confirmed by
another group of researchers. This makes us even more confident in
the fact that NHs is indeed formed through H>O(vapor) + N2 + O, and
not H20(liquid) + N2 + Oo..

This is interesting because (1) we have shown that one can make
fertilizers from water and air, (2) we know more about how water is
used as a source of hydrogen, and (3) it is more complicated to analyze
experiments with both a liquid and a gas: now we can focus on the gas
phase alone to study the chemistry in more detail. We will do so in the

next Chapter.
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1. Introduction

In the literature overview of this thesis, we concluded that it has been
generally accepted that increasing the contact between H20 and the
plasma-produced species increases the NF capacity of the plasma.
However, there is no consensus on what phase, i.e. liquid vs gaseous
water vapor, is most beneficial. Liquid'05130.131.134 " 955137 and
gas+liquid'%%134 have all three been proposed as playing an important
role in the underlying chemistry. Most of these works suggested that
liquid water, or more precisely, the plasma-liquid interface is the most
important, however, in these studies the liquid surface was the main
H20 source. Recent insights suggest that most of the reactive
chemistry in plasma-liquid systems occurs in the gas (vapor)
phase 99241,

In the previous Chapter, we showed that the Soft Jet produces NOx
from dry air at a very low EC, and elucidated the underlying
mechanism. Together with the diagnostics from Chapter Ill, we have a
good grasp on this plasma source. Furthermore, because the Soft Jet
is a relative flexible system in terms of inlet gas possibilities, it is a good

source for studying the role of gas vs liquid H20.

In this Chapter, we used for the first time this Soft Jet, i.e., a non-
equilibrium atmospheric-pressure plasma, operated with N2 and air
containing H20 vapor, in contact with liquid H20. We studied the
induction of chemical products in the liquid phase as a function of H20
vapor saturation of the feed gas, with special focus on NH3 selectivity
and production rate. In addition, to understand the underlying
mechanisms, we evaluated the role of H20 vapor in the feed gas and

liquid H20 by excluding the direct plasma-liquid interaction, and by
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discriminating between H20 introduced with the feed gas and from the

liquid sample, using isotopically labelled (D20) molecules.
2. Experimental

2.1. plasma setup design
In this Chapter, the plasma jet was connected to an N2 or air gas
cylinder (Chapter VIII, Materials, Table 13, entries 24 and 25). Partial
saturation (i.e., % saturation) of the feed gas with H20 vapor was
achieved via splitting the N2 flow. The H20 content in N2 was thus
controlled by the flow rate of N2 passing through a Drechsel flask filled
with H20 (Figure 28). It was previously shown that a gas flow rate up
to 2 L/min allows full saturation of the gas with H20 vapor'?®. The gas
flow was regulated using two MFCs equipped with a microcomputer
controller (Chapter VI, Materials, Table 13, entry 44). The total N2 flow
rate was varied from 0.2 to 1.4 L/min. The concentration of H20 vapor
is quoted in % of the relative saturation at 19-21 °C (ambient
temperature during the experiments), and in mol% as calculated from
the relative saturation'?242, We refer to Chapter Il for details on the

plasma source, i.e. the Soft Jet.

2.2, nitrogen fixation experiments
In a typical experiment, 5 mL of de-ionized H20 was put in a glass
reaction vessel and exposed to plasma for 10 min. The distance
between the liquid surface and the plasma jet was 5 mm (Figure 28).
We also performed air-free experiments, for which the glass reaction
vessel and the jet were positioned inside a gas-tight reactor'9%243 to
exclude the possible interference of ambient air. The reactor was
flushed for 3 min with the feed gas, and then the plasma was ignited

for 10 min (Figure 28b). When performing experiments without a direct
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Figure 28 Experimental setups used in this Chapter. (a) plasma jet in
direct contact with liquid contained in a glass reaction vessel, (b) air
free reactor setup.

plasma-liquid contact, a glass tube (length ca. 330 mm, inner diameter
5 mm, outer diameter 7 mm) was pushed towards the plasma jet to
cover the jet nozzle. The opposite end of the glass tube (inner diameter
1 mm, outer diameter 2 mm) was positioned 2 mm above the H20

surface (5 mL) contained in a reaction vessel (see further below, Figure
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33). Immediately after plasma exposure, the samples were collected

and frozen until further analysis.

2.3. Liquid analysis
The concentrations of all chemical compounds were measured by
colourimetry as explained in the Methodology, section 3.2.1, to which
we refer for more details. NH3 concentrations were measured using the
indophenol blue reaction34201, NH2OH was assessed by colourimetry
via reduction of Fe(lll) to Fe(ll) and subsequent complexation with 1,10-
phenanthroline?®?, and NH2NH2 via formation of an azo-dye in a
reaction with 4-dimethylaminobenzaldehyde?®. The concentrations of
NOs and NOz2" were measured using the Nitrate/Nitrite Kit based on the
Griess method with nitrate reductase enzyme, and H202 was measured
using titanium(lV) sulfate with the addition of NaN3'%-200  The
calibration curves and an analysis of the selectivity of the used methods

are found in Appendix A and B, on pg. 1X-247 and 1X-249 respectively.

Ambient and liquid temperature, and pH values were measured
(Chapter VIII, Materials, Table 13, entries 41 and 40, respectively) and
all measured concentrations were quoted after correction for
evaporation of the solvent in each case. The error bars represent

standard deviation values between three measurements.
3. Results and discussion

3.1. NH; production in a system comprised of N:

plasma with H20 vapor and with liquid H20
We studied the production of various compounds in liquid by exposing
a liquid H20 sample to the plasma jet effluent for 10 min at several feed
gas flow rates (Figure 29). The minimal flow rate of 0.2 L/min was
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chosen to avoid the heat-up of the gas (see Chapter lll, section 3.2) to
temperatures which would lead to thermal evaporation of the plasma-
exposed water, and therefore a potential loss of NHs due to its
decreased solubility at elevated temperatures?#2. The maximal flow rate
obtainable with the equipment used was 1.4 L/min. In all our
experiments, the liquid samples remained at room temperature or
slightly above (213 °C), due to the relatively low temperature of the
plasma effluent at 5 mm from the nozzle and the cooling down of liquid
due to evaporation. Using liquid water has several purposes. Firstly, it
demonstrates the possibility of using H20 as a benign solvent for the
storage of nitrogen fixation products in our experiments. Secondly, it
enables facile measurements of the generated products by
spectrophotometric analysis of the liquid samples. Finally, we studied

the role of liquid H20 in nitrogen fixation (vide infra).

NHs and NO2/NOs™ are the products of nitrogen fixation with H20
molecules. H20 can react with e.g. N atoms to produce *NH and +OH
radicals, as proposed by Haruyama et al.’3* Besides, H20 also forms
*OH and H via e.g. direct electron impact?*4 or reacting with UV photons
of plasma'3. «OH can further recombine into H2022*4. H202 is thus one
of the products in a N2/H20 plasma system, and must be acknowledged

in the overall nitrogen fixation process.
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Figure 29 Concentration of produced NH3, NO2,, NOs", and H20:2 in
liquid H20 for different N2 flow rates (a-d), as a function of H20 vapor
saturation.
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In our experiments, the NOs™ and H202 amounts slightly increase up to
20% H20 saturation, but remain the same at ca. 20-100% H20
saturation, while the concentrations of NH3s and NO2" keep increasing
upon higher H20 saturation. Interestingly, the yields of NH3s and NO2
INOs" (i.e., total conversion of N2) increase with increasing gas flow
rate, but not proportionally. For example, at 50% H20 saturation, the
concentration of produced NHs increases from ca. 200 uM to 400 uM
for gas flow rates rising from 0.2 to 1.4 L/min. Similarly, the
concentration of NO2 is 125 uM and 225 uM for 0.2 and 1.4 L/min. This
is attributed to the reduced residence time of the feed gas within the
plasma ignition region, while the plasma frequency remains the same
(Chapter Ill, Section 2.1). Therefore, a lower feed gas flow rate is

preferable for a higher conversion.

In spite of the higher production at higher H20 vapor content (50-100%,
see Figure 30), the selectivity towards NH3 decreases at high contents
of H20 vapor at all flow rates, down to 60-70%, compared to 70-80%
with dry N2 (Figure 29). However, at low H20 vapor content (approx. 2-
10% saturation) it increases compared to the dry N2 feed gas, and it is
around 90% with any of the N2 flow rates. Remarkably, with 0.2 L/min
of N2 gas and 5% H20 vapor saturation, the selectivity towards NHs is
ca. 96% (Figure 29a, Appendix M, pg. IX-272). In other words, the
introduction of small amounts of H20 vapor yield both a higher NH3
production rate and a higher selectivity. Larger amounts of H20 vapor

further increase the production rate, albeit with lower selectivity.
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Figure 30 NH3s production rate for different N2 flow rates, as a function
of H20 vapor saturation.

Nonetheless, the introduction of H20 vapor into the plasma feed gas
clearly had two main effects: (i) increased total N2 conversion (with all
H20 vapor contents) compared to dry N2 interacting with liquid H20,

and (ii) increased selectivity towards NH3 (at low H20 vapor content).

We also calculated the EC (as explained in Appendix N, pg. 1X-274),
yielding values in our non-catalytic, Hz-free plasma system of 95-118
MJ/mol NH3z at 0.2 L/min N2 and 5-10% H20 vapor saturation (i.e., the
conditions giving the highest NH3 selectivity). This is in the range of
plasma-catalytic processes using N2 and pure Hz, reporting values from
ca. 2 to 600 MJ/mol NH3#4101 |t is worth noting that despite the low
energy cost of H2 production e.g. from H20 via electrolysis (<1
MJ/mol?#%), the produced H2 must be stored and delivered into a
reactive system, and H2 storage is a bottleneck and potentially a

‘showstopper’ for an H2 economy?#6. In contrast, we demonstrate the
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possibility of the direct, ‘one-pot’ synthesis of NHs from the gases N2
and H20.

Furthermore, the calculated energy consumption of total N2 fixation
was 92-105 MJ per mol of converted N2 for the conditions specified
above, and only 15 MJ/mol for the conditions which afforded the
highest total concentration of NHs and NO27/NOs™ (1.4 L/min N2, 100%

H20 saturation), albeit at somewhat lower selectivity.

We also assessed the energy efficiency of the process. For this, we
calculated the AG values for a hypothetical reaction of N2 with H20
leading to NHs under the conditions which afford the highest NH3
selectivity (i.e., 2N2 + 6H20 — 302 + 4NHs3, see Mechanistic
considerations below). AG was calculated for two ‘envelope’
temperature values (298 K and 1623 K/1350 °C as the lowest and
highest possible temperatures in our system, see Chapter Ill, Table 6
and the partial pressures of the products and reactants calculated from
the conversion and yield values (Appendix A, pg. IX-247). The detailed
description of the AG calculation is found in Appendix O, pg. IX-274. In
short, based on the energy consumption obtained in our work (around
100 MJ/mol) and the AG of ca. 1 MJ/mol, we achieve an energy
efficiency of ca. 1% for NH3s production. Thus, it is clear that there is
still room for improvement via e.g. optimization of the reaction
parameters or the plasma setup. However, as stated by Chen et al.,
although using H20 as a feedstock is slightly more energy demanding
than H2, avoiding the HB and using milder conditions for NHs
production can become overall energetically favorable?*’.

Besides NHs, NO3/NO27, and H202, we also analyzed the solutions for
NH20H and NH2NHz, potential products of the complex chemistry in
N2/H20 plasmas?*® (see Methodology, section 3.2.1, and Appendix B,
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pg. IX-249 for details on the procedure). We detected no NH20H or
NH2NH2 under all conditions investigated, but we stress that only
assessing the full range of the possible N2 fixation products allows
evaluating the production selectivity. We acknowledge that a
separation of NH3, NO2 and NO3s™ may result in an extra energy cost.
However, (i) under optimized conditions the selectivity in our case was
over 95%, and (ii) the separation is possible via e.g. electrophoresis?*°.
Therefore, both the N2 fixation, and the product separation comply with

the concept of electrification of chemical industry9:41.2%0,

We also studied the production of the chemical compounds over time
under representative conditions: minimal and maximal gas flow rate,
low and high vapor saturation. Within the experimental time frame (10
min), the accumulation of all compounds was practically linear
(Appendix P, pg. 1X-275), indeed allowing comparison of production
rates. This suggests that despite the pH increase (max. up to 8-8.5
under all conditions), NHs was continuously induced in the plasma-
exposed water, and remained dissolved in it. This was also confirmed
by an experiment in which the jet and the reaction vessel with H20 were
contained inside a gas-tight reactor'®243 with the reactor exhaust
passing through a second H20 sample (Figure 28b). We did not
observe any detectable amounts of NH3, NO3/NO2", or H202 in the
second sample, confirming that all (or most) products of N2 fixation
remained in the plasma-exposed solution.

It must be acknowledged that using a reactor with static (i.e., non-
moving) liquid can have diffusion-related limitations?', such as
accumulation of the products in the upper layers of the liquid, and
associated dominance of secondary reactions in the liquid phase.

While we did not observe a decrease of the rate of absorption of the N2
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fixation products in our experiments, a potential alternative in future
investigations would be a reactor where the gaseous plasma would be

in contact with a flowing liquid®%2.

The production rate under all conditions remained rather low, as is
common for N2/H20 plasma systems (Table 2). The highest production
rate observed corresponds to the highest flow rate of N2 (1.4 L/min) at
100% relative humidity, as discussed above, reaching a maximum of
0.263 mg/h (see Appendix A, pg. IX-247 for the full list of calculated
production rate values). While the NHs production rate in our work is
somewhat lower than in some of the other studies reported in literature
for N2 plasma in contact with H20, the advantage of our setup is the
simple design, i.e., open reactor with no additional electrolytic or UV
components, which of course add in the NHs production. In addition,
the NHs selectivity and energy consumption in our work is generally

better than the values reported in literature (see Table 2).

3.2. Mechanistic considerations

To understand the pathways leading to NH3s, we can consider several
possibilities, as discussed in the Introduction of this thesis. N2
molecules can be converted in the plasma into electronically or
vibrationally excited states (e.g. N2*, N2(v)), N2* ions, and N atoms, as
shown by Sakakura et al.’®® These species further interact with H20 (or
H and *OH generated from H20 by plasma), forming first *\NH and
ultimately NH3'34-136_On the other hand, H atoms (again generated
from H20 via interaction with plasma) can also directly interact with N2
molecules, also yielding NH3''. As for the plasma action, the key
reactions are direct electron impact excitation and dissociation of N2
and H20%44248_ Additionally, UV irradiation from plasma may assist in
dissociation of H20 into H and «OH"34.136,
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Our experiments suggest that the reaction regimes can be divided into
three main groups, depending on the H20 saturation of the N2 gas. In
the first regime, dry Nz reacts with the plasma-exposed H20. At higher
flow rates of N2, nearly equal amounts of NH3 and H202 are formed
(Figure 29c and d), suggesting interaction of e.g. N atoms with H20 to
produce *NH and *OH, and further recombination of *OH into H20x2.
Here, the plasma can interact with the liquid phase H20 molecules as
suggested in literature'34-136_However, it has also been suggested that
plasma interacts first with a vapor layer immediately above the liquid
surface'95251.253 This agrees with our previous results, by Gorbanev et
al., where they experimentally demonstrated that the plasma effluent
does not interact directly with the liquid, but instead reacts with the
vapor above the solvent’®. More precise evaluations require

physicochemical modelling.

The second regime (2-10% H20 saturation) yields NH3 with high
selectivity. The absence of extra amounts of H202 suggests that
another species potentially formed from O in H20 in this regime is Oz,
or possibly N20, which were not analyzed in this study. N20O, however,

could react with *OH to be transformed back into N2213,

The third regime (N2 saturation with H20 vapor of 20% and above)
exhibits the formation of NHs and NO2+NOs"in a ratio close to 2:1. This
regime is possibly controlled by the initial formation of NH3 (similarly to
the second regime), and its further oxidation. However, Sakakura et al.
proposed that this could be due to the reactions of N with H20 and/or
H (from H20) leading to NHs, and N with «OH (from H20) leading to
NO2/NO3135.

Thus, in all three regimes the formation of the reduced product NHs is
accompanied by the formation of an oxidized one, the nature of which
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likely depends on the regime (i.e., NO27/NOs (from N2), H202 or Oz (from
H20)). In any regime, H20 is a key component since it is the only source
of H for NHs. The interaction of plasma with H20 in the feed gas and
H20 exposed to the effluent is an important parameter of the described

reactive system.

3.3. Influence of ambient air on NH3 production
The use of an air-free gas-tight reactor in which the gaseous
atmosphere consisted only of the feed gas (N2+H20) and the solvent
vapor (H20) allowed us to evaluate the influence of the ambient
atmosphere on NHs synthesis. Generally, in plasmas with an active
effluent (i.e., containing high energy species, such as electrons), the
chemistry is strongly affected by the composition of gas in contact with
the effluent®125'. Ambient air can diffuse into the effluent, altering the
production of chemical species??%244  However, comparing the
experiments in the reactor and the open reaction vessel revealed no
significant differences in product concentrations (Figure 31), probably
due to the high gas velocity, reasonably short distance between jet and
liquid, and the walls of the reaction vessel reducing the air diffusion.
This emphasizes the facile use of our experimental setup for NH3
production, and its independence from the surrounding air eliminates

the need for an air-free reactor’36.141,
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Figure 31 Concentration of produced NHs, NOs", NO27, and H202 in
liquid H20 in open atmosphere in a reaction vessel (OAV) and in an
air-free, gas-tight reactor (GTR), at three representative plasma
conditions.

