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Summary

This research aims at the assessment of potential benefits of a Dielectric Barrier
Discharge (DBD) non-thermal plasma on the calcium carbonate decomposition, in
terms of 1) decomposition temperature decrease and 2) direct conversion to added
value chemicals such as CO.

Calcium carbonate decomposition is the regeneration step of the Calcium Looping
Cycle, a process to separate CO, from flue gases, preventing global warming. In order
to efficiently purify a continuous stream from CO,, we need to recycle the sorbent
calcium oxide every time it’s highly converted to CaCOs, via decomposition.
Unfortunately, CaCO3; decomposition involves very high temperatures, leading to
structure instability. Furthermore, the extracted CO, must be converted, since storage
is highly discouraged.

DBD plasma is a promising technique since it activates very stable molecules like CO; at
temperatures lower than 100°C. This is due to the strong unbalance between the
energies in the plasma: very high for the electrons and for the vibrational modes of the
molecules, which seem to channel the activation of CO, with less energy cost, rather
low for the heavy molecules motion (i.e. temperature). Low temperatures allow solid
materials inside the plasma zone, e.g. the decomposing calcium carbonate or any
catalyst for further CO; conversion. DBD plasma can be also generated and sustained
at atmospheric pressure, which is very interesting for applications.

The effect of DBD plasma on CaCOs; decomposition is studied using a systematic
approach: firstly, a pure physical plasma is tested by using argon as inert phase.
Successively, reactive gases as hydrogen and water vapour are introduced to test any
plasma chemistry. The kinetics of the thermal decomposition reaction (without plasma)
are also evaluated at the same conditions, serving as blank experiments. A method to
distinguish between thermal effect (i.e. increase of temperature) and non-thermal
effects of plasma, either physical or chemical, is developed in order to assess the real
benefit of plasma. Any effect of plasma beside thermal is considered favourable, since
it would allow to lower the decomposition temperature preventing sintering. Any
secondary reaction, i.e. conversion of CO, to CO or CHs, will be also evaluated and
reported as additional benefit for energy storage application.



The kinetics of CaCO3 decomposition in absence of plasma are addressed in Chapter 2,
both in pure argon and in presence of low concentrations of water vapour. We
investigate whether steam has a catalytic effect on the decomposition, by comparing
the kinetics of the reaction with and without steam by minimizing any mass and heat
transfer limitation.

The new method developed to distinguish between thermal and non-thermal effects
of plasma in a packed bed DBD reactor is discussed in Chapter 3. The method is tested
on calcium carbonate decomposition in argon plasma and consecutive CO;
decomposition, allowing to discriminate which effect of plasma drives the reaction
kinetics and estimate the temperature in the plasma.

In Chapter 4, the Reverse Water Gas Shift (RWGS) reaction is probed in presence of
calcium oxide and plasma, as a pre-requirement to study calcium carbonate
decomposition in presence of hydrogen plasma. Synergy between calcium oxide and
plasma for RWGS is assessed and discussed by discriminating whether it is produced by
a thermal effect, by an effect of calcium oxide on the plasma or by new reactions of
plasma on the calcium oxide surface.

In Chapter 5, the decomposition of calcium carbonate in hydrogen plasma is addressed,
by using the kinetic data obtained for RWGS. The research questions discussed are 1)
the effect of hydrogen on the decomposition without plasma, 2) the effect of hydrogen
plasma on the decomposition and 3) whether the CO is produced via consecutive RWGS
or via direct decomposition of bulk carbonate.

In Chapter 6, the conclusions of this work are summarized, and other routes explored
during this research are briefly shown, i.e. CaCO3 decomposition in presence of water
vapour plasma and transition metals-doped CaCOs; decomposition in presence of
hydrogen. A general assessment on this technology is drawn, together with a few ideas
for the future.



Samenvatting

Dit onderzoek is gericht op de evaluatie van mogelijke voordelen van een niet-
thermische ‘Dielectric Barrier Discharge’ (Diélektricum barriere ontlading; DBD) op de
calciumcarbonaatontleding, in termen van 1) afname van de ontledingstemperatuur en
2) directe conversie naar chemicalién met toegevoegde waarde zoals CO.

Calciumcarbonaatontleding is de regeneratiestap in de Calcium Looping Cycle, een
proces om CO; van rookgassen te scheiden om zo broeikasgasuitstoot de limiteren. Om
CO; efficiént van een continue stroom te zuiveren moeten we het sorptiemiddel
calciumoxide regenereren elke keer dat het door ontleding in grote mate wordt
omgezet in CaCOs. Helaas betreft CaCOs-ontleding zeer hoge temperaturen, wat leidt
tot instabiliteit van de structuur. Bovendien, moet de geéxtraheerde CO, worden
omgezet, omdat opslag sterk wordt afgeraden.

DBD plasma is een veelbelovende techniek, omdat het zeer stabiele moleculen zoals
CO; bij temperaturen lager dan 100°C activeert. Dit komt door de sterke onbalans
tussen de energieén in het plasma: zeer hoog voor de elektronen en voor de
vibratiemodi van de moleculen, maar vrij laag voor de beweging van de zware
moleculen (d.w.z. temperatuur). Vibrationele activering van CO; lijkt te leiden tot een
lager benodigde energie. Lagere temperaturen laten plaatsen van vaste materialen
binnen de plasmazone toe, b.v. het ontledende calciumcarbonaat of een katalysator
voor verdere CO,-omzetting. DBD-plasma kan ook worden gegenereerd en in stand
gehouden worden onder atmosferische druk, wat zeer interessant is voor
toepassingen.

Het effect van DBD-plasma op de ontleding van CaCO3 wordt bestudeerd door middel
van een systematische aanpak: ten eerste wordt een zuiver fysiek plasma getest met
argon als inerte fase. Achtereenvolgens worden reactieve gassen zoals waterstof en
waterdamp geintroduceerd om elke plasmachemie te testen. De kinetiek van de
thermische ontledingsreactie (zonder plasma) wordt ook geévalueerd onder dezelfde
omstandigheden. Deze experimenten zullen als blanco fungeren. Om onderscheid te
maken tussen thermisch effect (d.w.z. toename van temperatuur) en niet-thermische
effecten van plasma, fysisch of chemisch, is een methode ontwikkeld om het werkelijke
voordeel van plasma te beoordelen. Elk effect van plasma naast thermisch wordt als
gunstig beschouwd, omdat het de ontledingstemperatuur zou kunnen verlagen om zo



sinteren kan voorkomen. Elke secundaire reactie, d.w.z. omzetting van CO; in CO of
CHg, zal ook worden geévalueerd en gerapporteerd als extra voordeel voor toepassing
van energieopslag.

De kinetiek van CaCOs-ontbinding in afwezigheid van plasma in zowel zuiver argon als
in aanwezigheid van lage concentraties waterdamp zal worden behandeld in Hoofdstuk
2. We onderzoeken of stoom een katalytisch effect heeft op de ontleding, door de
kinetiek van de reactie te vergelijken met en zonder stoom door massa en
warmteoverdracht te minimaliseren.

In Hoofdstuk 3 wordt een nieuwe methode besproken die is ontwikkeld om
onderscheid te kunnen maken tussen thermische en niet-thermische effecten van
plasma in een gepakte DBD-reactor. De methode wordt getest op
calciumcarbonaatontleding in argonplasma en opeenvolgende CO;-ontleding,
waardoor kan worden bepaald welk effect van het plasma de reactiekinetiek stuurt.
Hiernaast kan met deze methode een schatting worden gemaakt van de temperatuur
in het plasma.

Als een vooronderzoek om de ontleding van calciumcarbonaat te bestuderen in
aanwezigheid van waterstofplasma wordt in Hoofdstuk 4 de Reverse Water Gas Shift
(RWGS) reactie onderzocht in aanwezigheid van calciumoxide en plasma. Synergie
tussen calciumoxide en plasma voor RWGS wordt beoordeeld en besproken door te
onderscheiden of het wordt geproduceerd door een thermisch effect, door een effect
van calciumoxide op het plasma of door nieuwe reacties van plasma op het
calciumoxideoppervlak.

In Hoofdstuk 5 wordt de ontleding van calciumcarbonaat in waterstofplasma
behandeld met behulp van de kinetische gegevens die zijn verkregen voor RWGS. De
besproken onderzoeksvragen zijn 1) het effect van waterstof op de ontleding zonder
plasma, 2) het effect van waterstofplasma op de ontleding en 3) of het CO wordt
geproduceerd via opeenvolgende RWGS of via directe ontleding van bulkcarbonaat.

In Hoofdstuk 6 worden de conclusies van dit werk samengevat en andere routes die
tijdens dit onderzoek zijn verkend kort weergegeven, d.w.z. CaCOs-ontleding in
aanwezigheid van waterdampplasma en met overgangsmetalen gedoteerde CaCOs-
ontleding in aanwezigheid van waterstof. Er wordt een algemene beoordeling van deze
technologie gemaakt, samen met enkele ideeén voor de toekomst.
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Chapter 1

Introduction

1.1 Global warming and energy economy

After tough negotiations, on 12 December 2015 most of the countries in the World
signed the Paris Agreement, which main concerns are 1) to limit the increase of the
global temperature “to well below 2 °C above pre-industrial levels and to pursue efforts
to limit the temperature increase to 1.5 °C” and 2) to reduce poverty in the less
developed countries [1]. To achieve these objectives, the net carbon emission should
reach level zero by 2050 and major efforts must be made by the western World.

Therefore, the global economy must change. Figure 1.1 shows that the energy demand
is rapidly increasing in the last 25 years [2]. Nowadays, 80 to 90% of the energy
feedstock is still composed by carbon sources, which contribute to emit CO; in the
atmosphere and must be eventually replaced by hydrogen, biofuels or renewable
electrical energy from solar and wind. Figure 1.2 shows the levelized cost of electricity
produced in power plants using different renewable technologies and commissioned
either on 2010 or on 2018 [3]. As a comparison, it shows also the cost range of energy
generated by fossil sources. Thanks to recent advancements in renewable technologies,
the price of renewable electrical energy dropped significantly, especially in case of
hydropower and geothermal, which are currently cheaper than energy from fossil
sources, since they cost less than 0.1 USD kWh™.
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Figure 1.1: Global energy consumption by source in the last 25 years, adapted from [2].
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Figure 1.2: Global levelized cost of electricity from utility-scale renewable power generation
technologies, 2010-2018. The diameter of the circles represents the size of the project. The vertical
bars represent the interval of costs between percentiles 5 and 95 for each technology. The horizontal
bar indicates the cost range of fossil fuels [3].
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Although it seems that the rapid increase in efficiency would allow electrification,
renewable technology will not replace fossil fuels in the next decade for two logistic
reasons, i.e. 1) renewable energies are intermittent and storage is an issue and 2) they
aren’t located homogeneously on the Earth and transportation is also an issue, e.g. the
sun shines more intense on the equator, while most of the energy demanding countries
(US, European Union, China) are far from the equator [4]. Furthermore, there is one
economical reason, which is that the major players in the energy economy, sometimes
supported by local administrations, would rather rely on still durable fossil sources than
invest on renewable sources, e.g. the United states can still rely on natural gas for 90
years and on coal for 300 years [5].

Therefore, CO, emissions won’t be avoided sufficiently to allow a carbon-neutral
economy, but they can be prevented to reach the atmosphere by applying technologies
for CO; separation and conversion.