3.4. NH; production when using air as the feed
gas

Using air instead of N2 as the feed gas expectedly provided very
different results. With dry air, detectable amounts of NHs were
produced only with 0.7-1.4 L/min flow rate (Figure 32). Introducing H20
vapor into the plasma feed gas, we observed higher NH3 formation
under all conditions. It was higher at higher flow rates, like in the N2
plasma (Figure 29). However, the amount of produced NHs was ca. 6
times lower than in the N2 plasma with the same flow rates. For
instance, the concentration of produced NHz in H20 with a gas flow rate
of 0.2 L/min was ca. 40 and 240 uM with the air and N2 plasma,
respectively (see Figure 31a and Figure 32). Moreover, the NH3
selectivity dropped drastically when using air plasma. In all cases, the
total concentration of NOs™ and NOz" produced by air plasma was 5-6

times higher than the concentration of NHs (see Figure 32), reducing
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the NHs selectivity to values below 15-20%. Nonetheless, the total yield
of all products of nitrogen fixation evidently increased upon addition of
H20 vapor with air as feed gas, as well as with N2, making the process
more efficient. However, the results strongly indicate that N2 as plasma
feed gas is required to achieve high NHs selectivity.
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Figure 32 Concentration of produced NH3 and NO2+NOs" in liquid H20
from air plasma, as a function of H20 vapor saturation.

3.5. Contribution of H:0-vapor and plasma-

exposed H20 to NH3 formation
Because this, at the time of publication, was the first work describing
the use of H20 vapor in the plasma feed gas, we needed to elucidate
whether (1) the gaseous plasma effluent interacted with the plasma-
exposed H20, or (2) NH3 was produced from H20 vapor. This is one of
the main open questions in wet plasma-based NF literature. To
evaluate the first option, the distance between the plasma jet and the
liquid has to be increased to exclude interaction with the liquid. This

could result in a potential loss of NH3 due to the effluent dissipation into
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the gas phase instead of delivering NHs into the liquid (the increase of
the effluent width, and hence the decrease of the gas velocity, within
the 5 mm distance from the jet is shown in Table 6, of Chapter 3.2). To
avoid a drastic drop in the gas velocity, we performed experiments in
which the tip of the plasma jet was inserted in a glass tube (see
Experimental section). The opposite end of the glass tube (inner
diameter 1 mm) was positioned 2 mm above the liquid (Figure 33).
Plasma was ignited with N2 and H20 vapor as the feed gas. The total

distance from the plasma jet was ca. 300 mm.

Figure 33 Experimental setup with the glass tube, eliminating the direct
plasma-liquid interaction.
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Figure 34 Concentration of produced NHs3, NO3,, NO2", and H20:2 in
liquid H20, with 0.2 L/min N2, as a function of H20 vapor saturation,
when using a glass tube to increase the distance between plasma jet
and liquid without a drop in gas velocity.

H,O content in N, (mol%)
0.0 0.5 1.0 1.5 2.0

500 1
= NH3I

s —ANOy
§° ~v H,0,
- @
€ 200+ .
[&]
c
Q
© 100-

0%&xm*"i**j***'**f*fi

0O 20 40 60 80 100
H,O content in N, (% saturation)

Figure 35 Concentration of the produced NH3, NO3", NO27, and H20:2 in
liquid H20 with 1.4 L/min N2, as a function of H20 vapor saturation.
Liquid volume 5 mL, distance from plasma jet to liquid 300 mm,
exposure time 10 min. This Figure corresponds to Figure 34, but at a
higher flow rate.

Comparing Figure 34 and Figure 29a, it is seen that the concentration

of NHz and NO3/NOz" are slightly lower than the values in H20 exposed
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to plasma at 5 mm distance, at all H20 saturation values (5-100%). For
example, at 50% H20 saturation, the NHs concentrations are ca. 190
uM at 300 mm distance, compared to 210 uM at 5 mm distance. At the
same time, the NHs selectivity remains practically the same, suggesting
similar reaction pathways. The H202 concentrations were substantially
lower here, suggesting that most H202 was formed via interaction of
the effluent with the plasma-exposed H20. In other words, H20:2 is
largely formed via recombination of *OH formed from plasma-exposed
H20 upon interaction with the plasma effluent, while NH3, NO3s", and
NO2" are mainly formed upon reaction of N2 molecules (or excited
species) with H and <OH originating from H20 vapor in the feed gas,

rather than from the plasma-exposed liquid H20.

A notable difference, however, was observed for dry N2. Here, virtually
no NO3/NO2 or NH3 were detected. This is expected, because no H-
source was present in the system. The considerable production of NH3
with dry N2 at 5 mm (Figure 29) suggests that the plasma effluent does
interact with H20 of the solvent under those conditions. With increasing
H20 content in the plasma feed gas, this interaction becomes less
pronounced. We hypothesize that this is due to the lower density of
electrons and excited N2 molecules and atoms in the effluent with high
H20 vapor admixtures in the feed gas?'244. Still, even at 100%
saturation of the feed gas, the NH3, NO3s~ and NOz2 concentrations were
slightly lower with no effluent-solvent interaction (i.e., lower at 300 mm
than at 5 mm), indicating that these products are also formed to a minor

extent from the plasma-exposed liquid H20.

At high flow rate the interaction of the plasma effluent with the liquid
H20 is more probable. However, we observed similar effects with 1.4
L/min (see Figure 35 and Figure 29d). The addition of H20 vapor to the
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feed gas reduces the effect of the effluent interaction with the
molecules of the plasma-exposed H20, but does not eliminate it
completely. This suggests that in our plasma jet, most of the chemistry
leading to NHs (and NO2/NO3") formation occurs in the gas phase
plasma, via reactions of the feed gas components, with only a minor
contribution from the H20 molecules of the solvent, either liquid or

evaporated.
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3.6. Using isotopically H20/D.0 to distinguish

between the role of gaseous vs liquid H20
This hypothesis was further confirmed by experiments with isotopically
labelled water (Chapter VI, Materials, Table 13, entry 21). The
theoretical background used in the interpretation of these results, i.e.
the kinetic isotope effect, is discussed in the Methodology, section 5.
We used: 1) D20 liquid sample exposed to H20 vapor plasma; 2) H20
liquid exposed to D20 vapor plasma; and 3) D20 liquid exposed to D20
vapor plasma (Figure 36). This was done to distinguish between the
water vapor in the feed gas, and water of the exposed sample. The
results were compared with the data with H20 liquid and H20 vapor

(added as dashed lines in Figure 36).

When the liquid was changed to D20 but the plasma feed gas
contained H20 vapor, the NH3 and NO3+NO2" concentrations remain
virtually the same as with liquid H20. This means that both the NH3
production rate and selectivity were the same. Switching from H20 to
D20 introduces the primary kinetic isotope effect (KIE)?>4, which could
lead to potentially different concentrations of the N2 fixation products.
Indeed, a reactive system comprised of D20 vapor and exposed D20
liquid yielded lower NH3s and NO3+NOz2" concentrations, although the

selectivity remained the same.
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Figure 36 Concentration of produced (a) NHs and (b) NO2+NOs" in
liquid water, as a function of water vapor saturation, with 0.2 L/min N2
flow rate, for different combinations of liquid/gas H20/D20. Results for
1.4 L/min can be found in Appendix Q, pg. IX-276.
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This was in agreement with previous studies on plasmas with
isotopically labelled water'®241and the work of Haruyama et al.'®*,
When liquid H20 sample was exposed to D20 vapor-containing N2
plasma, the concentrations of both NHs and NO2/NOs  decreased
compared to the H20 liquid/H20 vapor conditions (again, with the same
selectivity), but they were slightly higher than those in the case of D20
liquid/D20 vapor. With D20 liquid/H20 vapor, the difference was
probably too small to be observed. Nonetheless, these data confirm
that liquid H20 participates in the NHz and NO3+NO2" production to
some (minor) extent, as we hypothesized above (vide infra), but that
water (H20 or D20) introduced as vapor component plays a much

larger role than the plasma-exposed liquid.

4. Conclusions

We present here for the first time, at the time of publication, a green
NHs synthesis process, based on non-catalytic nitrogen fixation by non-
equilibrium plasma using H20 vapor instead of Hz. Since then, a few
H20 vapor studies have been published, though limited'?2137,
Interestingly, Toth et al. also suggested H20 played a more limited role
compared to what had previously been suggested in literature
130,131,134,135 'We used the Soft Jet, which is a very simple plasma setup,
for a straightforward on-spot generation of NH3 in a benign solvent
(H20), avoiding more complex air-free plasma chambers. We assess
the formation of the full range of possible N2 fixation products, which is
required to evaluate the selectivity of NH3 formation. We evaluated the
selectivity and applicability of the colorimetric analytical techniques

used to measure the concentrations of the Nz fixation products in H20.

We studied the selectivity and rate of NH3 production as a function of

the added H20 vapor content in the plasma feed gas operated at
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different flow rates. Excellent selectivity of NH3z formation (up to 96%)
and increased production rate compared to dry N2in contact with liquid
H20 (up to 0.064 mg/h) were achieved under conditions with low
amounts of H20 vapor saturation of the N2 feed gas. With higher H20
vapor contents, the selectivity was lower (ca. 60-85%), but the
combined yield of all N2 fixation products (i.e., NH3, NOs’, NO2)
increased. Similarly, the total N2 fixation product yield increased when
air was used instead of N2, but the selectivity towards NH3 was
drastically lower when compared to the N2 feed gas. Thus, in terms of
total N2z fixation efficiency, higher levels of H20 vapor saturation of the
plasma feed gas were beneficial, as they increased the overall N2
conversion. Notably, the energy consumption of the presented catalyst-
free and Hz-free plasma system (around 100 MJ/mol for NHs, or 15
MJ/mol for total N2 fixation) are in the range of reported values of
plasma-assisted catalytic NHs production, but with the additional

advantage of using H20 vapor and absence of catalyst.

Experiments without direct plasma-liquid interaction and with
isotopically labelled water were performed to study the contribution of
H20 vapor in the feed gas, and liquid H20. The results show some
interaction of plasma effluent with the plasma-exposed H20, but the
role of this interaction decreases dramatically when H20 vapor is
introduced into the N2 feed gas.

Therefore, using H20 vapor admixtures in N2 can result in both higher
NHs selectivity and production rate. At the same time, it reduces the
need to use liquid water as a reagent, enabling the use of plasma
setups without a direct plasma-liquid interaction. Future studies in this
field, including optimization of the plasma setup and development of

computational models, can shed more light on the mechanisms leading
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to NHs and other N2 fixation products. This can further enhance the
energy efficiency, selectivity, and yield outcomes.

In the next Chapter, we look at the formation of NF species in the gas
phase in more detail. Knowing that NHs is mainly formed in the gas
phase allows us to focus only on the gas phase instead of both the gas
and liquid phase, which simplifies the problem and helps to elucidate
the first steps in NH3 formation. Secondly, it opens up more possibilities

in terms of gas phase diagnostics and analysis like FTIR.
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VI.

NHs; FORMATION AND LOSS IN
NITROGEN FIXATION FROM AIR
WITH WATER VAPOR BY NON-
EQUILIBRIUM PLASMA

This Chapter was published as:

Vervloessem, E., Gromov, M., De Geyter, N., Bogaerts, A., Gorbaneyv,
Y., & Nikiforov, A. (2023). NH3s and HNOx formation and loss in nitrogen
fixation from air with water vapor by non-equilibrium plasma. ACS Sust.
Chem. Eng., 11, 4289-4298. DOI:10.1021/acssuschemeng.3c00208
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In the previous Chapter, we showed that (1) we can make the basis of
fertilizers (from the molecules NH3z and HNOy) from water and air (or
nitrogen) and (2) these molecules are mainly formed from chemical
reactions with water in the gas phase (water vapor) and not water in

the liquid phase.

In this Chapter, we are interested in studying how these molecules,
NHs and HNOy, are formed. Thanks to our experiments in the previous
Chapter, we know that the molecules are mainly formed in the gas

phase, and therefore we will be focussing on the gas phase alone.

Our experiments suggest that NH3 is produced in the gas phase, as we
expected. However, further away from the plasma we do not measure
NHs anymore. We hypothesize that NH3 is destroyed on its way to the
detection device, meaning we are losing the NH3 we made in the
plasma. This is an important finding. If we can prevent losing NH3 like

this, more NH3 can be produced in the same plasma.
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1. Introduction

In the previous Chapter, we have shown that H20 can also be used for
the production of NH3 from mixtures of N2 and H20 vapor, and even
more interestingly, from air (N2 and O2) and water vapor (i.e., humid
air), with accumulation of the produced NH3 in liquid water'°. However,
plasma-based studies that have looked at N2/H20 vapor and air/H20
vapor (i.e., without liquid water) are very scarce’92% (see Introduction,
Table 2). Hence, more insight into the gas phase formation of NH3 with
water vapor is needed, to understand how NHs production can be

achieved in both N2 and air plasma using H20 as a hydrogen source.

In air/fH20 and N2/H20 mixtures, the formation of HNOx is also of
interest. As explained in the Introduction of this thesis, the majority of
fertilizers are ammonium salts produced from NH3 and its oxidation
product HNOs, which is commercially synthesized through the Ostwald
process using HB-made NHs as feedstock?3. The direct synthesis of
HNOx alongside NHs could therefore result in a more streamlined

production process®’.

This Chapter studies the selectivity of plasma-based NF in air and N2
discharges at a relative humidity up to 100% at 20 °C (room
temperature), i.e. up to 2.4 mol% H20. The same pulsed plasma jet,
i.e. the Soft Jet, is used. In summary, we first characterized the Soft Jet
in Chapter lll, then, in Chapter IV we studied the plasma in dry air and
used it in combination with quasi-1D modelling to elucidate the
underlying mechanism responsible for the record-low EC that it showed
for NOx production from air. In Chapter V, we then used this plasma jet
to demonstrate that the gaseous H20 present in the feed gas (and not

the liquid H20) plays a major role in NF. Work by Toth et al. confirmed
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this finding later on '37. Moreover, we showed that both dissolved NH4*
and NOx were formed when H20 vapor was added to the plasma feed

gas (Nz or air).

In the present Chapter, we elaborate on this topic, investigating the
fundamentals behind the one-step NF process from gaseous Nz/air and
H20 via gas phase diagnostics: FTIR and OES to elucidate the

formation mechanisms of the H2O-based NHs.
2. Experimental

2.1 plasma setup design

Figure 37 Experimental setup used in this Chapter. Line A shows the
setup where the effluent goes straight to the FTIR. Line B shows the
setup where the effluent first passes a base washer, indicated in

dashed grey. The latter is only used when specified in the text.

In this Chapter, the Soft Jet was operating either in synthetic air (N2 +
0O2), or pure N2 (Chapter VIII, Materials, Table 13, entries 22 and 23,
respectively). The gas flow rate was regulated using two MFCs (
Chapter VIII, Materials, Table 13, entry 42). Partial saturation of the
supplied feed gas with H20 vapor was achieved by splitting the main
gas flow and passing its fraction through a water-filled bubbler!?8.199,
The resulting gaseous H20 concentration in the flow was monitored
with a humidity meter (Chapter VIII, Materials, Table 13, entry 45). The
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feed gas flow rate was 0.5 or 2 L/min. All tubing in the setup was
Swagelok PTFE' (diameter %4 inch). The concentration of H20 vapor
was varied, and will be shown in both molar percentage (<0.1 to 2.4
mol%) and relative humidity at 20 °C (<1 to 100%). We explicitly note
that even with no added H20 vapor, the feed gas contained residual
humidity, hence the absence of the zero value humidity. The effluent of
the plasma jet was contained within a quartz reservoir (ca. 30 mL
volume), the exhaust of which was connected to the FTIR

spectrometer, as shown in Figure 37 (length ca. 50 cm).

2.2 Downstream gas phase analysis

N-containing stable gaseous products were measured employing FTIR
(Chapter VIII, Materials, Table 13, entry 43); using an average of 50
scans, all gas from the setup plasma was directed to the FTIR).
Quantitative measurements of NO, NO2 and N20 were performed using
Bruker's database and Beer's law based on the absorption cross-
sections from the HITRAN database?%®. The deviation between both
methods was found to be <3%. The concentration of gaseous NH3 and
HNO:2 were calculated through Beer's law only, using the absorbance
cross-section reported by Barney et al.'®. Further details are

discussed in Methodology, section 3.1.1.

2.3 OES analysis of the plasma-produced
species

The NO (A25*-X2[1; 226.94 nm), NH (A3M-X3%; 336.0 nm), and N>

(C3M-B3M; Second Positive System; 337 nm) transitions'”® were

measured as shown in Figure 9 (Methodology, section 2.4). We

i Polytetrafluorethylene.
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performed measurements (i) axially in the plasma (Figure 9a), as well
as (ii) space-resolved perpendicularly to the plasma effluent (Figure
9b). The spectrometers used and their details can be found in Chapter
VI, Materials, Table 13, entries 36 and 37. In the axial position, the
presented results were corrected for quenching by H20, Oz and N2, the
sensitivity at different wavelengths, and the difference in the electron
impact excitation coefficients for the NO(A?Z*) and NH(A3MN) states.
This means that the intensities of NO(A2X*) and NH(A3M) bands at
different gas mixtures can be compared directly after the performed
calculations, i.e. as a function of the humidity. The measured intensities
can be correlated to ground state NH and NO densities when assuming
that excitation to these states occurs predominantly through electron
impact. This approach is based on the approximations explained in the
Methodology section 2.4.2. The computational corrections and
normalization based on both experimental data and calculated values

can be found in the same section.
3 Results and discussion

3.1 Net production of NHi, NOx and HNOy

downstream

First, we studied the production of various stable compounds in the gas
phase using FTIR, using the setup shown in Figure 38, without base
washer, hence following line A. Figure 38a and b show the NH3 and
HNO:2 concentration in N2 at 0.5 L/min and 2 L/min gas flow rate. The
results of similar experiments, but with humid air, are shown in Figure
38c and d, where besides NH3 and HNO2 also NO and NO2 were
detected. At all conditions tested, the N20s, NOs, O3z and HNOs3

concentrations were below the limit of detection. The highest observed
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Figure 38 Concentration of NH3z, HNO:2 (left y-axis), and NOx (right y-
axis) in the gas phase as a function of feed gas humidity. (a) N2, 0.5
L/min; (b) N2, 2 L/min; (c) air, 0.5 L/min; (d) air, 2 L/min.