1.2 Carbon Capture and Storage or Utilization

Carbon Capture and Storage (CCS) or Utilization (CCU) refers to a set of technologies
being developed for the capture, transport, storage and utilization of CO,. Great
research efforts have been performed in the last decades on CO; separation from flue
gases, syngas and ambient air. Figure 1.3 summarizes the current development
progress of different CCS technologies on the Technology readiness level (TRL) scale [6].
The most populated regions are TRL 3, TRL 6 and TRL 7 development phases. The
progression of a technology beyond TRL 3 requires further research funding, whereas
advancing technologies beyond TRL 7 and finally introducing them into commerce
needs significant financial investments and commercial interest.

The most developed option (TRLI) is flue gas scrubbing using amine-based sorbents [7],
which has been utilized in two commercial-scale post-combustion capture facilities in
coal-fired power plants, Boundary Dam [8] and Petra Nova [9]. Amine-based sorbents,
e.g. mono-ethanolamine, react strongly with acid gases like CO; and has an ability to
remove high fractions of CO,, even at the low CO; concentrations [10]. Typically, Mono-
ethanolamine can capture 85% to 90% of the CO, from the flue gas of a coal-fired plant,
which is one of the most effective solvent to capture CO,. However, the interaction of
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these sorbents with sulphur-oxide and oxygen, always present in flue gases, as well as
their corrosive nature, represent a major issue for its operation.

. Proof of concept y . Commercial .
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TRL1 TRL2 TRL3 TRLA TRLS TRL6 TRL? TRL8 TRLO
—\—_‘———_,_
—
Post-combustion
lonic liquids Membranes
Membranes palymeric Post-combustion
polymeric (NG industry) amines
(power plants) Pre-combustion (power plants)
BECES power 1GCC +CCS
Post-combusts o Pre-combustion
dense inorganic | biphasicsolvents | oo\ power plant NG processing
(H, separatian for
Ocean storage . reformer) Transport
Pre-combustion | Oxy-combustion . Chemical looping | Post-combustion &on;h:re
Low T separation |  gasturbine combustion (CLC) | Adsorption Az
(water cycle) pipelines
Calcium carbonate i Transport
Membranes Looping (CaL) BECCS industry p]
dense inorganic . N—
(CO, separation) N il (DAL o
; formations
€O, utilisation, Bep‘ﬂ:d ol
gnm.:om. & gas fields
Mineral storage C0,-EOR .
. @ -tk
L ——
____..——-—-“—"‘—___' @ cowe
/ . Transport
/ . Storage
/ @ utilisation

Figure 1.3: State of the art for CCS and CCU technologies development [6]. The circles represent
different technologies and are shown as function of the TRL achieved so far.

Technologies based on polymeric membranes are also developed until demonstration
level (TRL7). The Polaris membrane has been tested in pilot plants (1 MW) to remove
CO; from syngas at room temperature and pressures up to 40 bar [11]. Membranes
which can stand high temperatures applicable in power plants are indeed more
challenging and still under development [12].

A rather new hot topic is CO, capture directly from air, although the very low CO;
concentration present in air makes it much less efficient respect to operating on flue
gases. A first plant for Direct Air Capture (DAC) was recently opened in Hinwil,
Switzerland, which is capable to remove 900 tons CO,/year [13].

Adsorption processes have been researched from the early 1990s, aiming at the
development of adsorbents with high CO, capture capacity, high CO; selectivity and
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tolerance towards impurities. For this purpose, both classical materials, e.g. metal
oxides, zeolites and carbons, and new materials, e.g. metalorganic frameworks,
hydrotalcites and polymers, have been explored [14].

The main advantage of CO; capture via adsorption on solids is that it can be fitted to
old plants with minor modifications, leading to low footprint and costs. In addition,
these technologies can be applied in a large range of temperatures and pressures by
choosing the right sorbent, allowing different applications. Moreover, solid sorbents
are much more stable and then safer than amine sorbents, which makes such
technology the way to follow [15].

Nevertheless, several challenges have still to be addressed, which blocked this
technology at the pilot plant stage (TRL7). For instance, process design is still an issue,
since 1) adsorption is by nature an exothermic process and heat dissipation has to be
managed in order to avoid high temperature raises [16] and 2) the process requires
regeneration of the sorbent in a separate step, induced either by pressure swing or
temperature swing. Vacuum Swing Adsorption (VSA) has been tested for post-
combustion capture [17], although the major challenge is the energy cost, since high
vacuum is required in order to have high CO; concentration in the outlet (i.e. 10 kPa for
95% CO,) [18]. Temperature Swing Adsorption is much more attractive, since it’s
scalable and heat is much cheaper than vacuum, but it slows down the process
significantly, since heating and cooling takes time [19].

1.3 Calcium Looping Cycle

A valid alternative is mineral carbonation of calcium oxide. Although the idea of using
lime to capture CO; is ca 100 years old, just at the end of the 1990s the Calcium Looping
Cycle (CLC) process was proposed by Shimizu et al. [20]. The CLC consists in two
fluidized beds for CaO carbonation (for capture) and calcination (for recycling)
respectively, which is capable to scrub CO; from flue gases. A scheme of the CLC process
is presented in figure 1.4 [6]. The carbonation is an exothermic reaction
(AHo=-179 kJ/mol) [21] but is kinetically hindered, therefore must be performed at
elevated temperatures (600°C) to speed up the process. The calcination is endothermic
and requires high temperatures in order to achieve high CO, concentrations in the
outlet (> 950°C to have 100% CO, at atmospheric pressure) [22].
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Figure 1.4: Schematic of the CLC process [6].

The CLC process has several advantages. Firstly, the heat lost in the absorber and the
calciner can be recovered via a steam cycle, producing more power. Secondly, the raw
material is calcite, one of the most abundant and cheapest on earth. Finally, cement
industry would make a good use of spent calcium oxide as construction material,
allowing to cut the disposing costs [23]. Moreover, the high temperatures involved are
well suitable for flue gases.

The main disadvantage is that calcination temperatures result in sintering, decreasing
the CO; capture capacity when calcium oxide is recycled several times [24]. The impact
of cycling on the calcium oxide microstructure has been widely studied and substantial
decrease of the surface area as well as closure of meso- and micro- pores were reported
[25]. Several attempts have been made to enhance the long-term capture capacity of
calcium oxide, by e.g. exploring different synthesis methods and precursors as well as
addition of oxides as support material, mixing with other elements, doping, core-shell
materials and nano-structured composites were explored [26]. Moreover, CLC also
needs repetitive temperature swings, which means switching reactor or moving beds,
either way slowing down the process.

Clearly, there is need to replace heat generated from fossil fuels with another source
of energy for the calcination reaction, but no definitive solution is found so far. The use
of co-reactants like H, and H,0 seems to reduce the decomposition temperature to
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some extent [27, 28], although the effects of such gases on the decomposition are still
under investigation. Heating up with an electrical oven would allow much faster
temperature swings than burners and pricewise it seems a viable solution, since the
lower price of renewable energy as discussed above, but the heat provided by electrical
sources still leads to sintering of CaCOs. Besides classical heat, other techniques are
being explored. For instance, calcium carbonate in aqueous solution has been
decomposed in electrochemical cells producing calcium bicarbonate for CO; storage in
the ocean [29]. Calcium carbonate has also been decomposed in microwaves [30],
which have been proven to heat up the dielectric materials surface rather than the bulk
[31]. Anisotropic heating is also studied in non-thermal plasmas, which is the topic of
this thesis and will be explained more in detail in the following paragraph. As additional
benefit, non-thermal plasmas enable CO; activation and conversion [32], which is
interesting for energy storage.

1.4 Non-thermal plasma for CaCO3; decomposition and
CO; conversion

1.4.1 General

Plasma is referred as the fourth state of matter. It is composed by a gas with a
significant number of electrons not bound to their molecules, which are in turn
converted into positive reactive ions and vibrationally activated molecules. Both ions
and activated molecules are referred to active species, which make the plasma a
conductive media, internally interactive and responsive to electromagnetic fields [33].

Plasma is a multicomponent system and can exhibit multiple temperatures. At the
beginning of plasma generation, electrons get kinetic energy from the electric field,
which means they initially have much higher temperature than the rest of the species
[33]. Successively, collisions between electrons and heavy particles distribute the
excess energy and equilibrate the temperature. A plasma in a quasi-equilibrium state is
defined thermal, otherwise non-thermal.
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1.4.2 Non-thermal plasma

Non thermal plasma can exist very far away from equilibrium, since it provides high
concentrations of chemically reactive species while keeping bulk temperatures as low
as room temperature. The electron temperature is the highest in the system, typically
between 10* and 10° K, followed by the temperature of the vibrational excitations of
molecules, on the order of 103 K, while the translational temperature of the heavy
species is at the most 10%-102 K higher than the applied temperature [33]. The fact that
the plasma energy is channelled much more selectively to specific molecular bonds
respect to conventional thermal energy, makes a non-thermal plasma suitable for
chemical processes.

Non thermal plasma is usually generated either at low pressures or at low power levels,
or in kind of pulsed discharge systems. In literature, a non-thermal plasma is named in
different ways, based on the technique used to generate it (e.g. Dielectric Barrier
Discharge, Plasma needle, Plasma jet), and on the characteristics of the plasma itself
(e.g. filamentary discharge, glow discharge and surface discharge) [33]. Non-thermal
plasmas have several applications in the fields of catalysis, such as waste gas treatment,
CO; conversion and reforming of hydrocarbons [34, 35], food treatment [36] and
medicine [37]

1.4.3 Dielectric Barrier Discharge

Dielectric Barrier Discharge plasma (DBD) is especially attractive for catalytic
applications, since it can be easily integrated in a catalytic reactor. Figure 1.5 shows a
typical schematic of a DBD setup, which includes the use of a dielectric layer between
the two electrodes in order to have several microfilaments uniformly distributed in the
plasma zone, instead of a single spark. The applied voltage has an amplitude between
1 and 10 kV and frequency between 10 and 100 kHz, the discharge gap is between 0.1
and 3 cm. DBD is suitable for operation at atmospheric pressure, which makes it very
appealing from the perspective of applications [33]

Although DBD plasma is suitable for converting molecules already in the gas phase,
often a solid catalyst is added in the plasma zone to enhance the reaction rate or to
promote a product by shifting the selectivity [34]. Figure 1.6 shows the two possible
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configurations of a plasma-catalytic system: either after the plasma zone, which is
referred as post-plasma configuration, or inside the plasma zone, which is referred as
in-plasma configuration.

ngh Voltage

Gas in @ Gas out

—>

Figure 1.5: Simplification of a DBD setup. The transparent cylinder is a tubular plug flow reactor, made
of a dielectric material. In grey the two electrodes, in pink the electrical micro-filaments.

Post plasma In plasma

Gasin Gasin

1-10 kV
10-100 kHz |

1-10 kV
10-100 kHz

Gas out
v

Figure 1.6: Post-plasma and in-plasma configurations of a DBD reactor. The black rectangles represent
the section of the electrodes; the crossed rectangle represents the packed bed.

In the post-plasma configuration, only the longest living active species interact with the
catalyst and the plasma effect on the catalyst is to alter the gas composition on its
surface, while the catalyst doesn’t have any effect on the plasma. In the in-plasma
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configuration, plasma and catalyst are reciprocally influenced in several ways and all
the active species can in principle interact with the catalyst [34, 38]. The effects of
plasma on the catalyst can be 1) change in gas composition and consequent
modification of reaction pathways, 2) physical modification of the catalyst surface and
subsurface by etching, poisoning, changing in oxidation state and activation by photon
irradiation, and 3) formation of hotspots on the catalyst surface. The effects of the
catalyst on the plasma are 1) change in the electric field distribution with enhancement
close to the roughness of surface, 2) change in the discharge type, e.g. from filamentary
to surface discharge, 3) formation of micro-discharges in pores and 4) presence of
pollutants in plasma.