N20 concentration did not exceed 2 ppm, and was thus considered
negligible. An overview of the FTIR bands of interest is presented in
Figure 10. Describing the detailed reaction mechanisms for HNOx, NO,
NO2 and NHs, as well as their interplay, requires dedicated
computational studies based on a chemical kinetics model, which can
take into account large reaction sets, while incorporating the plasma
parameters (e.g., power density) as input. In Chapter IV, we did this for
a much simpler chemical system consisting only of dry air®’, where we

discussed how reverse reactions of the Zeldovich mechanism can be
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suppressed and the vibrational non-equilibrium can be promoted
through the use of pulsed power and resulting pulsed temperature. A
complete computational model with added H20 would be much more
complex, and was outside the scope of the present Chapter. However,
based on our general insights obtained from our other models, data
from literature, and our present experimental data, we can hypothesize

the following mechanisms/pathways.

In this discussion, we first focus briefly on the mechanisms for NO and
NO2 and then more elaborately on the possible pathways of nitrogen
fixation, leading to the production of HNO2, HNOs, and NHs.

3.1.1 NOx production pathways

In brief, in humid N2 the dominating mechanism for NO and NO:2
formation is the extended Zeldovich mechanism (see R VI.1 in Table
9), as discussed by Gromov et al.’>, because H20 is the sole oxygen
source. However, the concentrations of NO and NO2 were below 1 ppm
for the whole range of used H20 content (<1-100% relative humidity)),
likely because all NOx reacted further to form HNOz2, as seen in Figure
38a and b.

On the other hand, in humid air where Oz is readily available, the NOx
concentration is not only dramatically higher than in humid N2 (where
NOx concentration was <1 ppm), but is up to 4 times higher than the
HNO:2 concentration (e.g., 69 ppm HNO2, 254 ppm NOx at 50% relative
humidity and 2 L/min; Figure 38d). In this scenario, NOx formation is
guided by both the traditional non-thermal (R VI.2 and R VI.3) and the

extended Zeldovich mechanisms (R VI.1) shown in Table 9.
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Table 9 (Extended) Zeldovich reactions, their corresponding reaction rate coefficients and relevant temperature
ranges.

Reaction Rate coefficients 2 Temperature range (K) Ref
N+OH—-NO+H 4.7 x 107 300-2500 R VI.1 257
02+ N—>NO+0O 4.47 x 1012 x g2718/RT 298-5000 R VI.2 257
N2+O —>NO+N 3.01 x 10710 x g-318000/RT 1400—4000 R VL3 257

2 Unit: cm3/(molecules: s) for two-body reactions, and cm®/(molecules? s) for three-body reactions. T is the
gas temperature.
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3.1.2 NHs and HNOx production pathways
As a common trend in both humid N2 and humid air, when the H20
content of the feed gas increases, the HNO2 concentration initially
rises, as more H and O become available through H20 dissociation into
H atoms and OH radicals. In N2 feed gas, since NO is produced
predominantly from OH (formed through water dissociation), we
observe a continuous increase in HNO2 concentration with increasing
humidity, for 0.5 L/min (Figure 38a), while at 2 L/min, a maximum is
reached at 50% relative humidity (Figure 38b). In air, the highest HNO2
concentration (around 70 ppm) is measured between 25 and 50%
relative humidity (Figure 38c and d). Note that the chemistry of the
system becomes more complex in humid air compared to humid No,
rendering a detailed discussion on the mechanisms too speculative.
However, a plausible hypothesis why in both N2 and air, instead of
HNO: rising until 100% humidity, its concentration decreases at higher
H20 vapor content (i.e., 50-100% for 2 L/min in air and N2, and 25—

100% for 0.5 L/min in air), will be given further down below.

Because H20 is the sole H source in humid N2, one could expect the
NHs concentration to rise with increasing H20 vapor content as well.
However, in the present study, the gas phase NHs concentration
instead stays constant around 10 ppm at humidity above 5% (N2, 0.5
L/min; Figure 38a) or even starts dropping after reaching a maximum
of ca. 10 ppm at 25% humidity (N2, 2 L/min; Figure 38b). At the same
time, in air, despite being H20 present as an H source, no NHs is
detected, except for one condition (air, 2 L/min, 5% humidity; Figure
38d). This is counterintuitive, because in Chapter V we observed NH3
accumulation in liquid when the plasma effluent was placed above a
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water surface, and NHs was measured in PTW (as NH4*)™0,
Additionally, we confirmed in our previous work that most H in the
formed NH3s came from the gaseous H20, with only a minor contribution
of liquid H20 to the formation of NHs. This clearly indicated that NHs
should be formed in the gas phase of the plasma system, although it is
not detected by the downstream FTIR analysis in this work.

Moreover, HNOs3 (detected in PTW as NOs’) was not detected by FTIR
in the gas phase under any of the conditions tested. We propose that
the reasons are as follows. (i) Gaseous HNOs is mainly formed from
NO: via reaction with OH3® (see also Table 10 below), however NO: is
not detected in humid N2 (Figure 39a and b), and in humid air it is
present in low concentrations (much lower than NO) (Figure 39c and
d). Furthermore, (ii) we hypothesize the formation of NH4NOs and its
precipitation out of the gas phase, as described by Zhu et al.’™*. The
latter hypothesis was supported by the observed accumulation of white
dust during our experiments (see below). Still, we need an in-situ
plasma gas phase analysis to elucidate the presence of NHx species
created by the plasma from N2 and H20 in both air and nitrogen feed

gas, as shown below.

To investigate the near-simultaneous decrease of NH3 and HNO:2 at
high relative humidity (especially for humid N2 at 2 L/min; Figure 38b),
and the absence of detected NHs in air when switching from a humid
gas-liquid system (Chapter VI) to a pure humid gas system (Figure 38c
and d), we studied the chemical species in the plasma and in the
plasma afterglow by means of OES (Figure 9a and b). OES is a widely
used analytical technique for qualitative and quantitative plasma
analysis. It measures the light emission from state transitions in a non-

intrusive way, allowing qualitative insight into (short lived) species in
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the plasma itself and right after the plasma, before potential

downstream reactions take place?.

3.2 OES shows NH and NO are produced in the
plasma
First, we analyzed the gas composition immediately inside the plasma.

This was done by placing the OES spectrometer axially to the plasma

jet (see Figure 9a).

The direct OES data provide the intensity of the signals related to the
density of excited species. After the necessary corrections (described
in the Methodology, section 2.4) we can correlate the intensity of the
bands of the excited states NH(A3M) and NO(A2Z*) to their ground state
density, taking into account the approximations behind the corona
model applied. This means the resulting corrected data in Figure 39
are representative of the NH and NO ground state concentrations in
the plasma. It has been shown that NH is predicative of and correlates
with the concentration of NH3 107109110 'In (humid) N2 the trend of the
NO(A2%*) intensity (Figure 39a and b) follows the gas phase HNO:2
concentration with increasing H20 content, suggesting NO is directly

involved in HNO:2 formation (Figure 38a and b).

On the contrary, in (humid) N2, the NH trend (based on the NH(A3M)
intensity) and the NHs trend (measured downstream) show opposite
behavior at high humidity (50-100% H20 content; see Figure 38a and
b). l.e. inside the plasma the NH generation continues rising throughout
the whole humidity range, corresponding to the increase in H20 (and
hence H), as shown in Figure 39a and b, while NHs decreases or
plateaus after 50% humidity. Most importantly, the results with (humid)

air not only show the presence of NH(A3M), but also its increase with
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increasing H20 vapor content (Figure 39c and d), contrary to the lack
of NHs in the gas phase downstream (see Figure 38c and d). This
clearly demonstrates that the NHs precursor NH is produced in the
plasma, both in humid N2 and air. This discrepancy in the NH behavior
compared to NHs suggests that NHs is “lost” after the plasma, before
the downstream FTIR analysis. To obtain insights in the
aforementioned pathway of NHs decomposition, we used spatially
resolved emission spectroscopy, perpendicularly to the plasma effluent
(Figure 9). For these conditions we also measured N2(C3M-B3) (see
below), and found a correlation between NO and the excited state of
N2. Indeed, next to ground state and vibrationally excited Nz,
electronically excited N2 also plays a role in the main formation
reactions of NO, i.e. the Zeldovich mechanism (R VI.2 and R VI.3,
Table 9)%.
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Figure 39 NH(A3M) (left y-axis) and NO(A2Z*) (right y-axis) intensities
in the plasma as a function of feed gas humidity. (a) N2, 0.5 L/min; (b)
N2, 2 L/min; (c) air, 0.5 L/min; (d) air, 2 L/min.

3.3 NH presence in the afterglow
In the afterglow, the following state transitions were observed:
NH(A3M-X3Z), N2(C3M-B3M) and NO(B2M-X2M). The NO(A2Z*—X2[1)
transition was below the limit of detection in the afterglow under the
conditions studied, however, the NO(B2[M—-X2M1) transition is visible in
the 338-340 nm region for some conditions. Figure 40 shows typical
emission spectra (334—340 nm) along the plasma jet stream measured

at a distance from 1 to 10 mm from the jet’s outlet (or nozzle), for 5%
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Figure 40 Emission spectra (334-340 nm) as a function of distance
from the jet nozzle (1-10 mm), for 5% relative humidity at 2 L/min, in
N2 (a) and air (b).

relative humidity in N2 and air, at 2 L/min. Spectra for all other
conditions (N2 and air, 0.5 and 2 L/min, from <1 to100% relative
humidity) are found in Appendix R, pg. IX-277. It is worth noting that
N2(C3M-B3M) was also observed in the axial OES. However, there its

presence is non-informative. In contrast, the space-resolved
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perpendicular OES allowed us to draw conclusions on the relationship

between various chemical species present in the plasma afterglow.

While no direct correlation between NO(B2IN-X2M) and either NH(A31)
and N2(C3M) was found, the obtained data allowed us to draw
conclusions on the relationship between NH(A3M) and N2(C3M). At all
conditions, NH(A3[M) correlates strongly with the presence of N2(C3M)
in the plasma and in the afterglow. Indeed, next to vibrationally excited
N2, electronically excited N2 also plays a role in the splitting of N2, which
is a necessary step in NH formation®’.

Interestingly, at low humidity (5—-30%) in N2, another excited state,
N2(B2M), is formed through high energy electrons, and is effectively
quenched at higher H20 concentrations and at higher Oz fractions?®°.
This is the reason why the NO(B?I1) emission is visible only in N2 gas,
and only at low humidity (Figure 40a; see also Appendix R, Appendix
Figure 17k, 17g and to a lesser extent 171 and 17r, pg. 1X-277).
NH(A3M) is observed in N2 even when only trace amounts of H20 vapor
are present (see Appendix R, Appendix Figure 17k and 17p, pg. IX-
277), due to the relatively low excitation energy needed for NH ground
state excitation (3.68 eV)'®, and because there is only a small amount
of strong quenchers present (i.e. H20) for NH(A3[M)'82.186 jn the feed

gas.

As discussed above, no NHs was detected in the gas phase
downstream when humid air was used as feed gas. At the same time,
we have measured NHs in liquid when the plasma was placed above
liquid water'#® and we observe by OES the formation of NH(A3M), an
indicator for NH3z, when humid air is used, both in the plasma and in the

afterglow.
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3.4 NHs; and HNOyx loss through salt formation

and decomposition

To explain this discrepancy, we considered that NHs can form salts with
HNOx and looked at the most commonly reported pathways for the
formation and decomposition of NH4aNOx (summarized in Table 10, R
VI.4-R VI1.11)%60-262_ |t is known from the selective catalytic reduction
process (SCR) that NOx and HNOx can react with NHs, which facilitates
their conversion into N2 and H20 via NHsNO2 and NH4NOs3
intermediates. Unlike in SCR, in plasma synthesis, the formation of
NH4NO: is undesirable as it decomposes back to N2 and H20 at room
temperature and atmospheric pressure?63, On the other hand, NHsNO3
is more stable and requires higher temperatures to undergo
decomposition (R V1.10)261.264.265 The formation of NH4NOx has been
observed in plasma systems as well, e.g. in a DBD which focuses on
NH3 oxidation?266.267,

In our experimental setup, the residence time between the plasma and
the FTIR (0.07 and 0.3 s for 2 and 0.5 L/min, respectively) is sufficient
to allow complete conversion of NHz and HNOz2 into NH4NO2 (assuming
reaction R VI.6). Indeed, the timescale for loss of NHs (drop in
concentration from 50 ppm to 0.1 ppm) would be around 0.1 s, making

NH4NO:2 formation a plausible pathway in this system.
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Table 10 Relevant reactions, and corresponding reaction rate coefficients and relevant temperature ranges, for
the formation and decomposition of NH4NOx.

Reaction Rate coefficient @ Temperature Ref
IEquilibrium constant (R9) ° range

NO + OH + M - HNO2 + M 7.52 x 1031 (T/300)24 200-400 K R V.4 210

NO2+ OH+ M - HNO3z+ M 1.63 x 10-30 (T/300)29 300-600 K R VL5 268

HNO2z + NH3 - [NHsNO2] 3.65 x 1018 298 K R VL6 269

HNO2 + NHsNO3 — [NHsNO2] + HNO3 n/a RVL7 262

[NHsNO2] — N2 + 2H20 n/a (unstable) <400 K R VI8 263

NHs(g) + HNO3(g) < NH4NOs(s) 2.46 x 1010 x 265-305 K R VL9 270
(118.87 — 24084/T — 6.025xIn(T))

NHaNOz — N2O + 2Ho0 © 1067 x gB86RT (14 x g207/RT 350—600 K R VIL.10 271

NHsNOs + NO - NO2 + NHsNO> n/a R VI.11 262,272

M is any neutral molecule and T is the gas temperature
a Unit: cm3/(molecules - s) for two-body reactions, and cm8/(molecules? s) for three-body reactions.

b Unit: molecules?/cm®
¢ In the temperature range 530 - 560 K, 98% of the irreversible decomposition of NH4NO3 occurs via this reaction?73,
However, in NO rich conditions R8 is more favourable262,
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Therefore, we hypothesize that downstream from the plasma in our
system HNO2 reacts with NHs to form NHs4NO2, which rapidly
decomposes into N2 and H20 (R VI.6-R VI.8)?64274 We note that
NH4NO2 can also be formed through HNO3 as an intermediate (R VI.7).
However, we assume this pathway to be negligible in our experiments

because we observe HNOs neither in the gas nor in the liquid.

Another plausible explanation is the precipitation of NH4NOs, which has
also been described in SCR systems and as a direct product in plasma
systems?61.264.265 However, in the case of N2 as feed gas, formation of
NH4NOs is unlikely: this would require HNO3 being present, but we
detected HNOs neither in the gas phase (in this Chapter) nor in PTW
in the previous Chapter of this thesis'#. Therefore, we infer that while
in humid air plasma the loss of NHs is possible through NH4NOs3 (R
VI.9, RVI.10 and R VI.11) and NH4NO2 (R V1.6, R VL7, RVIL.8 and R
VI.11), in N2 plasma the loss of NH3 at higher humidity levels, as seen

in Figure 38a and b, occurs almost solely through NH4NOx.

To confirm our hypothesis about NH4sNOx, we performed an in-line
removal of HNO2 (and possibly HNO3) immediately after plasma by
adding a Drechsel flask with 1M aqueous solution of NaOH (see Figure
37, following line B, i.e. including the base washer). This basic medium
completely dissolves gaseous HNOx, while hindering the solvation of
gaseous NHs which thus passes further downstream, as was shown in
the case of N2 with H20 vapour'0. Figure 41 shows the effect of HNOx
removal on the FTIR spectra, reflected in the NH3z concentration
measured in the gas phase downstream from plasma. When an
alkaline medium is added to trap HNOz2, the concentration of NH3 in
humid air goes from non-detectable (cf. also Figure 38c and d) to

clearly detectable (Figure 41). Specifically, at 2 L/min air, 100% RH, we
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Figure 41 FTIR spectra of the NH3 v, deformation region, with and
without HNOx removal by NaOH, at 100% relative humidity in air, 2
L/min. The symmetric and antisymmetric deformations of NHs are
shown, together with the simulated NHs spectrum in this range as
obtained from the HITRAN database .

measured a NHs concentration of ca. 50 ppm in the gas phase. This
fully supports our above hypothesis.

Thus, we demonstrate for the first time that NF from air with H20 vapor
proceeds via a pathway towards NH3s as well as NOx/HNOx, but this can
be overlooked because of the product loss downstream due to side
reactions leading to NH3s decomposition.