Due to the presence of the mentioned cross-effects, the reaction rate obtained in-
plasma likely differs from the sum of the reaction rates obtained applying only the
catalyst and only the plasma in the reactor at the same conditions of temperature and
gases composition. If the former is higher than the latter, it is referred as synergy, which
is reported by several studies for different plasma-catalytic reactions [38].

1.4.4 Potential of DBD for CO, conversion and CaCOs;
decomposition

DBD plasma has a vast range of applications in chemical processes. Ozone generation
for water treatment, surface modification via thin films deposition and generation of
VUV excimers for lamps and TV displays are already commercially available [39].
Abatement of pollution e.g. VOC, NOx and SOy are performed at pilot scale [40], while
applications of DBD for energy storage, e.g. coupling of methane [41], conversion of
CO; into fuels like methanol or syngas [32] and synthesis of ammonia [43] still need
further study in the laboratories.

For all these reactions, promising results were presented in terms of high conversion
and selectivity, although a major issue of DBD remains the low energy efficiency
achieved, i.e., the ratio between chemical energy stored in the produced molecules and
electrical energy applied. Focusing on CO; conversion, figure 1.7 shows the results in
terms of conversion and energy efficiency of a set of studies on CO; splitting in DBD and
other plasmas [44]. Up to 40% conversion and 15 % efficiency has been obtained using
DBD, while much better results have been obtained with microwave plasma, as
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apparently the CO; vibrational states are more selectively excited at microwaves
frequencies [45]. Similar trend has been found for CO, hydrogenation, CO, conversion
in presence of water and dry reforming of methane [44]. On the other hand, DBD
plasma is much easier to generate and provides better selectivity, since the presence
of a catalysts in the plasma zone is not allowed in microwave plasma due to gas
temperatures on the order of 1000 K.
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Figure 1.7: Conversions and energy efficiencies reported in literature at 2017 for CO; splitting in
different types of plasma, adapted from [44]. MW stays for microwaves plasma, RF stays for
radiofrequency plasma, GA stays for gliding arc plasma.

Whether DBD plasma could enhance the decomposition of calcium carbonate is still
unknown. Active species in DBD have energies of typically 10 eV, which rules out
erosion and etching processes since they require higher energies [46]. Nevertheless,
chemically reactive plasmas, e.g. hydrogen, could react with the surface of calcium
carbonate, enabling decomposition at lower temperatures.
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1.5 Scope of the thesis

This study aims to report on the effect of DBD plasma on calcium carbonate
decomposition in terms of reaction rate and products distribution. Our goal is to assess
any enhancement of the decomposition rate and to distinguish whether it is caused by
a thermal effect (i.e. increase of the gas temperature), physical or chemical effect of
plasma. Any effect of plasma beside thermal is considered favourable, since it would
allow to lower the decomposition temperature preventing sintering of CaCOs.

This study is performed systematically: firstly, a pure physical plasma is tested by using
argon as inert phase. Successively, reactive gases as hydrogen and water vapour are
introduced to test any plasma chemistry. The kinetics of the thermal decomposition
reaction (without plasma) are also evaluated at the same conditions, serving as blank
experiments. A method to distinguish between thermal effect and physico-chemical
effects of plasma is developed in order to assess the real benefit of plasma. Any
secondary reaction, i.e. conversion of CO; to CO or CHs, will be also evaluated and
reported as additional benefit for energy storage application.

In Chapter 2, the CaCOs; decomposition reaction without plasma in presence of low
concentrations of steam in argon is addressed. We investigate whether steam has a
catalytic effect on the decomposition, by comparing the kinetics of the reaction with
and without steam by minimizing any mass and heat transfer limitation.

In Chapter 3, a new method is developed to distinguish between thermal and non-
thermal effects of plasma on reactions occurring on the surface of a packed bed DBD
plasma reactor. The method is tested on calcium carbonate decomposition in argon
plasma and consecutive CO, decomposition, allowing to discriminate which effect of
plasma drives the reaction kinetics and estimate the temperature in the plasma.

In Chapter 4, the Reverse Water Gas Shift (RWGS) reaction is probed in presence of
calcium oxide and plasma, as a pre-requirement to study calcium carbonate
decomposition in presence of hydrogen plasma. Synergy between calcium oxide and
plasma for RWGS is assessed and discussed by discriminating whether it is produced by
a thermal effect, by an effect of calcium oxide on the plasma or by new reactions of
plasma on the calcium oxide surface.

In Chapter 5, the decomposition of calcium carbonate in hydrogen plasma is addressed,
by using the kinetic data obtained for RWGS. The research questions discussed are 1)
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the effect of hydrogen on the decomposition without plasma, 2) the effect of hydrogen
plasma on the decomposition and 3) whether the CO is produced via consecutive RWGS
or via direct decomposition of bulk carbonate.

In the last chapter the main results of this thesis are summarized and the effect of DBD
plasma on calcium carbonate decomposition and consecutive reactions is put into
perspective. Other routes explored during this Ph.D., e.g. calcium carbonate
decomposition in presence of steam plasma, are shortly discussed.
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Chapter 2

Catalytic Effect of Water on Calcium
Carbonate Decomposition

Summary

The search for cheap solutions for carbon dioxide capture in order to prevent global
warming is still challenging. Calcium oxide may be a suitable sorbent, but the
regeneration process from calcium carbonate requires too high temperatures, causing
sintering and decreasing sorption capacity. In Chapter 2, the effect of steam on the
decomposition of the carbonate is investigated. A clear rate-enhancing effect up to a
factor of 4 is observed when steam concentrations up to 1.25% are applied during
isothermal reactions at temperatures between 590 and 650°C. This results in a decrease
of the apparent activation barrier from 201 to 140 kJ mol?, caused by the opening of a
new reaction pathway. The kinetics of steam catalysed decomposition of CaCOs; is
discussed and a simple reaction scheme is proposed, including estimation of kinetic
constants. The new pathway proceeds via formation of a stable surface bicarbonate
followed by decomposition to surface OH groups, which then decompose by desorbing
H,O0.



Chapter 2

2.1 Introduction

Global warming caused by emission of greenhouse gases (GHGs) is a major issue both
environmentally and economically. Carbon-dioxide, the most important among GHGs,
reached an average concentration of more than 0.04%, increasing the global
temperature of ca. 1°C above the pre-industrial level [1]. In order to prevent an increase
of more than 2°C in the next decades as stated by the Paris Agreement [2], a large
implementation of Carbon Capture and Storage (CCS) or Utilization (CCU) as well as low-
carbon emission technologies is needed [3].

CCS refers to a group of technologies developed to capture and store CO, from
combustion in flue gasses of power plants. The most developed option to capture CO;
is flue gas scrubbing using amine-based sorbents, e.g. monoethanolamide [4, 5].
However, the interaction of these sorbents with sulphur dioxide and oxygen, always
present in flue gas, as well as its corrosive nature represent major issues for practical
operation. A possible alternative is mineral carbonation of rocks as serpentine
MgsSi>Os(0OH)s or calcium oxide, requiring rather high temperatures [6]. The
carbonation (for capture) and calcination (for recycling) of calcium oxide, referred as
Calcium Looping Cycle, is widely discussed in literature [7].

However, the calcination reaction requires high temperatures in order to achieve high
CO; concentrations in the outlet, i.e. at least 950°C to obtain pure CO, at atmospheric
pressure [8]. Such temperatures result in sintering, decreasing the CO; capture capacity
when calcium oxide is recycled [9-12]. The impact of cycling on the calcium oxide
microstructure has been widely studied and substantial decrease of the surface area as
well as closure of meso- and micro- pores were reported [11, 12]. Different synthesis
methods and precursors as well as addition of oxides as support material, mixing with
other elements, doping, core-shell materials and nano-structured composites were
explored in order to improve thermal stability of calcium oxide [13-18]. Another
approach would be to induce decomposition at lower temperatures by using a non-
thermal plasma, as discussed in this thesis.

The kinetics of calcium carbonate decomposition determines the required residence
time and the size of the decomposition reactor in case of moving-bed technology.
Unfortunately, kinetic data reported so far are inconsistent [19-22]. A wide distribution
of activation energies ranging from 100 to 300 kJ mol-1 are reported in a review by
Maciejewski and Reller [23], concluding that the observations are strongly dependent

34



Catalytic Effect of Water on Calcium Carbonate Decomposition

on re-absorption of CO,, caused by slow transport of CO; in the bed. The effect of CO,
partial pressure on CaCO3 decomposition was also studied by Darroudi and Searcy [24],
reporting that CO; significantly retards the decomposition even when the reaction is
far out of equilibrium.

The effect of water vapour on the decomposition kinetics has been widely investigated
as well, but the results are controversial. In first place, it was observed that the
presence of water accelerates sintering [25] and the effect was ascribed to an
enhancement of surface diffusion. On the other hand, several studies of Anthony et al.
report that water regenerates spent sorbents, causing an increase in the capture
capacity, as well as reduces sintering if applied during every calcination cycle [26-29].
Several studies observed that the decomposition rate increases substantially when low
concentrations of water are present [26, 27, 30, 31], suggesting that water has a
catalytic effect on the decomposition reaction. The topic has been explored by Wang
and Thompson [32], performing carbonate decomposition in a XRD setup at
temperatures below 500°C and water concentrations up to 0.2 bar. They explained the
catalytic effect of H,O with a Langmuir-Hinshelwood kinetic model and reported an
increased activation barrier for the new catalytic pathway. Li et al. reported that the
enhancement of heat transfer coefficient caused by water causes an increase of the
CaCOs3 decomposition rate [33]. On the other hand, Kraisha et al. and Yin et al. reported
that the combined effect of decreasing CO, gas phase diffusivity and increasing heat
transfer coefficient induced by water, resulted in an overall decrease in the reaction
rate [31, 34].

The methods used up to now to investigate the kinetics of calcium-carbonate
decomposition in presence of steam, i.e. TGA and XRD, operate with sample cups
containing stagnant gas causing significant mass transfer limitation and consequently
re-adsorption of CO,. The goal of Chapter 2 is to determine the effect of steam on the
kinetics of calcium-carbonate decomposition, minimizing mass transfer effects by using
a packed-bed in a plug flow reactor, a small amount of a low-surface-area-carbonate
and high flow-rate to obtain reliable data. Therefore, the decomposition is studied at
relatively low temperature as compared to temperatures used in practice.
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2.2 Materials and methods

2.2.1 Sample preparation

In order to study the catalytic effect of H,O on CaCO3; decomposition, calcium oxide has
been synthesized by calcination of calcium L-Ascorbate di-hydrate (99%, Sigma-Aldrich)
in 20% O3 in N, at atmospheric pressure and 900°C for 30 min. The calcined product
was pelletized (pressure 160 bar), crushed and sieved in order to obtain a sample in
form of particles, sized between 250 and 300 um.

2.2.2 Characterization

The specific surface area, pore volume and pore size distribution of the sample were
measured either in CaO form as well as in CaCOs3 form, after carbonation. The sample
was first degassed at 300°C in vacuum for 3 hours. The BET surface area, pore volume
and BJH pore size distribution were calculated based on the N, adsorption isotherm at
-196°C in a Micrometrics Tristar 3000 analyzer. Crystal structure was determined by
means of X-Ray Diffraction in a Bruker D8 spectrometer; crystallite sizes were estimated
based on the width of the peaks using the Scherrer equation. The morphology of the
samples was characterized with a JEOL-LA6010 Scanning Electron Microscope and the
composition was determined with X-Ray Fluorescence analysis (XRF) in a Bruker S8
Tiger. Thermo-Gravimetric Analysis was performed with a Mettler-Toledo TGA/SDTA
851e thermal balance.