These data are consistent with the drop in HNO2 and NHs
concentrations at a H20 content above 30% relative humidity (Figure
38). Once HNO2 and NH3 are produced simultaneously, NH4sNO:2 starts
being formed and further decomposes, thus effectively decreasing the
net HNO2 and NHs production. In air, the concentrations of the
generated HNOx are certainly higher than in N2, due to the presence of

O2 and associated oxidative pathways. At the same time, in air the
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concentration of NHs is likely lower due to the larger contribution of
competing reactions with the excited N2 molecules (i.e., oxidative
versus reductive NF). As a result, some (but not all) NHs and some
HNOx are likely lost due to the NH4NOx formation when Nz is the feed

gas, while virtually all NHs is lost when using air.

This effect appears to be slightly different at 0.5 L/min in N2 (Figure
38a). Even though the NHs concentration plateaus instead of rises
upon increasing humidity, both HNO2 and NHs do not drop (as is the
case with other high humidity conditions, Figure 38b and d), and HNO:
even shows a rising trend until 100% humidity. While the specific
reasons for this are unclear at this point, we propose that the adverse
effect of NH4NOx formation is still present, because otherwise the
continuous rise of NHs concentrations should be observable. This
question presents an important point for further research aimed at
decreasing this loss mechanism, next to the use of an in-line HNO:2

removal.

However, as mentioned above, NH4NO:2 is not the only salt formed from
NHs and HNOx. In our experiments, we observed the build-up of a fine
white powder in the quartz tube used during the OES experiments,
Qualitative analysis of the powder via the indophenol blue reaction
(described elsewhere'34201) demonstrated that the cation of the salt
was indeed NH4*?447_ A negative Griess reagent test?’®> excluded the
presence of NO2. This is in agreement with NH4NOz2 not being a stable
product at atmospheric pressure and room temperature?6® (Table 10).
Therefore, we conclude that the anion was likely NO3-, in agreement
with Zhu et al.'*, who observed NH4NO3 dust formation after operating
plasma which contained both NH3 and NOx. We note, however, that the

amount of solid formed after weeks of our experiments (at different flow
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rates and humidity values) was in the range of mg. This is due to the
(likely) very low amount of HNO3s formed in our plasma'??. Indeed,
although low concentrations of HNOs would be expected in our
experiments because substantial amounts of NO2 are produced in the
gas phase with air plasma, no HNOs was detected. Hence, it is
reasonable to conclude that all formed HNO3 reacted with NH3 to form
NH4NOs. Interestingly, when liquid H20 was used to accumulate the
NF products, both NO3s and NH4* were detected in PTW with air
plasma. In case of a close liquid surface, NH4NO3 did not precipitate
out of the gas phase due to the short flight time to the liquid surface.
Liquid water prevents decomposition via dissolution; the coordination
of ions with water molecules in solution stabilizes the ions and inhibits
decomposition reactions.

Furthermore, a semi-quantitative assessment of the relative loss
pathways in this case was performed, with humid air. We performed
the experiment with 2 L/min of air, 100% RH, for 3 h, during which we
observed precipitate deposition on the tubing. After this, a gravimetric
analysis of the precipitate was performed by washing the precipitate off
the walls of the tubing. After evaporation of water, the mass of the
accumulated precipitate was found to be below 5 mg. As shown above,
by introducing the alkaline washer, 50 ppm of NH3z was “recovered”
under these conditions (we note once again that the alkaline washer is
not selective, and removes HNOx rather than only HNO:2 or only HNO3).
This amounts to ca. 74 nmol/s of NHs. From the stoichiometry of
NH4NO3 formation, we conclude that after 3 h the amount of precipitate
would constitute 64 mg if all of it was NH4NO3s — which is not the case.
Thus, the relative contribution of the NH4NO3 pathway to NH3 loss does
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not exceed 10%. Therefore, even in the humid air plasma, most of NH3

is lost via the generation and subsequent decomposition of NH4NO»2.

3.5 Energy consumption and production rate
Although performance optimization is not the focus of this Chapter, we
also assessed the energy consumption (EC) and the production rate
(PR) of NF in our experiments. Using the plasma power (P) and the
total (H)NOx concentration, the EC was calculated according to eq.
VI.1. The EC is expressed in MJ/(mol N), where mol N is the amount

of nitrogen fixed.

M] P(W) 1
EC (_1N> - moly RN

mo mol of (H)NO, produced per second (T) 106 (W)

VI.1
S L
_ P (W) x 10°x 60 (=) x 22.4 (=)
(Cunoz + Cnoa + Cno + Cuus) (ppm) X Flow rate (L) ><106(L)
HNO2 NO2 NO ~H3) (PP min MJ
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Table 11 Average energy consumption (EC) of nitrogen fixation, based on the plug power and the plasma

power.

Flow rate (L/min) Relat_iv.e EC* (MJ/(mol N fixed) EC* (MJ/(mol N fixed)
Humidity (%) Plug power Plasma power
Air N2 Air N2
<0.1 5.54 - 0.58 -
05 5 5.40 238.01 0.57 25.10
' 30 5.03 192.28 0.53 20.28
50 4.79 78.25 0.51 8.25
100 6.12 59.22 0.65 6.25
<0.1 4.45 - 0.47 -
5 3.37 106.03 0.36 11.18
2 30 2.93 43.13 0.31 4.55
50 2.18 22.03 0.23 2.32
100 2.70 60.76 0.29 6.41
2** 100 2.24 - 0.24 -

*We note that the EC and PR values shown are not compensated for the losses due to the NH4NO:2
decomposition and NH4NO3 precipitation because the experiments with the alkaline washer were not
performed for every condition used.

**Results with alkaline washer included in EC.
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In Table 11, we present the EC calculated based on the plasma power
(0.11 W) and based on the plug power for the so-called plug-to-NOx EC
(1.04 W; see Chapter 2.3). The plasma power, which is used to support
the sustaining of the discharge, can be one factor of magnitude lower
than the plug power. Comparing both results gives different information
on the state of the art in plasma-based NF. (1) Looking at the EC based
on the plug power, even the lowest EC we observed is still ca. 4 times
higher than the EC of Haber-Bosch, which is 0.48 MJ/(mol N).
Nonetheless, plasma has the advantage of being able to use
renewable electricity, because of its fast switch on/off capacity, and is
therefore promising for distributed fertilizer production. Based on this,
we infer that plasma processes should be used as an auxiliary
technology, rather than substituting the current industrial state-of-the-
art entirely, with the current performance. (2) The difference between
the EC based on the plug power and the plasma power shows that the
overall EC can be drastically improved by optimization of the power
supply system. The engineering challenge is to design a power system
where power efficiency is optimized, which is however out of the scope
of this thesis.

The production rate (PR) of the various products (x), and the
conversion of Nz in our system was calculated as shown in eq. VI.2 and
VI.3:

C, (ppm) x Flow rate (ﬁ) % 60 (%)
- L

22.4 (W) x 103

. ()

h My (-2) s11)  VIL2

C + Cnoz2+ Cyo + C m
(Cunoz . 1\{02 NO nu3) (ppm) x 100% (S12) V1.3
N, fraction in the feed gas (ppm) X 2

N, conversion (%) =
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The data presented in Table 12 demonstrate that numerical values of
PR are different for different conditions, as follows from the different

selectivity towards different products (see Figure 38 above).
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Table 12 Flow rate, production rate and N2 conversion at all experimental conditions reported in this Chapter.

oY Relative . N2 conversion
:Tj::in) Humidity (%) Production rate (mg/h) (%)
Air N2 Air N2
NO NOz2 NH: HNO2| NO NO:2 NH: HNO:
<0.1| 18 34 - - - - - - 0.032 -
5|17 27 - 1.8 - - 020 0.19 | 0.032 | 0.00059
0.5 3018 27 - 4.2 - - 014 0.53 | 0.035 | 0.00073
5019 29 - 4.0 - - 021 13 | 0.037 | 0.0018
100 | 15 1.7 - 3.5 - - 021 239 | 0.029 | 0.0024
<0119 99 - 0.0 - - 0.00 0.00 | 0.010 -
5123 11 - 5.1 - - 051 0.26 | 0.013 | 0.00033
2 3023 11 - 14 - - 092 15 | 0.015 | 0.00081
50| 37 6.1 - 17 - - 076 4.2 | 0.020 | 0.0016
100 | 29 53 - 15 - - 000 29 | 0.016 | 0.00058
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For example, at 2 L/min of N2, 100% relative humidity, the main
product is HNO2 (with a PR of 2.9 mg/h). Under the same conditions
but in air, NO is the main product (with a PR of 29 mg/h). The
relative improvement in a hypothetical scenario when NHs and
HNO2/HNOs are not lost in our experiments was evaluated. Let us
consider example conditions of humid air plasma operated at 2
L/min, 100% RH, i.e. the same conditions at which the experiment
with the HNOx-removing washer was performed. Here, we detect
50 ppm of NHs, which means also 50 ppm HNOx was lost. The
overall concentration of NF products without accounting for the
NH4NOx loss is ca. 300 ppm (see Figure 38), which becomes 400
ppm when NH4NOx is not lost. Therefore, the relative decrease in
EC, and the relative increase in PR, when the product loss is
avoided amounts to ca. 30%. Using liquid water as a reservoir to
accumulate the nitrogen fixation products can aid in this. Taken
together, these data clearly suggest that using liquid H20 in
proximity to the plasma zone is beneficial: it increases the total net
accumulation of the NF products, because it reduces or even
eliminates the loss of NH4NOx. Other ways to counter the adverse
effect of NHsNOx decomposition could be by engineering ways to
effectively scavenge before decompositions via for example a
bubbling setup, sprays or flowing liquid and by focussing on
improving the selectivity towards one product, while maintaining
total NF through for example the use of a catalyst. Dedicated
studies are necessary to evaluate these or develop new

approaches.
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4 Conclusions

We studied the pathways of nitrogen fixation in humid N2 and humid air
plasma using OES and FTIR. We revealed that the increased NH
emission, as well as NH ground state density, strongly correlates with
the water vapor content in both N2 and air plasmas, indicating that the
reduction nitrogen fixation pathway (towards NHsz formation) takes

place in both gas mixtures.

We show for the first time that NHs is produced in air plasma in non-
negligible quantities (in the same order of magnitude as HNO2, and
only an order of magnitude lower than NO and NO2 combined).
However, in both air and Nz, this nitrogen fixation pathway is strongly
affected by the presence of HNO2 and HNOs.

In humid air, the formation of both NH4NO3s and NH4NO:z2 likely occurs.
Although both of these can decrease the process efficiency
downstream, part of NHs remains in fixated form as precipitated
NH4NOs. In contrast, in humid N2 we ascribe the loss pathway
exclusively to NH4sNOz2, which is unstable and decomposes to N2 and

H20, decreasing the overall nitrogen fixation efficiency.

In summary, this Chapter shows that (1) the selectivity of nitrogen
fixation in air and N2 plasmas can be controlled by changing the
humidity of the feed gas, (2) NH3 production can be achieved in both
N2 and air plasma using H20 as a hydrogen source, and (3) the adverse
effects of NH4NO:2 formation hinder the net production, and therefore
the overall efficiency, of the plasma-based nitrogen fixation process.
The latter means that, under conditions where HNO2 and NHs are
produced simultaneously, it is important to suppress the reverse
process (via decomposition of NH4NO2). This can be performed
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through an in-line removal of HNO2 from the gas mixture, or by using
PTW to accumulate all nitrogen fixated products simultaneously

without losses.
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VII.

GENERAL CONCLUSIONS AND
OUTLOOK

N-based fertilisers are paramount to support our still-growing world
population. Current industrial N2 fixation is heavily fossil fuel-
dependent, and therefore, a lot of work is put into the development of
fossil-free pathways. Plasma-based NF is one technology that fits

better in the sustainable world we are trying to achieve.

Throughout this thesis, we took into account the knowledge gaps

identified in the plasma-based NF state of the art.

1. We de-coupled the problem for pathway elucidation by (i) first
thoroughly characterizing the plasma that was used throughout
this thesis, (ii) focussing on a simple dry system before adding
water and (iii) studying the role of liquid vs gaseous water before
moving on to a more detailed pathway elucidation.

2. In the dry system, we enabled more detailed elucidation by
including modelling.

3. We branched out to another way of adding water to the system,
i.e. water vapor, and dedicated a study to elucidating the role of
gaseous H20 vs liquid H20, including the liquid surface.

4. We focussed on analyzing species in both the gas and the liquid

phase.
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The following research questions were answered:

In Chapter IV, we discussed a pulsed plasma source that showed a
near-the-theoretical-energy-limit EC for NOx production from air.

What underlying mechanism are at the base of the low energy
consumption achieved in the Soft Jet, a pulsed low-temperature
source?

Based on the reaction analysis of a validated quasi-1D model, we can
conclude that pulsing is indeed the key factor for energy-efficient NOx-
formation. The model shows that it is mainly the strong temperature
drop in between pulses which (1) affects the forward and backward rate
of the Zeldovich mechanism, such that a.o. the back reactions are
limited and (2) enhances the N2 vibrational population, responsible for

energy-efficient NOx production.

In Chapter V, we added H20 vapor to the feed gas of the Soft Jet above
a H20 surface and measured excellent selectivity towards NHs in

humid N2 and even observed NHs production in humid air.

What is the role of liquid vs gaseous H20 in wet plasma-based NHs
formation?

We studied the role of H20 vapor and of the plasma-exposed liquid
H20 in NF by using isotopically labelled water to distinguish between
these two sources of H20 and by increasing the plasma-liquid surface
distance. We showed that added H20 vapor, and not liquid H20, is the
main source of H for NHs generation. This can be taken into account in
future wet plasma-based NF designs by focussing on increasing the

water vapor content in the plasma.
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In Chapter V and Chapter VI, we looked more closely into the
pathways towards NF species.

What are the important chemical pathways towards plasma-based
NF species (NHs/(H)NOx) in a wet environment?

Though this question remains open, this thesis adds to the current state
of the art. The conclusions on the pathways can be summarized as
follows.

Both Chapter V and Chapter VI showed that the selectivity of plasma-
based NF in humid air and humid N2 can be controlled by changing the
humidity in the feed gas. Those Chapters also showed that NH3
production can be achieved in both N2 and air plasmas using H20 as a
H source. In Chapter V, we identified that for our plasma system, water
vapor is the main H source for NHs production. Additionally, in Chapter
VI, we identified a significant loss mechanism for NHs and HNO:2 that
occurs in systems where these species are synthesized
simultaneously, i.e. downstream from the plasma, HNO:2 reacts with
NHs to form NH4NO2, which decomposes into N2 and H20. This
reduces the effective NF when not properly addressed, and should
therefore be considered in future works aimed at optimizing plasma-
based NF.

If we look at the state of the art including this thesis, the following areas

could use focus.

1. It would be important to validate our results further in other
plasma setups and to attempt to apply the knowledge presented
in this thesis for performance enhancement. Specifically, the
following is proposed.

The near-the-theoretical-energy-limit EC described in Chapter
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IV has been confirmed in a similar plasma by other authors,
however transferring this knowledge to another design, with the
focus on improving the NOx yield has not been attempted. A
plasma with modulating pulse settings would be appealing for
this kind of study. Next, expanding the gas phase model
presented in Chapter IV to one containing H20 vapor would be
highly beneficial. Including liquid H20 is more challenging,
however, as stated before, it is advantageous to first elucidate
the gaseous system, opposed to a multi-phase one.
Furthermore, the role of gas vs liquid H20 as suggested by us
in Chapter V has been implied in other works as well,
nonetheless, due to the complexity of plasma-liquid systems this
should be explored further. We should investigate the
universality of gaseous H20 being a more advantageous H
source compared to liquid H20 by studying a larger variety of
humid air and humid N2 plasmas, with the focus on NF.
Furthermore, we should explore more ways to increase the H20
vapor fraction in the plasma and study the influence of high H20
vapor content. On the other hand, we identified a decomposition
pathway via NH4NOx in Chapter VI. Trapping the NF product in
water was proposed as a way to reduce this loss pathway,
potentially giving liquid H20 a vital role again, though not as H
source. As Gromov et al. also suggest a loss of efficiency in the
presence of liquid H20, the balance between the two factors
should be studied and other innovative methods could be
explored to avoid this pathway. Avoiding contact or close
proximity between the plasma and the liquid might even be
enough.
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2. When the underlying chemistry of wet plasma-based NF has
been more established and the advantages and disadvantages
have been mapped, we can look for synergies with other NF
fields. Indeed, the state of the art illustrated that plasma in
combination with electrochemistry and catalysis improves the
performance of NF, however, further advancement beyond
exploration is more challenging to achieve if the separate
processes are not properly elucidated.

3. Wet plasma-based NF is in an earlier research stage compared
to dry plasma-based NF, nonetheless is it important to also
focus on the technological aspects of this application. While this
field is fundamental in nature, it does exist relatively close to
applied research due to the need for an alternative NF process
in the near future. By coupling back to techno -economic and life
cycle analysis as well as industry, we can ensure a steady
course during exploration and elucidation of wet plasma-based
NF.

In conclusion, this thesis adds further to the current state of the art of

plasma-based NF both in the presence of H20 and in dry systems.
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VIIl. MATERIALS

Table 13 A list of the chemicals and equipment used in this thesis.

Chemical Formula details Supplier Entry
Nitrate/nitrite  colorimetric Cayman 1
Assay Kit Chemicals
Potassium nitrate KNO3 99% Alfa Aesar 2
Griess Essay 3
Sulphanilamide 4
naphtylethylenediamine 5
Sodium nitrite NaNO:2 98% Alfa Aesar 6
Phosphoric acid 85% 7
LabAssay Ammonium kit Fujiflm Wako 8
Pure Chemical
Corporation
Hydrogen peroxide H202 30 wt% Sigma 9
NaNs (=98%) Sigma 10
K2TiO(C204)2+2H20 1M (298%) Sigma 11
H2S04 97% Sigma 12
NH20H 50 wt% Sigma 13
1,10-phenanthroline 299% Sigma 14
CHsCOONa Sigma 15
CH3COOH 100% Sigma 16
NHsFe(S04)2012H20 299% Sigma 17
HCI 37% Sigma 18
Spectroquant Hydrazine VWR 19
Test Kit
NH2NH:z . H20 VWR 20
D20 99.9% Sigma Aldrich 21
Gasses
Air Last Chapter Chapter IV Air Liquide 22
and VI, Alphagaz 1
99.999%
N2 Last Chapter Chapter IV Air Liquide 23
and VI, Alphagaz 1
99.999%
N2 Chapter V, Praxair 24
99.999%
Air Chapter V, Praxair 25
99.999%
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Equipment Details Supplier Type Entry
Voltage probe Tektronix P6015A 26
Current probe Pearson Current 27
monitor 2877
Oscilloscope Le Croy WaveSurfer 28
64Xs
IR camera Fluke TiS45 29
ICCD camera 532 nm filter Hamamatsu C8484 30
Pulsed laser wavelength 532 nm, Litron Nano-S 31
pulse energy 12 mJ, Nd:YAG laser
repetition rate 10
Hz, pulse duration 8
ns
Delay generator SRS DG535 32
Spectrometer 300-390 nm Avantes AvaSpec-3048 33
Halogen lamp (calibration) 250-2400 nm Hamamatsu D2 L7293 34
Power supply lamp Hamamatsu C9598 35
Spectrometer UV 250 nm blazed Horiba iHR550 36
2400 g/mm grating
(Used axial)
Spectrometer 500nm blazed Zolix Omni750 37
grating of
3600g/mm with
linear fiber optics
array slit (Used
perpedicular)
UV-VIS Spectrometer Using Hellma Thermo Genesys 6 38
quartz cuvettes Fischer
UV-VIS Spectrometer Shimadzu UV mini 1240 39
pH meter Mettler MP255 40
Toledo
Thermometer Extech TM100 41
Instruments
MFC Chapter IV and VI Bronkhorst EL-FLOW® F- 42
201CV
FTIR Bruker Matrix-MG2 43
MFC Chapter V Brooks 0254 44
Instruments
Humidity meter Testo 445 45
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IX. APPENDIX

A. Calibration curves

These calibration curves are used for the liquid analysis explained in
Methodology section 3.2.1, which is used in the experiments described
in Chapter V and VI.

Appendix Figure 1 Calibration curves for the measurement of (a) NO2
and (b) NOs"in liquid H20 samples.
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Appendix Figure 2 Calibration curves for the measurement of (a) NHs,
(b) NH20H and (c) NH2NHz in liquid H20 samples.
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B. Selectivity of NH3, NH2OH and NH2NH: colorimetric

measurements in plasma-exposed water

Related to the liquid analysis explained in Methodology section 3.2.1,
and used in the experiments described in Chapter V and VI, we
performed extensive tests to determine the influence of possible other
N2 fixation and plasma-H20 interaction products on the selectivity of
the UV-VISUV-VIS spectrophotometric analysis used. We cross-tested
each of the species: NH3, NH20H, and NH2NH2, together with NO2',
NOs, and H202 (i.e., all possible long-lived species in the plasma-
exposed H20). NO2- was added as NaNO:2 (Chapter VIII, Materials,
Table 13, entry 6), and NOs as KNOs (Chapter VIII, Materials, Table
13, entry 2).

NHs analysis selectivity with the LabAssay Ammonium Kit.
The calibration curve of NH3 in absence of any other species is shown
in Appendix Figure 2a. Of all tested species, only NH20H and NH2NH:2
exhibited a potential to directly interfere with the colorimetric analysis:
they both produced an absorbance peak with a maximum at 637 nm.
NH20H gave much stronger interference than NH2NH2. Here, a 1 mM
concentration of commercial NH2NH2 gave an absorption signal of ca.
0.040 a.u. This would correspond to 7 uM of NH3 (Appendix Figure 2a).
Therefore, unless NH2NHz is produced in very large quantities, its
interference can be disregarded. At the same time, NH20H gave much
stronger absorption values, as shown in Appendix Figure 3. Therefore,
NH20H concentrations must be measured, and included in the
calculation of NHs concentrations. However, we note that in our
experiments we did not observe any NH2NH2 or NH20H in H20 after

plasma exposure.
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The overall analysis is based on the modified method developed by Ito
et al.?’®. NHs is converted to dioxydiphenylamine (DODPA) via the
reaction with phenol and Na[Fe(CN)sNO]. DODPA is further oxidized
to indophenol blue by CIO". H202 and NOz2" in the plasma-exposed H20
could react with CIO-277, which is added as one of the chromogens in
the kit. However, CIO" is added in a large excess, making the chosen

method suitable for our experiments.

NH20H analysis selectivity. The only interference was from
H202. However, the absorbance signal at 510 nm created in the
analysis method by 1 mM H202 was ca. 0.051 a.u., corresponding to
5.5 yM NH20H (Appendix Figure 2). In all our experiments, the
concentration of H202 did not exceed ca. 50 uM (see Figure 29 - Figure
32 in Chapter V). In any case, we did not detect any absorbance peaks
at 510 nm when analysing the plasma-exposed H20 solutions.
However, NH20H can react with NO2278. Thus, although we cannot
exclude that some NH20H can be produced in situ during the plasma
exposure, it is lost in a reaction with NOz2".

We explicitly note that the selectivity reported in our work is based on
the final concentrations of the Nz fixation products in H20, after plasma
exposure.

NH2NH2 analysis selectivity with the Spectroquant
Hydrazine Test Kit. We did not observe any detectable analysis
interferences for NH2NH2. Furthermore, in all experiments we did not
observe the induction of an absorbance peak at 458 nm, i.e., no
NH2NH2 was detected.
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Appendix Figure 3 Absorption signal at 637 nm produced by various
concentrations of NH20H using the LabAssay Ammonium Kit.

C. Chemistry set
This Appendix discusses the chemistry set used in Chapter 1V, first

introduced in the Methodology, section 6.2.2.

The set of reactions is based on a (revised) compilation of reactions
reported in previous work based on my master thesis®®. The set
contains an elaborate description of the vibrational kinetics of N2 and
Oz, i.e. N2 and Oz electron impact vibrational excitations (e-V), N2-Nz,
02-02 and N2-O2 vibrational-vibrational (VV) exchanges and N2-N2, N2-
02, O2-N2, 02-0O2, N2-N, 02-O and N2-O vibrational-translational (VT)
relaxations. 24 vibrational levels for N2 and 15 levels for Oz are
included. Next to vibrational exchanges, the set includes electron
impact, neutral-neutral, neutral-ion and ion-ion reactions. The species
taken into account in the model are listed in Table 7 of Chapter IV. This
includes neutral molecules in the ground state, vibrationally and
electronically excited states, various radicals, positive and negative

ions, and electrons. Appendix Table 3 lists all electron impact reactions.
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Most of these reactions are treated by energy-dependent Cross-
sections. Appendix Table 4 lists the neutral-neutral reactions and the
corresponding rate coefficient expressions. For certain reactions, the
rate coefficients of the vibrationally excited species are determined
according to the Fridman-Macheret model, in which the activation
energy is reduced by o E,,, where a is the vibrational efficiency to lower
the activation barrier and E, is the vibrational energy. For those
reactions, the a parameter is given in the last column of Appendix
Table 4 (see also Methodology, Chapter Il, section 6.2.2). Appendix
Table 5 to Appendix Table 7 list the electron-ion recombination, ion-
neutral and ion-ion reactions and the corresponding rate coefficients,
respectively. Appendix Table 8 lists the optical transitions.

This chemistry set was extensively developed and validated in our
previous work?16. After critical review of the literature, one reaction rate
coefficient (k) in Appendix Table 4 (annotated in bold) was updated to
a more recent k value from a reliable source. The Tables can be found

at the end of the Appendix (section T).

D. Validation of the chemistry set in the GAP

The chemistry set used in Chapter |V is based on the validated set used
in previous work related to my master thesis®® and can be found in
Appendix S. To test the reliability and robustness, the chemistry set
was validated for different gas compositions possible with a N2-O2
chemistry set, from 0/1 N2/O2 to 1/0 N2/Oz2 fractions, in a reverse vortex
flow gliding arc plasmatron (GAP) developed by Nunally et al. at Drexel
University?’®. In a classical GA reactor, an arc discharge is created
between two electrodes by applying a potential difference.

Subsequently, this arc glides along the electrodes dragged by a gas
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flow. The GAP, on the other hand, has a very different design. It is a
cylindrical GA reactor in which the gas flows in the reactor through
tangential inlets, creating a vortex, and an arc is formed between the

reactor body (cathode potential) and outlet (anode).

Appendix Figure 4a shows the modelled NOx concentration as a
function of the N2 fraction in the feed gas compared to the experimental

ones, as well as the yield and energy cost (Appendix Figure 4b and c).
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Appendix Figure 4 Experimental (solid lines) and calculated (dashed
lines) yield of NO (blue) and NO:2 (red) (a), total NOx yield (b), and
energy cost (c), as a function of N2 fraction in the feed gas, for a gas
flow rate of 10 L/min, a pressure of 1.25 bar and a power ranging from
365 to 458 W.

IX-254



Appendix Figure 4a shows the experimental and calculated NO (blue)
and NOz (red) yields as a function of N2z fraction in the gas mixture, for
a gas flow rate of 10 L/min and a pressure of 1.25 bar. All experiments
were repeated three times to determine the measurement uncertainty.
The experimental NO yield increases upon increasing N2 fraction, until
it reaches a maximum value of 1.4% at 80% N2, after which the yield
drops slightly. The calculated NO vyield (dashed blue curve) follows the
experimental trend, but shows a maximum at 60% N2. Indeed,
according to the model, both N2 and O2 molecules must be present at
almost equal amounts for the highest NO production. Still, the highest
yield is reached at slightly higher N2 than O:2 fractions, as in the
experiments, but the parabolic trend is more pronounced than in the
experiments. This results in a calculated NO yield at 40 - 60% N2 to be
slightly above the range of the experimental error bars. The reason for
this discrepancy is not yet fully understood, but might be attributed to
certain reaction rates that can be slightly over- and/or underestimated
in our model. However, we did not want to tune our rate coefficients to
reach an exact agreement without scientific basis. Nevertheless, in
general, the calculated results show good agreement with the
experiments, keeping in mind the complex chemistry and the

approximations inherent to a 0D model (see section 6.2).

The trends of the calculated and experimental NO2 yields are in very
good agreement. The calculated NO:2 vyield, however, is
underestimated by a factor two. Considering the complexity of the
chemistry included in the model, it is reasonable to conclude that our
model adequately describes the plasma chemistry, in spite of the
above-mentioned discrepancies, and can therefore be used to
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elucidate the underlying mechanisms in a N2 - O2 gas mixture in this

reactor.

Provided the chemistry set is revised critically for the source we are
modelling in this thesis, we can use this chemistry set and code as a
base, even though the presented validation was performed for another
type of plasma (GAP). The above discussion also provides a common
and realistic view of the error range and acceptability with regards to
model-experiment agreement. Indeed, depending on the model type
the extent of the agreement criteria between the simulated and
measured date can vary. Though large differences in absolute values
can certainly indicate a lacking or incorrect implementation of the
chemistry, trends are providing much more information on the reliability

of a chemical kinetics model.

E. CFD model of the Soft Jet
This Appendix discusses the CFD model used in Chapter IV, section

3.2, to transform the OD model into a quasi-1D model.

The Soft Jet is cylindrically symmetrical, and its 2D geometry,
considered in the CFD simulations, is shown in Appendix Figure 5. The
1D velocity profiles through the Soft Jet (Appendix Figure 6) are used
to accurately transform the time-dependent simulation of the 0D model
into a position-dependent one (quasi-1D model). The CFD calculations
are performed until steady state is reached for each inlet flow rate, by
means of a 2D axisymmetric turbulent gas k — e model built in
COMSOL Multiphysics.?2% The turbulent flow model results are used as
input into the OD model. It is independent of the plasma chemistry, i.e.
we assume the flow is independent of the heat produced by the plasma
or by changes in the gas composition due to chemical reactions. This

is a valid assumption, as the spatially averaged gas temperature does
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not exceed 350 K; hence, the influence of the gas heating on the flow
behaviour is small compared with the background flow, and the
conversion is too limited (<< 1 %) to cause any significant changes to
the gas composition, and thus to the physico-chemical properties of the

flow.

Appendix Figure 5 Geometry of the Soft Jet, used in COMSOL for the
CFD calculations. The indication of the afterglow shape is used to
ensure proper meshing around the outlet.
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Appendix Figure 6 Axial gas velocity calculated via CFD simulations as
a function of distance from the needle tip, for inlet flow rates of 0.1 —
2.0 L/min. The plasma end is indicated by the grey line (0.075 cm).

Based on these calculations, the residence time in the plasma ranges
from 2 ms to 94 ys, for inlet flow rates ranging from 0.1 to 2.0 L/min,
respectively.

The radial-component of the gas velocity at the nozzle edge is << 0.1
m/s for all flow rates. Hence, we can safely assume that short-lived
reactive species do not come in contact with ambient air before they
are destroyed, and thus mixing with ambient air at the nozzle does not

have to be included in the quasi-1D model.
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F. Interpulse gas temperature profile

This Appendix discusses how the interpulse temperature profile (used
in Chapter IV, section 3.3.2) was determined in detail.

The temperature during the pulse, i.e. the temperature of the plasma
arc, was measured to be 1750 + 150 K and coincides with the power
peak. During the interpulse, an exponential decay to 330 K is set in
accordance with the average gas temperature measured by Rayleigh
scattering in the afterglow (Table 6; section 3.2, Chapter Ill) The shape
of the temperature decay in between pulses was estimated based on
a sensitivity study where we tested four different profiles, shown in
Appendix Figure 7: a slow linear drop (profile 1), an exponential drop
(profile 2), a fast linear drop (profile 3) and a straight vertical drop after
the pulse ends (profile 4). Profiles 1 and 4 act as limiting cases to
estimate the influence of the temperature drop on the modelling results.
The modelling results do not differ significantly for the different
interpulse temperature profiles. We therefore chose the more intuitive

profile 2, which is exponential.
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Appendix Figure 7 Four options of gas temperature as a function of
time from the pulse start until the start of a new pulse, considered in
the model: (1) slow linear drop, (2) exponential drop, (3) fast linear drop
and (4) instantaneous drop.

G. Afterglow gas temperature profile

This Appendix discusses how the gas temperature profile in the
afterglow was set, used in Chapter IV, section 3.3.3.

Finally, after the pulse train, the species move into the post-plasma
zone, where the gas temperature (Tg) rapidly decreases to room
temperature and the power was set to zero (no plasma). The gas
temperature was calculated from Rayleigh scattering measurements at
two distances from the nozzle tip (1.2 and 3.4 mm) and four different
flow rates (0.2; 0.35; 0.7; and 1.4 L/min) as described in Chapter llI,
section 3.2. Next to these data points, the gas temperature in the
plasma arc (1740 K; 0 mm, obtained from OES; see Chapter lll, section
3.1) and the temperature of the room (308 K; position of 10 mm) are

also known. We used these four experimental data points to fit an
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exponentially decreasing curve for the four different flow rates (0.2;
0.35; 0.7; and 1.4 L/min; see Appendix Figure 8), based on four
parameters: T, = a - exp(—b - x) + ¢ - exp (—d * x), with x = the distance
from the nozzle tip. Because of the strong difference in temperature
between the plasma and the temperature at 10 mm from the nozzle
(308 K) the temperature profiles in the afterglow are very alike for the
four flow rates (0.2; 0.35; 0.7 and 1.4 L/min). For the other flow rates
between 0.1 and 2.0 L/min an average fit (Appendix Figure 8; black
dashed line) was used, based on the experimental data points. To
validate this approximation to reality (i.e. a different temperature decay
for each flow rate), we compared the calculated densities obtained
when using the fitted temperature profile based on the experimental
data for that specific flow rate with the average fit. There was no
significant difference between both approaches, so it is a valid

assumption to use the average fit for all flow rates.
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Appendix Figure 8 Gas temperature in the afterglow as measured by
Rayleigh scattering experiments at 0.2, 0.35, 0.7 and 1.4 L/min (stars),
as a function of distance from the nozzle tip, as well as the temperature
in the plasma (0 mm; 1750 K) and room temperature (10 mm; 308 K).
(@) Entire temperature profile from the plasma region until the
simulation end (10 mm). (b) Zoomed into the points measured by
Rayleigh scattering.

Measuring the temperature in the afterglow with a thermocouple is not
possible. Indeed, it resulted in broadening of the plasma effluent, and
in plasma arcing onto the thermocouple (see Appendix Figure 9),
rendering the measurements invalid.

Appendix Figure 9 shows the normal plasma effluent, in the absence
of a thermocouple (a), as well as the broadening of the plasma effluent
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(b) and the arcing (c) onto the thermocouple, rendering the

measurements invalid.

Appendix Figure 9 (a) The Soft Jet in operation, (b) with a thermocouple
placed in the afterglow to measure the temperature: the gas dynamics
are changed significantly, resulting in widening of the afterglow shape
and (c) with a thermocouple placed closer to the nozzle tip: arc
formation is visible onto the thermocouple.