2.2.3 Setup

Figure 2.1 shows a schematic representation of the equipment used to measure
absorption and desorption of CO; on Ca0. The fixed bed reactor can be fed with either
pure Ar, or a mixture of Ar containing 5% CO; or a mixture of Ar and H,0, varying the
H,0 concentration up to 1.25%. Different H,O concentrations are obtained by diluting
the 1.25% H,0 in Ar stream, obtained by bubbling pure Ar in a H,0 reservoir kept at a
fixed temperature of 10.5 + 0.1 °C. The temperature of the oven is controlled by an
Eurotherm controller with an accuracy of +0.5°C between room temperature and
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1000°C. The isothermal zone at 900°C is 8 cm long, defined as the position in the reactor
with temperature variation less then £1°C. A Quadrupole Mass Spectrometer Pfeiffer
QMS200 measures the composition of the gas downstream of the reactor. The MS
signal for CO; (44 m/e) is calibrated for CO, concentrations between 0.16% and 5%,
resulting in a linear relationship as shown in Figure A2.1 of the Appendix A2. The
sample, typically 5 mg, is packed in the reactor, a quartz tube with 4-mm inner
diameter, together with 70 mg of SiO; particles of the same size in order to ensure
uniform distribution of the gas flow. SiO; is inert to CO, and H,0 at the temperatures
of operation.

[
Ar —
vent i
>« v—\—/—;
N
- - Heating :____,
CO, Ar stage
— = MS
—

Figure 2.1: Schematic of the setup to study decomposition of CaCOs.

2.2.4 Experimental procedure

2.2.4.1 CO; absorption

The sample is pre-treated in Ar at 750°C for 30 minutes in order to completely remove
absorbed CO; and H,0 from ambient. Complete desorption is confirmed by MS analysis.
After the pre-treatment, the temperature is decreased and then kept constant at 630°C
in order to perform isothermal absorption of CO,, converting CaO to CaCOs. The
experiment starts by instantly changing the composition of the gas from pure Ar to 5%
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CO; in Ar, while the total flow is always 90 ml mint. The sample is exposed to CO; in a
CO,-Ar mixture until CO, absorption diminishes and the sample is saturated.
Successively, the sample is heated or cooled to the temperature at which
decomposition will be measured.

2.2.4.2 CaCOs3 decomposition

The decomposition measurement is initiated by removing CO; from the gas mixture, by
changing the gas to either pure Ar or Ar containing up to 1.25% H,O. Isothermal
decomposition experiments have been done at four different temperatures, i.e. 590,
610, 630, 650°C, and H,0 concentrations between 0 and 1.25%. These temperatures
were selected to ensure sufficiently slow decomposition of CaCOs, preventing too fast
exhaustion.

The decomposition is measured by monitoring the CO; concentration in the exit of the
reactor with MS till complete conversion of CaCOs; has been achieved. Next, the
temperature is changed back to 630°C in order to form CaCOs in 5% CO; in Ar for the
next measurement.

2.3 Results

2.3.1 Sample characterization

Weight measurement before and after the synthesis using a microbalance as well as
the TGA measurement confirm that calcium L-ascorbate decomposed completely to
calcium oxide during calcination. Calcium oxide is a reactive material in ambient
conditions, since it tends to carbonate and hydrate in a timescale of hours. This
influences the BET surface area, varying from 23 m?/g after 5 minutes exposure to
ambient conditions, to 16 m?/g after several days of exposure. Figure 2.2 shows a
thermo-gravimetric analysis (TGA) of a sample stored for several days in ambient
conditions, showing that the sample loses around 39% of its mass in two steps. First,
Ca(OH), decomposes between 350 and 400°C, accounting for 20% of the total weight
loss and second, CaCO3 decomposes above 550°C, accounting for the remaining 80%.
The sample desorbs 8.6 mmol of water and 18.6 mmol of CO;, forming 27.7 mmol of
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Ca0. This implies that CaO is almost completely converted to Ca(OH), and CaCOs in
ambient conditions for several days. XRF measurement right after treatment at 1100°C
in air shows that the sample is composed of mainly CaO (99.12%) with impurities of
Si0; (0.16%), MgO (0.12%) and Al,03 (0.095%).

2,6-
2,4-
2,2-
2,0
1,84

Weight (mg)

1,6
1,4-
1,2
1,0

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2.2: TGA of CaO sample exposed for several days in ambient conditions: heat up from 20 to
750°C at 15°C min™; isothermal at 750°C for 30 minutes.

Figure 2.3(a,b) shows XRD and SEM results obtained on samples after several days in
ambient conditions. The XRD result shows the most prominent calcite phase of CaCOs;
and a relatively small calcium hydroxide peak. The main peak of CaO is also visible,
although very low in intensity. This confirms that CaO is almost completely converted
to a mixture of CaCOs and Ca(OH); during long exposure to ambient conditions. The
average crystal size calculated with the Scherrer equation for CaCOs is 17 nm, while
SEM shows polycrystalline grains in the order of 100 nm. Figure 2.3c shows the XRD
spectrum of the same sample after CO; absorption: the hydroxide peaks disappeared,
while small peaks of calcium oxide are still visible, meaning that the sample is not
entirely converted to CaCOs.
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Figure 2.3: XRD spectrum (a) and SEM picture (b) of CaO sample after several days of exposure to
ambient conditions; XRD spectrum of the sample after CO, absorption (c).