H. NOx Production rate

Appendix Figure 10 shows the NOx production rates discussed in

Chapter IV, section 4.1.
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Appendix Figure 10 NOx Production rate as a function of the feed gas
flow rate.
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I. Energy transfer due to electron impact reactions
In Chapter IV, section 4.3.1 we state that reduced electric fields up to
50 Td are most suitable for promoting vibrational excitation. This is
shown in Appendix Figure 11, where we plot the electron energy loss
fraction as a function of the reduced electric field for different excitation

channels as calculated through BOLSIG+ 206,

Appendix Figure 11 The electron energy loss to various electron impact
processes as a function of the reduced electric field (bottom x-axis) and
the mean electron energy (top x-axis) at 80/20 N2/O2 gas composition
and 1750 K.
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J. Extended reaction analysis
In Chapter IV, section 4.4, the formation and loss mechanisms in the
Soft Jet are discussed. This Appendix gives a more detailed analysis
of the mechanisms for three points in the residence time within the

plasma, as is annotated on Appendix Figure 12d.

Appendix Figure 12 (a, b, c) Net reaction rates of the most important
NO production reactions as a function of time during one pulse and
interpulse time. A negative rate means that the reaction occurs in the
opposite direction, i.e., as NO loss reaction. Panel (d) shows the time
points in the pulse train, during the gas residence time in the plasma
(at 1 L/min), with the associated NO concentration as a function of time:
(a) Beginning, (b) middle, (c) end of the residence time. The x-axis of
(a), (b) and (c) always starts at the beginning of a pulse.

The time- and space-averaged reaction rates were calculated for all
formation and loss processes of NO and NOg2, as listed in Table 8,

Chapter IV. The results are plotted in Appendix Figure 12. Panels a, b
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and c present the reaction analysis of the main NOx formation reactions
as a function of time for one pulse — interpulse cycle, at the beginning,
middle and end of the residence time in the plasma, as annotated by
the three vertical lines in panel d. Throughout the whole residence time,
the non-thermal Zeldovich mechanism promoted by vibrational
excitation is the main mechanism for NO formation (blue and red curve;
N1 and N2; see also Table 8). Note that the reactions with highest rate,
overall, are the oxidation of NO to NO2 (N3) and vice versa (N4), which
occur throughout the whole residence time and produce a limited
amount of NO2 (< 1 ppm at all investigated flow rates). However, they
do not contribute to the initial NOx formation, and are therefore not
plotted in Appendix Figure 12. In the following, we describe the

mechanism in more detail.

(a) In the beginning, there are only small amounts of reactive species
(N and O atoms, and N2 and Oz vibrationally excited levels) present, so
the first pulses are predominantly governed by the temperature
dependence of the reaction rate coefficients (k). Note that for this
reason the net reaction rates increase overall with residence time in the
plasma (from a - b — c), as reactive species densities increase but the
temperature remains constant. The rate of N1 (Appendix Figure 12;
blue curve) is higher than for N2 (red curve) during the pulse, because
its rate constant is higher at higher temperature (hence in the pulse),
and it drops after the pulse, due to the drop in temperature. At the same
time, the rate of N2 rises, due to the rising population of N2 vibrationally
excited states during the interpulse.

At short residence times, N2 from N2(E) (green curve) also plays a
small role. Its contribution drastically reduces compared to the
vibrationally promoted reactions, as the population of the vibrational
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states increases throughout the residence time, while the population of
N2(E) does not.

(b, c) At longer residence time, the gas mixture contains a significant
amount of N and O atoms, as well as vibrationally excited N2 and O:2
molecules, and this affects the reaction behaviour.

(b) R1 still reaches its maximum rate during the pulse and slowly drops
after the pulse. The maximum is clearly higher, because the N atoms
are abundant now, and the reaction is not limited anymore by the
energy-intensive splitting of N2 (to produce N atoms), due to the strong
VT non-equilibrium. On the other hand, the rate of N2 first increases
and then drops below 0 from the middle till the end of the interpulse.
Indeed, during the first part of the interpulse, the O atom density is still
high and the N2(v) density increases. However, after 2 us, the back
reaction of N2 becomes more and more important compared to the
forward reaction, so around 3.8 us, there is net destruction of NO via
L2. Indeed, the rate coefficient of this back reaction is temperature-
independent, while the rate coefficient of the forward reaction
decreases due to the lower temperatures. This back reaction was not
yet important in the beginning (Appendix Figure 12), because of the
low concentration of N atoms at that stage.

(c) At the end of the residence time, N2 is now the dominant reaction
in the pulse due to the high density of higher vibrationally excited N2.
The maximum rate of N1 has moved to the end of the pulse. Indeed,
N1 relies on N2 for the production of N atoms, so its maximum is
reached after the maximum of N2. As N1 cannot compete anymore for
the N atoms at low temperature (low k), the rate of L1 increases earlier
in the interpulse. As the O atoms are thus consumed by L1, there is no
maximum for R2, and its net rate gradually decreases until it becomes
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negative (net loss of NO).
Both in (b) and (c) the destruction of NO diminishes near the end of the
interpulse (red curve returns to 0), due to the increasing population of

N2(v) throughout the interpulse.

K. Rate coefficient plots for the Zeldovich mechanism
The reaction rate coefficients of the Zeldovich mechanism as a function
of temperature, referred to in Chapter IV, section 4.4, are shown in

Appendix Figure 13.

Appendix Figure 13 Reaction rate coefficient (k) for the forward (full)
and backward (dashed) reaction of (a) N1 and (b) N2, as a function of
gas temperature. Note the y-axes on both panels are on a log scale.
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L. The effect of O2 on the VDF of N2: the ambivalent

role of the vibrational kinetics

In previous work, related to my master thesis (reference °), a similar
quasi-1D model was used to describe a gliding arc plasmatron (GAP).
Because one phenomenon discussed in that paper is of relevance to
the discussion in Chapter 1V, section 4.5.1, it is explained here. From
the reaction analysis in that paper it can be concluded that the
vibrational kinetics are important for NOx production in the GAP,
therefore it is interesting to investigate the vibrational populations in
more detail. On the one hand, vibrational-induced dissociation is known
to be the most energy-efficient pathway, because low-energy electrons
populate the lowest vibrational levels by electron impact excitation, and
gradually the higher levels are populated by vibrational-vibrational (VV)
exchanges, i.e., so-called ladder climbing, until dissociation takes place
from the highest vibrational levels. On the other hand, however, these
simulations reveal the vibrational kinetics can also play a limiting role
in the NOx production. We call this the ambivalent role of the vibrational
kinetics.

Vibrational-vibrational (VV) exchanges do not only take place between
different N2 molecules and between different O2 molecules, but also
upon collision between N2 and O2 molecules. As the O:2 vibrational
levels are more easily depopulated, the VV exchange between N2 and
O:2 vibrationally excited molecules results in a depopulation of the N2
vibrational levels, and in a net population of the O2 vibrational levels.
This is clear from Appendix Figure 14, showing the comparison of the
VDFs of N2 and O2 with (full curves) and without (dashed curves) these

VV exchanges. We plot the results for a 50/50 N2/O2 gas feed ratio, to
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illustrate most clearly the effect of these VV exchanges. If the N2— O2
VV exchanges are taken into account, the vibrational levels of N2 are
less populated than when they are not included, while for Oz the
opposite is true. Thus, the Oz vibrational levels depopulate the N2

vibrational levels through N2— O2 VV exchanges.

This process explains why the maximum in NO formation in the GAP is
reached at a N2 fraction above 50%, while based on the stoichiometry
it would be expected at equal fractions of N2 and O2. Indeed, at higher
N2 fractions, the depopulation of the N2 vibrational levels (upon collision
with O2 molecules) is more limited and the vibrational ladder climbing,
aiding the Zeldovich mechanism for NO formation (see above), is better

promoted.
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Appendix Figure 14 Normalized vibrational distribution function (VDF)
of N2 (a) and Oz (b) at different times in the plasma for a 50/50 N2/O2
plasma in a GAP. The solid and dashed curves represent the VDFs of
a chemistry set that includes and excludes N2 —O2 VV exchanges,
respectively (see next section). The black full lines (representingt=1.5
and 2.5 ms) are on top of one another, as well as the black dashed
lines, indicating that the VDFs of N2 and O2 reach steady state already
after 1.5 ms. For comparison, the thermal VDF at 3000 K is also plotted
as a dotted blue curve.
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M. Rate and selectivity of NH3; production and conversion of N2

Appendix Table 1 is referred to in Chapter V, section 3.1.

Appendix Table 1 Rate and selectivity of NH3z production, and conversion of N2, by the plasma jet as a function
of H20 vapor content at different gas flow rates.

Feed gas flow H.O vapor NH3 production rate NHs; selectivity N conversion Entry
rate (L/min) saturation (%) (mg/h) (%)* (%)**
- 0.031 88 0.0004 1
2 0.044 95 0.0006 2
5 0.052 96 0.0007 3
0.2 10 0.064 95 0.0008 4
20 0.078 86 0.0011 5
50 0.107 65 0.0020 6
100 0.124 63 0.0023 7
- 0.031 86 0.0002 8
2 0.037 93 0.0003 9
0.053 94 0.0004 10
0.35 10 0.063 93 0.0005 11
20 0.077 81 0.0007 12
50 0.135 68 0.0014 13
100 0.153 65 0.0016 14
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- 0.032 78 0.0001 15

2 0.036 88 0.0001 16
5 0.058 91 0.0002 17
0.7 10 0.072 89 0.0003 18
20 0.074 87 0.0003 19
50 0.169 65 0.0009 20
100 0.184 63 0.0010 21
- 0.029 73 0.0001 22
2 0.038 86 0.0001 23
5 0.064 88 0.0001 24
1.4 10 0.072 84 0.0001 25
20 0.096 83 0.0002 26
50 0.216 66 0.0006 27
100 0.263 64 0.0007 28

C(NH3) mol/L 0
C(NH3+NO2— +NO3-) mol/L x 100 %.

C(NH3+NO2- +N0O3-) mol/L 5mL 1
X . X X 0
10 min 1000 mL/L 24.5 L/mol FR L/min 100%,

where FR is the flow rate of the gas. This is based on the assumption that all N> fixation products are converted into NH3,
NO2', or NO3'.

*Calculated as

**Calculated as
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N. Energy consumption calculation

This energy calculation is used in Chapter V, section 3.1.

The power deposited in the plasma (DP) was 0.1 W (Chapter llI,
Section 2.3). The conditions which allow highest NH3 selectivity were
0.2 L/min N2, with 5-10% H20 vapor saturation. Under these conditions,
the production rate (PR) of NH3 was 0.052-0.064 mg/h (Appendix Table

1). The energy consumption (EC) is calculated as EC (J/mol) =

DP (W)
PR (mg/h)

X 3600 (5) x 17000 (ﬂ) Under the conditions mentioned
h mol

above, EC was 95-118 MJ/mol NHs. This is in essence the same

formula as used in Chapter IV, adapted for the measurements in liquid.

O. Calculation of AG values

This Appendix discusses the calculation of AG values which are used

in the discussion of Chapter V, section 3.1.

The values of AG for the reaction 2N2 + 6H20 — 302 + 4NHs3 were
calculated as shown below using data from literature?®’. The
calculation was based on the following assumptions: 1) the reactions
occur in the gas phase, with all reactants and products in the gaseous
state; 2) Cp is constant within the used temperature range; 3) partial
pressures of the products were estimated from the stoichiometry of the
reaction and the conversion values of N2 (see Appendix Table 1). The
values of AG were calculated for two ‘envelope’ conditions: 298 K, and
the highest measured temperature in our plasma system (1623 K). The
AG values at all other possible temperature values belong to this range.
At 298 K, AG®= AGf (NH3)x4 - AG (H20)x6 + RTInK = ca. 1.2 MJ/mol,
where K = Po2® x Pnus*/ (PH208 x Pn2?). At other temperatures, AHsand

S values of each compound were calculated as AH:% + C,AT, and SO+
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CpIn(T/298), respectively. AG was calculated as AHr — TxAS + RTInK.
At 1750 K, AG is 0.9 MJ/mol.

P. Concentration of nitrogen fixated species as a
function of time

In Chapter V, section 3.1., we state the accumulation of all compounds

in the liquid was practically linear. This is shown in Appendix Figure 15.
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Appendix Figure 15 Concentration of the produced NH3, NO2", NOs',
and H20:2 in liquid H20 as a function of plasma exposure time. Plasma
conditions: (a) 0.2 L/min N2, 5% H20 vapor saturation; (b) 1.4 L/min Nz,
100% H20 vapor saturation. Liquid volume 5 mL, distance from plasma
jet to liquid 5 mm. R? values are given for linear y=kx fittings.
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Q. H20/D20 results for 1.4 L/min

As referred to in the caption of Figure 36, Chapter V, section 3.6,

Appendix Figure 16 below shows the effect of using D20/H20 in the

species production for 1.4 L/min.

600 350
s
= a = 300+
S s00] @ = 300
= 2 250
L 400+ - x
5 Q200
S 300 -
2 liquid / gas ° 1501
£ 2001 0 H,0/H,0 S
8 —<4—D,0/H,0 £ 100+
c [
S 100+ —»—H,0/D,0 8 50l
-4 D,0/D,0 5
0 : o

0 20 40 60 8 100
Water content in N, (% saturation)

//;iquid / gas

&+ H,0 /H0
—<4—D,0/H,0
~—»—-H,0/D,0
-~ D,0/D,0

0

20

40 60 80 100

Water content in N, (% saturation)

Appendix Figure 16 Concentration of NH3z, NOs-, NOz2-, as a function of
water vapor saturation, with 1.4 L/min N2 flow rate. (a) NHs
concentration; (b) total NO2+NOs3- concentration. Liquid volume 5 mL,
distance from plasma jet to liquid 5 mm, exposure time 10 min.
Experimental data with H20 liquid and H20 vapor were added here as
dashed lines for comparison. This figure corresponds to Figure 36,

Chapter V, section 3.6, but at a higher flow rate.
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R. OES spectra recorded perpendicular to the plasma

effluent

Appendix Table 2 Overview of the waterfall plot conditions and their
respective Figure numbers.

Gas Air

Flow rate (L/min) 0.5 2

Relative humidity at | <1 5 30 50 100 <1 5 30 50 100
20°C (%)

Appendix Figure 17 | a b ¢ d e f g h i j
Gas N2

Flow rate (L/min) 0.5 2

Relative humidity at | <1 5 30 50 100 <1 5 30 50 100
20°C (%)

Appendix Figure 17 | k [ m n o p q r s t

Appendix Figure 17 Emission spectra (334-340 nm) as a function of
the distance from the jet nozzle (1-10 mm). The full list of the
experimental conditions (Appendix Figure 17a — Appendix Figure 17t)
is shown in Appendix Table 2 above.
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S. List of reactions and rate coefficients

Appendix Table 3 — Appendix Table 8 lists the reactions and their rate
coefficients as used in Chapter V. Discussion on the chemistry set

construction can be found in Chapter Il, section 6.2.2

Appendix Table 3 Electron impact reactions implemented in the model
for atomic and molecular nitrogen and oxygen species as well as NO,
species. The list includes vibrational excitation and de-excitation,
electronic excitation and de-excitation, direct and dissociative
ionization, dissociation, and direct and dissociative attachment
reactions. When the rate coefficient is not specified, these reactions
are treated by energy-dependent cross sections. The rate coefficients
are expressed in cm3 s~ or cm® s~ for binary or ternary reactions,
respectively.

Reaction Rate Coefficient  Ref. Note

e” +N, & e” + Ny(v) 282

e”+ N,(v) © e+ Ny(v") 283

e” +N,(gv) = e + N,(E)) 284 a, b,
c

e +N,(Ey) —» e+ N, 284 b

e” +Ny(gv) > 2e” + NJ 285 a

e” + N,(E,) » 2e” + NJ 285 b,c

e"+N-> 2e” + Nt 214

e” +Ny(gv) > 2"+ N*+N 286 a

e"+N,(gv)> e + N+N 284 a, c

e +N,(Ey) >e” +N+N 284 b, c

e"+N- e + N(E) 284 d

e"+0, & e+ 0,(v) 283

e” 4+ 0,(v) & e + 0,(v') 287

e~ +0,(gv) = e+ 0,(Ey) 284 a, c,
e

e” +0,(Ey) » e” + 0, 284 e
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e~ +0,(gv) » 2e” + 0% 285 a,c

e” + 0,(Ey) » 2e™ + 03 288 ec
e"+0-2e + 0 284

e” +0,(gv) > 2e"+ 0+ 07 289 a,c
e” + 0,(Ey) » 2¢e"+ 0+ 07 289 e,.c
e”+0; > 2" +0+0F 290

e+ 0;-e +0"+0° 40 291
e”+0,(gv)—»e +0+0 284 a
e"+03;>e +0,+0 290

e” +0,(gv) > 0+0" 284 a, c
e"+0,gv)+M-0;+M 292 a,c,f
e"+0;->0"+0, 285
e"+0;->0+4+0; 285

e +0;+M->03; +M 5x1073! 293 f
e +0+M->0"+M 1x 10731 294 f
e~ + NO - 2e~ + NO* 286

e” + NO, » 2e” + NOJ 295

e” +N,0-> 2e” + N,0% 296

e +N,O0—->e"+N,+0 207

e” +N,0->e” + N, +0(1D) 297
e"+N,0->e  +NO+N 27
e"+NO->0"+N 288

e +N,0-> N, + 0~ 296

e~ + NO, » NO; 1x107" 28

e”+NO, - 0~ + NO 1x 10711 299
e"+NO+M->NO"+M 8 x 10731 299 f
e +N,0+M— N0 +M 6 x 1073 299 f

a For any species indicated with (g, v), g and v stand for its ground and vibrationally
excited state, respectively.
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b N, (Ey) represents the electronically excited states: N,(A*%L)), N,(B®II,), N,(C*I1,)
and N, (2] ).

¢ The cross sections of the reactions involving excited species on the left hand side
are shifted over the difference in the threshold energies.

4 N(Ey) represents the electronically excited states of atomic N: N(2D) and N(2P).

e 0,(E,) represents the electronically excited states: 0,(a’A), 0,(b'Z*) and a
combination of three states, i.e. 0,(A3Z*,C34,c127) at a threshold energy of 4.5 eV.
fM represents any neutral molecule.

Appendix Table 4 Neutral-neutral reactions included in the model and
the corresponding rate coefficient expressions. Tg is the gas
temperature in Kelvin. The rate coefficients are expressed in cm3 s™1
or cm® s~ for binary or ternary reactions, respectively. For certain
reactions, the rate coefficients of the vibrationally excited species are
determined according to the Fridman-Macheret model in which the
activation energy is reduced by a E,, where «a is the vibrational
efficiency to lower the activation barrier and E, is the vibrational
energy. For those reactions, the a parameter is given in the last
column.

Reaction Rate coefficient Ref. Note
-3.5 300
N,(gv)+M—-> N+ N+ M 8.37X10_4X(T_g) a,b
298
exp (_ 113710) a=1
Tg
301
N+N+M >N, +M 1.38 x 10733 x exp (501978) b
g
+ - 299
N+N->N; +e 2.7 x 1011 X exp (_ 6.7z;><104>
g
N+N+N - N,(AZH) + N 1.0 x 10732 299
N+N+N- Ny(BM,) +N 1.4 x 10732 299
N+N+N, - N, (A3 + N, 1.7 x 10733 299
N+ N+ N, » Ny(B%Mg) + N, 24%x107% 299
N(2D)+M > N+ M 2.4 x 10714 302 b
N(2P) + N -» N(2D) + N 1.8 x 10712 299
N(2P) + N, » N+ N, 2.0x 10718 299
N, (a'2; )+ N> N, +N 2.0 x 107 %02
N; (2’27 )+ N, > N, + N, 3.7 x1071° 302
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N, (3?25 ) + Ny » Np(B®Mp) +  1.9x107% 299
N,
N, (%7 ) + N, (a's; ) > Nf + 5.0x 107" 302
N, +e”
N, (3125 )+ N, (27 ) > Nf + 1.0x 107 299
o
N, (3?25 ) + N,(A%S)) > Nf +  4.0x 1077 299
o

3y+
N, (A*L}) + N - N, + N(2P) 40 % 10-11 <ﬂ)o.ee7 299

Tg
No(A’2) + N> N, + N 2.0 x 10712 299
No(A’ZF) + N, = N, + N, 3.0 x 1016 299
N, (A’ + N, (alZy ) >Ny +  1.0x 1072 302
N, +e”
Np(A3ZH) 4+ Np(A32) > N+ 2.0x 10712 302
N, (A’ZY)
N, (A’E) + NL(AL)) - N, + 3.0 x 10710 299
N, (B3Il,)
N (A’Z) + No(A’E)) > N, + 1.5 x 10710 299
N, (C°My)
NZ(Bgng) +N, - N, +N, 2.0 x 10712 299
N,(B%M,) + N, = N (A’E}) + 3x 10711 299
N,
N,(C®M,) +N; » N, + (') 1.0x 107 299
0,(g, M ] -6 _
,(gvV)+M->0+0+M <30>r<rlgo )Xexp( 5;:80) a
a=1
0+0+M -0, +M 5.21X10'35Xexp(9T0—0 wob
g
0+0; =0, +0; 8.0 x 10712 x exp (—E %04
O+02(g,v)+M—)O3+M 1_34)(10_34)((2'1‘738)_1.0 305 a,b
03 + M- 02 +0+M 716 X 10—10 X exp <_ ';81;0 306 b, c
g8
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O+02(EX)+M—>03+M 1.34)(10_34’)((&)_1.0 305 b’d’e
298

0+ 03 - 02 + Oz(alA) 20 % 10-11 x exp (_ @) 299

Tg
0,(@'A)+0-0,+0 7.0 x 10~16 299
0,(a'd) +0; ~ 0, +0, 3.8 x 10718 x exp (— @) 299

Tg
0,(b'Z™) + 0 - 0,(a*A) + O 8.1 x 10~ 14 299
0,(b'z*)+0 - 0, + 0(1D) 3.4 % 10-11 x (k)_o'l y 299

' 300
exp (_ m)
Tg
0,(b'2%) +0; > 0, + 0,(@'8) 43 x 102 x (T,)** x 299
281
0,(b'Z*)+0; >0, + 0,+0 22x%x 1011 299
0,(alA) + 03 > 0, + 0, + 5.2 x 10-11 X exp (_ @) 299
0(1D) T,
Oz(alA) + Oz(alA) - 02 + 7.0 X 10~28 x (Tg)3.8 % 299
0,(b'2%) (700)
ex —_—
P,

0(1D)+0—-0+0 8.0 x 10712 299
0(1D)+0,->0+0, 6.4 x 10712 X exp (_ ﬂ> 299

Tg
0(1S) + 0 - 0(1D) + O(1D) 5.0 % 1011 x exp (_ ﬂ) 299

Tg
0(1S) + 0, » 0+ 0, 13 x 1012 X exp (_ iﬁ) 299

g

0(1S)+0,-0+0+0 3.0 x 10712 299
0(1S) + 0,(a'A) »0+0+0 3.2 x 1011 299
0(1S) + 0,(a'A) » O(1D) + 2.9 % 10°11 299
0,(b'z")
0(15) +0,-0+ 3.0 x 10712 x (_ 8_50) 299 f
0,(A3*,C3A,¢'%7) ' P\,
N+ Oz(g,V) - 0+ NO 44230 307 a,c

2.36 x 1071 x exp <—

RgTg
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0.24
257
0+ N;(gv) » N+ NO 3.01 x 10710 x exp <_ 318000 a,c
RgTg
a=1
304
05 + N~ NO+0, 5.0 x 10712 X exp (— "’Tﬂ)
g
299
03 +NO = 0; + NO; 2.5x 10713 x exp (— %ﬁ)
g
298
O +NOz = 0; +NO; 1.2 X 10713 x exp (— Z;ﬂ)
g
NO; + 03 —» NO; + 0, + 0, 1.0 x 1077 308
N+NO->O0+N, 1.66 x 10711 309
N+NO,>0+0+N, 91x 1013 29
N+ NO, — 0 + N,0 3.0 x 1012 299
N+ NO, » N, + 0, 7.0 x 10-13 299
N+ NO; - NO + NO 23 x 10712 299
O+NO-> N+ 02 75 % 10—12 X (k) X 299
300
exp (_ 19T500>
g
0+ NO, -» NO + 0, 5 5% 1012 x exp(;ﬁ) 310 i
9
299
0 +N;0-NO+NO 1.5 x 1071% x exp (— 1‘;090)
g
299
0+N:0->N; +0, 8.3 x 10712 x exp (— 1‘;°°°>
g
0+NO; - 0, +N, 1.0 x 10711 299
05 299
NO + NO - N + NO, 3.3 % 10-16 x <ﬂ) o
Tg
exp (_ 39200)
Tg
299
NO +NO =0 +N0 22 %1072 x exp (— 32T1°°>
g
299

NO + NO - N, + 0,

51%x 1071 x exp (— 33660)
Tg
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NO + N,0 — N, + NO,

4.6 x 1071 X exp (— 25170)
Tg

299

NO + NO3; = NO, + NO,

1.7 x 10711

299

NO, + NO, - NO + NO,

45x 107 x exp(—

299

NO, + NO, - NO + NO + O,

33x 107 xexp|—

299

NO, + NO3; —» NO + NO, + O,

23x107 B3 xexp|—

299

NO; + NO; — 0, + NO, + NO,

43 x 10712 x ex Xp

299

299

/\ A A /—\ /_\ /_\
o
N———

NO + 0,(g,v) » 0 + NO, 2.8 % 10712 x exp 23400) a
T
; a=1
NO + NO + 0,(g,v) = NO, + 33 % 10-% x exp 4410) 20 a ¢
NO, RgTg
a=
0.2
NOZ + OZ(g; V) - NO + 03 28x%x 10712 x exp (_ 254—00) 299 a
T
g .
0.2
NOs +0,(g V) = 05 +NO, 1.5 x 1072 x exp (‘ 15020) oo
T
g .
0.8
NO+0 = NO; 3.01 x 10711 x (E)_O'75 2
' 300
NO, + NO+ M - N,0; + M 3()9)(1()_34)((&)—7.70 304 b
' 300
NO, + NO, + M - N,0, + M 14><10‘33><( )38 304 b
) 300
NOZ + NO3 + M d N205 + M -30 300 410 210 b
3.7x 10 X <T—g)
N+O+M->NO+M 300)05 299 b

1.0 x 10~ 32><<—
Tg
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299
N,(gv)+0+M->N,0+ M 3.9 x 10735 X exp (_ 10T400> b
g
299
N,O+M->N,+0+M 1.20 x 10~ X exp (_240000) b, c
RgTg
—2.66 213
NO,+M - NO+0+M 9.4><10‘5><(k) N b, ¢
298
exp (_ 311000)
RgTg
311
NO; +M - NO+ 0, + M 2.51 x 107* X exp (_ 10230) b, ¢
RgTg
299
NO+M->N+0+M 8.7><10_9><exp<—75T994) b
g
-8.7 304
298
exp (_ 40570)
RgTg
338 304
N,0, + M - NO, + NO; + M 1.3 % 1075 x (k) % b, ¢
298
exp <_ 53210)
RgTg
N,0s + M = NO, + NO; + M —35 299 b, c
205 T M = N0, + NOs + 2.1><10-11><(3Tﬂ)
exp <_ 914—60)
RgTg
312
NO + Oz(g,V) + M- NO3 + M 565 X 10—41 X eXp <_ 1750) a, bv c
RgTg
312
NO + OZ(EX) + M- NO3 + M 5.65 X 10—4-1 X exp <_ 1750) b, d
RgTg
N+ N + NO - N,(A3z}) + NO 1.7 x 10733 299
N+N+NO - N,(Bl,) +NO 24 x107% 200
N+N+0-N,(A’Z1)+0 1.0 x 10732 299
N+ N+0 - N,(B%M,) + 0 1.4 x 10732 200
N+ N+ 0, - N,(A3z}) + 0, 1.7 X 10733 299
N+ N+ 0, > N,(B%) + 0, 2.4 x 10733 200
N(2D) + N,0 - NO + N, 3.5x 10712 299
N(2D) +NO - N, + 0 1.8 x 10710 299
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N(2D) + 0 - N + 0(1D)

40x 10713

299

299

N(2D) + 0,(g,v) - NO + O 5.2 x 10712 a
N(2P) + NO - N,(A%Z}) + O 3.0x 10711 259
N(2P)+0>N+0 1.0 x 10712 259
N(2P) + 0(g,v) > NO +0 26x 1071 29 g
N, (a1%; ) +NO >N, +N+0  36x107° 298
N,(a'2;)+0->NO+N 3.0 x 10710 257
N,(a’5; ) +0,(gv) > N, + 0+ 28x 10711 % g
0

N,(A3ZH) +N,0 > N, + N+NO 1.0 x 1071 299
N,(A3E}) + NO - N, + NO 6.9 x 1011 299
N,(A32#) +NO, > N, + 0+ NO 1.0 x 10712 299
N,(A’2}) + 0 - N, + 0(1S) 21x 10711 299
N,(A%3}) + 0 - NO + N(2D) 7.0 X 10712 2%
gz(A3ZD +0,(gv) >N, +0 + 20 x 10-12 x (%)0-55 299 a
N2 (A°Z3) + 0, > Na +0,(at) 5 (0 10-13 (%)0-55 299

N, (A’Z$) + 0, » N, + 0, 2.54 x 10~ 12 299

N2 (A’20) +0,(gv) > N,0+0 5 10_14)‘(%)055 299 a
N,(B3Mg) + N0 » N, + N+NO  0.58 x 10~1° 313
N,(B®Mg) + N,0 - N, + N, +0 058 x 1071 31
N,(B%M,) +0—>NO+N 3.0 x 10710 257
N,(C3M,) +0 - NO+N 3.0 x 10710 257
N,(C3My) +0,(gv) >N, + 0+ 3.0 x 10710 299 g
0

NO + 0,(E,) - O + NO, 2.8 x 10712 X exp (_ 23400 299 d, g
NO; + 0,(Ey) — O3 + NO, 15020 299 d h

15 x 10712 x exp (—
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0(1D)+N, > N, + 0 23 x 10711 299

0(1S)+N->O+N 1.0 x 10712 299
0(1S) + N,(gv) = 0+ Ny(gv) 1.0x107Y 299

1 299
Oz(a A) +N->NO+0O 2.0 X 10_14 X exp (_ 6’1‘2)

g

0,(a'A) + N,(g,v) » 0, + 3.0 x 10721 299
NZ(g! V)
0,(a'A) + NO - 0, + NO 2.5x 10711 299

1y+ 1 1.0 299
0,(b'Z*) + N, » 0,(a*A) + N, 1.7x10‘15><(k)

300

N,(B%g) + NO - N,(A%%]) + 24 %1071 299
NO
N,(B%Mg) + 0,(gv) > N, + 0+ 3.0x107%° 2 a
0

aFor any species indicated with (g,v), g and v stand for its ground and vibrationally
excited state, respectively.

bM represents any neutral molecule.

°Rg = 8.3144598 ].K~*.mol ™" is the universal gas constant.

4 0,(E,) represents the two electronically excited states: 0,(a’A) and 0,(b'Z™).

¢ The rate coefficient is assumed to be equal to thatof 0 + 0, + M — 05 + M.

f 0,(A32+,C3A,c127) is a combination of three electronic excited states at a
threshold energy of 4.5 eV.

9 The rate coefficient is assumed to be equal to that of NO + 0, — O + NO,.

h The rate coefficient is assumed to be equal to that of NO; + 0, —» 0; + NO,.

i The reaction rate coefficient for this reaction has been changed compared to our

—-0.52
previous work. Before k = 9.05 x 10712 x (zTng) from 310 was used. The updated

reaction rate coefficient was found to be more appropriate after critical review of the
literature.
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Appendix Table 5 Electron-ion recombination reactions included in the
model and the corresponding rate coefficient expressions. T, is to the
electron temperature in Kand Ty is the gas temperature in K. The rate
coefficients are expressed in cm3 s~ or cm® s~ for binary or ternary
reactions, respectively.

Reaction Rate coefficient Ref. Note
B . _, 30010-39 299 a
e+ Nf - N + N(g, Ex) R x 1.8 x 1077 x (¥2)
e + N;— N N2 +N 2 % 10_7 y (ﬂ)o.s 314
Te
e+ Ni > N,(Ey) +N 6.91 x 10-% x ( Te )—0-5 s ¢
11604.5
e” +Nf > N, +N, 23 % 106 X (@)0-53 299
Te
- + —0.41 314
¢ NN Nn 3.13 1077 x (11254 5)
e +Nt+e e + N 7 % 10_20 x (ﬂ)‘t's 314
Te
e +N*+M->N+M 6X10_27X(@)1-5 M b
Te
e"+Nj+e > e + N, 1% 10-1 x (k)“*'s 314
300
- + -1.5 314
e +N2 +M_)N2+M 2.49)(10_29)((11:;45) b
e + O+ + 02 g 0 + 02 6 x 10_27 x (ﬂ)l's 211
Te
e +0" +e > e + 0 7.10-20 . (ﬂ)“'s e
Te
e +03+M->0,+M 1x 10726 294 b
e"+0f+e > e + 0, 1% 10-19 x (&)‘4'5 2n
300
e"+0;->0+0 6.46 X 107° X Tg 5 x Ty 3 315
e +0f > 0+0(1D) 1.08 x 10-7 (&)‘0-7 29
300
e+ 03 - 0+ 0(1S) 014 x 10-7 (&)‘0-7 299
300

30070 299

1.4 x 1076 x (T—) ?

e

e"+0f->0,+0,

1X-298



e +NOt*+e > e~ + NO 1.0 x 1071° (k)_zks B
. 300
] + 15 314
e”+NO*+M - NO+M 2.49x10_29x(ﬁ) ’
e” +NO* - 0+ N(g E,) o

RX4.2x1077 x (?)0.35

e

e +N,0t >N, +0 20 % 10-7 x (Q)O-S 299
Te
- + 0.5 299
e" +NO; > NO+0O 2'0X10_7X(?j1‘ﬂ)
e”+0iN, >0, + N, 1.3 % 10-6 x (ﬂ)“ 299
Te

aInN(g,E,), g stands for the ground state of atomic N and Ex represents two of its
electronically excited states: N(2D) and N(2P); R is equal to 0.5, 0.45 and 0.05 for N,
N(2D) and N(2P), respectively.

bM represents any neutral molecule.

°N,(E,) represents N, (A*x}) and N, (B>Il,).

4In N(g, E,), g stands for the ground state of atomic N and Ex represents the electronic
excited state N(2D); R is equal to 0.2 and 0.8 for N and N(2D), respectively.
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Appendix Table 6 lon-neutral reactions included in the model and the
corresponding rate coefficient expressions. T, is the gas temperature
in K. For certain reactions, T;,, is the effective temperature of the
reacting ion in K. The calculations for T;,, can be found in 23°, The rate
coefficients are expressed in cm3 s~ or cm® s~ for binary or ternary
reactions, respectively.

Reaction Rate coefficient Ref. Note
N +N->N"+N, 7.2 x 10713 x (Tlon) 299

300
N-Z"+N+N2 —)N;-I-NZ 9.0)(10_30)((400) 299

Tion
NI +N, - N; + N, + N, 21 % 1016 x (Tion) 299

121

* 3 21 299
N +N2+N2—>N3 +N2 1.7X10_29X(;i(:)21)
5 ¥ 22 299

NZ +N2+N2—)N4 +N2 52)(10_29)((’13‘.00)
N*+N+N, > Nj +N, 1.0 x 10-2° 559
N* 4+ N - N3 1.0 x 10729 316
N3 +N-> N7 +N, 6.6 x 10711 299
Nf+N->N*+N; +N, 1.0 x 1011 299
NI + N,(A’Z}) > Nf+ N  3.0x1071° 298
0O"+M->0+M+e~ 4.0x 10712 298 a
0"+0-0; +e” 2.3 x 10710 317
O_+02(g,V)+M—>O§+ 11X10_30XEX 300 317 a,b
M : P,
0™ +0,(gv) > 05 +e” 5.0 x 10715 299 b
0"+0;->0,+0,+e” 3.0 x 10710 318
0"+0;->03+0 5.3 x 10710 319
0*+0+ M-0; +M 1.0 x 10~2° 211 a
0" +0,(gv) >0+ 03 320 b

1.9 x 10711 x (;Tgo)_o's

0% + 05 - 0§ + 0,

1.0 x 10710

211
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320

- - 0.5
0O+ M>0,+M+e 2.7><10‘1°><(k) % a
300
_55%
exp Ty
0;+0->0,+0" 3.31x 10710 317
0; +0,(gv) + M- 07 + 35 % 10-31 x (k)—l-o 21311319 a, b
M 300
0;,+0,>0,+0,+e” 2.18x 10718 31
0; + 0; » 03 + 0, 4,0 x 10710 317
+ + -3.2 211
OZ +02(g,V)+M—>O4 + 24X10_30X(k) a,b
M 300
O3 +M->0;+M+e” 2.3 x10711 320 a
0;+0->0,+0,+e” 1.0 x 10713 319
03 +0- 05 +0, 2.5x 10710 293
0;+0->0;+0" 1.0 x 10713 317
0;+0;-50,+0,+0,+ 3.0x10710 319
o
0; +0->0"4+0,+0, 3.0 x 10710 211
0; +0- 03 +0, 4.0x 10710 21
— — 299
04 +0, 207 +0: 40, 1.0 X 1071° X exp (— %)
g
0f +0- 0% + 0,4 3.0 x 10710 211
0f+0,-0+0,4+0 0 2
* 272 2 33x107% x (ﬂ> X
Tg
_ 5030
exp T,
0~ +0,(aA) > 0; + e~ 3.0 x 10710 299
0; + 0,(a*A) - 0,+0,+ 2.0x 10710 299
o
0; + 0,(b'2*) > 0,+0,+ 3.6x1071° 299
o
+ + —-3.2 299
03 +0,(Ep)) +M - 0 + M 2.4><10‘3°><(3%) a,c,d
1.0 x 10710 299

0f + 0,(a’A) - 0F + 0, +
0,
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299

0; + 0,(Ey) » 03 +0, + 1.0 x 10710 c
0,

0™ 4+ 0,(*A) - 05 +0 1.0 x 10710 299

0"+ 02(Ex)) +M->03+M |4, 1930 « exp (% 299 a, ce
0; +0,(BJ+ M= 04 + M 55 10-31  exp (%)—1-0 21 a,cf
N*+N+ 0, > Nf +0, 1.0 x 107%° 299

N* +N,0 - NO* + N, 5.5 x 10710 299
N*+NO-> NI +0 3.0 x 10712 299

N* +NO - NO* + N 8.0 x 10710 299

Nt +NO - Ot +N, 1.0 x 10712 299
N*+0+M- NO*+M 1.0 x 1072° 299 a
N*+0->N+0* 1.0 x 10712 299

N*+0, > NO*+0 2.5x 10710 299

N*+0, - 0*+NO 2.8x 10711 299
N*+0,->0f+N 2.8x 10710 299

N* + 05 - NO* + 0, 5.0 x 10710 299

N+ + N,0 - N,0* + N, 5.0 x 10710 299

N +N,0 > NO*+N+N, 4.0x1071° 299

Ni 4+ NO - NO* + N, 3.3x 10710 299

N7 + 0 - NO* +N 1.3 % 10-10 x (3_&)0-5 299

Nz +0, -0z +N, 6.0 x 1071 x (ﬂ)o's .

N +0;->0f+0+N, 1.0 x 10710 299
N,OO+N->NO+ N, +e” 5.0 x 10710 298
N,0"+0->NO+NO+e~ 15x1071° 208

N,0* + NO - NO* + N,0 29 x 10710 299

N¥ + NO - N,0" +N, 7.0 x 10711 299

Ni + NO - NO* +N+N, 7.0 x 10711 299
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Ni +0, > NO +N,

44 x 10711

299

N3 +0, > 07 +N+N, 2.3 x 10711 299
N} +NO—->NO*+N,+N, 4.0x10710 299
Nf+0-0"+N,+N, 2.5x 10710 299
NI +0, >0} +N, +N, 2.5 x 10710 299
NO™ +N,0 - N0++el\120 226 % 10 x oxp <_ 1(;7.2 &)
g
NO™ 4+ NO - NO+ NO + e~ 3.28 x 1010 X exp <_ %51) 323
g
NO™ + N - N,0 + e~ 5.0 x 10710 299
NO~™ + N,0 -» NO; + N, 2.8x 10714 299
NO~ + NO, —» NO; + NO 7.4 % 10710 299
NO™ +0 - NO; +e” 1.5 x 10710 298
NO™ + 0, - 0z + NO 5.0 x 10710 299
NO; + N - NO + NO + e~ 5.0 x 10710 298
NO; +N,05 —» NO3 +NO, 7.0 x 1070 299
+ NO,
NOz + NO, — NO3 + NO 4.0 x 10712 299
NO; + NO; —» NO3 + NO, 5.0 x 10710 299
NO; + 03 = NO3 + 0, 1.8 x 10711 299
NO3 + NO — NO* + NO, 2.9 x 10710 299
NO3 + N - NO + NO, + e~ 5.0 x 10710 298
NO3 + NO - NO7 + NO, 3.0 x 10715 299
NO3 + 0> NO + 05 + e~ 1.5 x 10710 298
0"+N->NO+e" 2.6 X 10710 299
0™ +Ny(gv) » N,O+e” 05x 10713 299
0" +N,(A’ZY) » 0+ N, 2.2 x107° 299
+e”
0™ + N,(B*Ily) - 0 + N, 19 x107° 299

+e”
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0" +N,0->N,0"+0

2.0 x 10712

299

0™ +N,0 - NO™ +NO 2.0 x 10710 299

0" +NO+M->NO; +M 1.0 x 1072° 299 a

0™ +NO —» NO, +e” 2.6 x 10710 299

0™ +NO,; » NO; +0 1.2 x 107° 299

0*+N+ M- NO*+ M 1.0 x 10-2° 299 a

0*+N->N*"+0 1.3 x 10710 299

0" + Ny(g v) + M 3002 5 ~
S NO*4+ N 6.0x107% x (—> ’
+M Tion

0* +N,(gv) » NO* +N (15— 2.0 x 1072 X Ty, + 299 b

9.6 x 1077 X T3,,) X 1.0 X
10—12

0" + N,0 » N,0" +0 2.2 x 10710 299

0" + N,0 — NO* + NO 23 % 10-10 -

0* +N,0 - 03 +N, 2.0x 1011 299

0" +NO - NO* +0 2.4 x10"11 299

0" +NO - 03 +N 3.0 x 10712 299

0* + NO, » NO3 +0 1.6 x 107° 299

0; +N—=>NO, +e” 5.0 x 10710 299

07 + N,(B%My) > 0, +N, 25x107° 299
+e”

07 + No(A’E}) » 0, +N, 2.1x107° 299
+ e

03 + N(B3M,) > 03 +N, 25x107° 298
+e”

03 + N,(A’2}) > 0;+N, 21x107° 298
+e”

NO™ + N,(B°Ilg) 25x107° 298

- NO + N,
+e”
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NO~ + N,(A%%)) 2.1x107° 298
- NO+N,
+ e
N,0™ + N,(B®Il,) 2.5x107° 208
- N,0
+N, +e”
N,O0™ + N,(A3Z]) 2.1x107° 298
- N,0
+N, +e”
NO; + N,(B*Il,) 2.5x107° 208
- NO,
+N, +e”
NO; + N,(A3Z) 2.1x107° 298
- NO,
+N, +e”
NO3 + N,(B®I,) 2.5x107° 298
- NO;
+N, +e”
NO3 + N,(A3Z]) 21x107° 298
- NO;
+N, +e”
0; + NO, - NO3; + 0, 7.0 X 10710 299
037 + NO; - NO3 + 0, 5.0 x 10710 299
03 +N->NO*+0 1.2 x 10710 299

07 + N, (g v) + N,

2

300
9.0 x 10731 x <—>

299

- 03N, _
+ N2 mon
07 + N,(g,v) » NOT + NO 1.0 x 10717 299
07 + NO -» NO* + 0, 6.3 x 10710 298
07 + NO, » NO* + 04 1.0 x 10711 299
07 + NO, - NO? + 0, 6.6 X 10710 298
O;Nz + NZ d O; + Nz + N2 300 5.3 299
1.1 x107% x ( )
ion
2360
X exp (— >
ion
OIN, +0, - 0f +N, 1.0 x 107° 299
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03 +N->NO+0,+e” 5.0 x 10710 298

03 + NO - NO; + 0, 2.6 X 10712 299
03 +NO->NO3 +0 1.0 x 10712 299
03 + NO, —» NO; + 04 7.0 x 107! 299
03 + NO, - NO3 + 0, 2.0x 10711 299
03 + NO; —» NO3 + 04 5.0 x 10710 299
0; +N; > 0; +0, +N 1044 299
* 2 2 2 2 1x 10719 x exp <— )
Tg
07 + NO » NO3 + 0, 2.5%x 10710 299
07 +Ny(gv) » 07N, +0 Tion\ >~ 299 b
4 2(8v) 2 N2 2 4.6><10_12><<ﬂ>
300
2650
exp (- 20)
ion
0f +NO->NO*"+0,+0, 1.0x1071° 299

a M represents any neutral molecule.

b For any species indicated with (g,v), g and v stand for its ground and vibrationally
excited state, respectively.

¢ 0,(E,) represents the electronically excited states: 0,(a'A) and 0,(b'Z™).

d The rate coefficient is assumed to be equal to that of 0 + 0, + M - 0f + M.

¢ The rate coefficient is assumed to be equal to that of 0" + 0, + M - 03 + M.

f The rate coefficient is assumed to be equal to that of 0; + 0, + M - 07 + M.
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Appendix Table 7 lon-ion reactions included in the model, the
corresponding rate coefficient expressions and the references. Ty is
the gas temperature in K. The rate coefficients are expressed in
cm3 s~Yor cm® s~ for binary or ternary reactions, respectively.

Reaction Rate coefficient Ref. Note
0"+0"+M-0,+M 300\*° 320 a
1.0 x 10725 x (—)
Tg
- + 2.5 320 a
O +02+M_>03+M 1.0)(10_25)((@)
g
0; +0*+M-0;+M 300\*° 0 a
1.0 x 1072° x <—)
Tg
0; +03 +M—-0,+0,+M 300\*° 0 a
1.0 x 1072° x <—)
Tg
03 +0*+M->0;+0+M 300\*° 28 a
2.0 X 10725 x <—)
Tg
03 +0; +M—>0;+0,+M 300\*° 28 a
2.0 X 10725 x <—)
g
0"+0;-0+0+0 300\%** 17 a
2.60 x 107° x (—)
Tg
03 +0; >0+ 0+0; 300\%° 7 a
1.0 x 1077 x (—)
Tg
0"+0"->0+0 300\%*3 317
4.0 x 1078 x <—>
Tg
O—+O;_,OZ+O 300 0.44 317
2.6 X 1078 x <—>
Tg

0; +0*>0+0,

0.5
2.7x1077 x (?)

g

317

0; +0f >0,+0,

0.5
2.01x 1077 x (?)

g

0;+0f->0,+0+0

0.5
1.01 x 10713 x <3°°>

Tg

317

03 +0*->0;+0

0.5
1.0 x 1077 x (?)

g

321
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O§+O;—>02+03 20 % 10— 7X<300>05 317

NO"+A*+M->NO+A+M . 00)?® 28 ab
2.0 x10” ><<T—g)

NO; +A*+M > NO, +A+ M 20 x 10-25 (ﬂ)Z.S 298 a b
g

N,0"+A"+M->N,0 +A+M 2.0 % 10-25 <ﬂ)2-5 28 ab
g

NO3; +A*+M > NO; +A+ M 5 _ (300\*® 28 ab
2.0x10 x(T—g)

0;+B*+M—->0;+B+M 55 o (300\%° 2 a,c
2.0 x 10 x(T—g)

aM represents any neutral molecule.
bArepresents N, 0, N,, 0,, NO, NO, and N,O species.
¢B represents N, N,, NO, NO, and N,O species.

Appendix Table 8 Optical transitions of N, and 0, molecules. The
Einstein transition probabilities are expressed in s71.

Reaction Rate coefficient Ref. Note
N,(A%2}) - N, 0.5 299

N2 (B*Ilg) - N2 (A*Z)) 1.35 x 105 299

No(a'Z; ) = N, 1.0 x 102 299

N2(C3M1,) = Ny (BIlg) 2.45 x 107 299

0,(a*d) - 0, 2.6 x 10~ 299

0,(b'z*) > 0, 8.5 x 1072 299

0,(b'z*) — 0,(a'a) 1.5 x 1073 299
0,(A32%,C3A,c127) > 0, 11 299 a

a0,(A3x*,C3A, ctx7) is a combination of three electronic excited states at a threshold
energy of 4.5 eV.
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XI.

LIST OF ABREVIATIONS

Abbreviations

Meaning

kiq Quenching coefficient

Ao Emission line

oy Cross-section

A Einstein transition coefficient
BNF Biological nitrogen fixation

C Speed of light

CCS Carbon Capture and Storage
CFD Computational fluid dynamics
DBD Dielectric barrier discharge
DNA Deoxy ibonucleic acid

EC Energy consumption

EC Energy consumption

EEDF Electron energy distribution function
Ep/Ex Foton energy

e-V Electron vibrational

Ex Electronically excited state
FHO Forced harmonic oscillator
FTIR Fourier-transform infra-red

g Ground state

h Planck’s constant

HB Haber-Bosch

I Current

I Signal intensity

ICCD Intensified charged coupled device
IR Infra-red
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Boltzmann constant

L Path length

LCA Life cycle assessment

LNT Lean NOx trap

Me Mass of and electron

MFC Mass flow controller

MH Mass of a hydrogen atom

MW Microwave

N Nitrogen

Nd Not defined

Ne Electron density

NF Nitrogen Fixation

OES Optical emission spectroscopy

P Power

P Probability of electron impact excitation

P Power

PAW Plasma activated water

PNOCRA Plasma nitrogen oxidation with catalytic
reduction to ammonia

PR Production rate

PTW Plasma treated water

Q Effective quenching rates

q Fraction of signal that is visible after
quenching

RF Radio frequency

RNA Ribonucleic acid

RNS Reactive nitrogen species
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RONS Reactive oxygen and nitrogen species
ROS Reactive oxygen species

RSS Rayleigh scattering spectroscopy
To Discharge period

Te Electron temperature

TEA Techno-economical analysis

Tg Gas temperature

Trot Rotational temperature

tt Treatment time

Tv Vibrational temperature

UAN Urea Ammonium Nitrate

UVv-VvIS Ultra-violet — visible (light)

V Voltage

VDF Vibrational distribution function
VOC Volatile organic compounds

Vr Relative velocity

VT Vibrational-translational

vV Vibrational-vibrational

Vx Vibrationally excited state
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Plasma technology offers an attractive alternative or complementary technique to fix
nitrogen in a way thatis more in line with the current needs and sustainability standards.
The improvements in performance and the leaps of gained insights in dry plasma-based nitrogen
fixation (NF) literature in the last years to decades show the potential and, in combination with
economical and interdisciplinary studies, also the technical applicability of plasma-based NF. Wet
plasma-based NF, on the other hand, is currently the little brother of dry plasma-based NF, meaning
there are still many more open-ended questions. The works presented in this thesis add to the state
of the artin two main ways.

Firstly, this thesis aims to take into account the identified knowledge-gaps and challenges summarized
in the state of the art. Specifically, (1) we put our focus on branching out to another way of introducing
water into the plasma system, i.e. H,0 vapor, (2) we de-couple the problem for pathway elucidation by
starting with characterization of the chosen plasma, next a simpler gas mixture and building up from
there, (3) weinclude modelling, though not under wet conditions (the high complexity, made it not
feasible within the timing of this thesis) and (4) we focus on also analyzing species and performance
outside liquid H,0.

Secondly, in a more concrete way, this thesis adds to the elucidation of wet plasma-based NF by,
contributing to two of the main open-ended research questions in this field.
1. What s the role of liquid vs gaseous H,0 in wet plasma-based NH, formation?

2. What are the important chemical pathways towards plasma-based nitrogen fixated species
(NH,/(H) NO ) in a wet environment?

Lastly, in connection with points (2) and (3), regarding decoupling and modelling, we aim to elucidate
the role of pulsing in reaching a low energy consumption for NO_formation from dry air. We start with
this last research question, before moving to wet plasma-based NF.
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