2.3.2 CO; absorption — desorption cycles

Figure 2.4a shows a typical example of a CO; absorption experiment on a ca. 80 mg CaO
sample by measuring the CO; concentration during exposure of the catalyst to 5% CO;
in Ar at 630°C. Clearly, the absorption saturated after typically 20 minutes. It also shows
the result of a blank experiment showing that the CO; concentration increases to the
feed concentration within 10 s when CO; is applied. In order to correct for minor
variation in the sensitivity, the MS is calibrated for CO, based on the signal obtained
with the feed composition, assuming linear calibration as presented in figure A2.1. The
initial absorption in the first minute is close to the thermodynamic equilibrium.
Formation of CaCOs at such high temperatures induces a significant decrease in surface
area to 7 m?/g, suggesting sintering and/or closure of pores caused by expansion of the
material when converting CaO to CaCOs.
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Figure 2.4b shows the result of an isothermal decomposition experiment of the CaCO3
layer in Ar, resulting from the absorption experiment in figure 2.4a, showing that the
CO; concentration generated via decomposition is about constant during the first 2
hours, within 10%. In general, this is observed during decomposition of the first 50% of
CaCOs3 present initially. The amount of CO, absorbed and desorbed are respectively
49.8 and 52.2 mg, resulting in 0.62 + 0.015 gco2/gca0, demonstrating that the mass
balance closes within 5%. This amount corresponds approximatively to 79% conversion
of Ca0. The thickness of the CaCOs layer is in the order of 35 nm, assuming the surface
area is 15 m?/g, estimated based on the average of the surface areas of 23 to 7 m?/g
for respectively CaO and the carbonated sample. The CO, concentration during
decomposition in Figure 2.4b is typically 0.35%, implying that the rate of decomposition
is not controlled by thermodynamics as the equilibrium CO; concentration at 630°C is
0.7% [8]. Nevertheless, it cannot be ruled out that re-adsorption of CO; occurs in the
bed and therefore the concentration of CO; during decomposition was further
decreased by decreasing the amount to typically 5 mg carbonated sample, which is
equivalent to 3 mg CaO.
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Figure 2.4: CO; concentration (solid line) monitored by Mass Spectrometry during CO, absorption (a)
and desorption (b); the dashed lines on both (a) and (b) present the blank experiments, demonstrating
very fast response in both experiments. The amount of CaO is 82 mg, temperature is 630°C, flow-rate
is 30 ml min%, absorption and desorption have been performed respectively in 5% CO; in Ar and in pure
Ar.

Figure 2.5 shows the concentration of CO, during the initial stage of decomposition
during the absorption—desorption cycles at 630°C in absence of H,O. The CO;
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concentration decreases during the first 40 cycles, indicating a significant aging of the
sample. After 40 cycles, the decay partly stabilizes and hereafter experiments were
performed with varying temperatures and H,0 concentrations (cycles 41-131). It is well
known that continuous recycling of CaO induces sintering and closure of the small
pores, reducing the surface area [9-12]. Consequently, the capture capacity is reduced
and a smaller fraction of CaO is converted due to slow diffusion in the CaCOs layer. Also,
the initial decomposition rate decreases, causing a drop in the initial CO, concentration
as observed in figure 2.5.

Variation of both temperature and H,0 concentration was studied on the same sample
after aging via 40 adsorption-desorption cycles, as described above. The aging caused
also a decrease in the CO, capture capacity, from 0.68 gco2/gcso (cycle 1) to 0.27
gco2/8ca0 (cycle 40), based on the amount of CO, desorbed. Every 5-10 cycles, an
experiment at standard conditions (630°C in absence of water) was repeated to judge
stability of the sample. Minor degradation is still observed after cycle 40 and the
deviation in the standard experiment is used to correct the CO, concentrations
obtained in experiments, varying H,O concentrations and temperatures. The trend in
aging during cycles 40 — 60 shows a linear decrease with 5% in the CO, concentration
during those 20 cycles. On the other hand, after cycle 60 the sample partially recovered
its capture capacity (from 0.24 to 0.58 gcoa2/8cao) causing an increase of 21% in the CO;
concentration during decomposition. We suggest this is due to interaction of the
sample with H,0 in ambient conditions for 5 weeks storage after cycle 60, in agreement
with similar observations in literature reporting that steam can regenerate spent CaO
after calcination [26-29]. Consequently, aging after cycle 61 is slightly stronger, with a
linear decrease of 25% during 70 cycles.

Figure 2.6 shows a typical example of a CO; -absorption and -desorption experiment on
a 5 mg sample CaCOs in the absence of water; this specific example is the 45t cycle.
The absorption process is very fast and the amount of CaCOs; formed cannot be
determined accurately, because the time resolution of the MS is 2.5 s, which is not
negligible compared to the typical time needed for saturation of 3 mg Ca0, as shown
in the inset of figure 2.6a. The amount of CO, desorbing can be calculated much more
accurately based on the result in Figure 2.6b, resulting in 0.27 gco2/gcao0. The result also
confirms a constant desorption rate during typically 20 minutes in this case, as
discussed above. This value is roughly a factor 2 smaller than the value measured on
the large (80 mg) CaO sample in Figure 2.4, which is in order of magnitude in agreement
with the aging effect observed in Figure 2.5, comparing cycle 45 with the first cycle.
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Figure 2.5: CO, concentration at the first stage of decomposition of 5 mg CaCOs for different
cumulative number of cycles. The decompositions are performed at standard conditions, i.e. 630°C in
absence of H,0 in the gas mixture.
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Figure 2.6: CO;, concentration (solid line) monitored by Mass Spectrometry during CO, absorption (a)
and desorption (b); the dashed lines in both (a) and (b) present the blank experiments. The amount of
Ca0 is 3 mg, temperature is 630°C, flow-rate is 90 ml min. The absorption and desorption have been
performed respectively in 5% CO; in Ar and in pure Ar.

Figure 2.7 shows a typical result of a decomposition experiment of the aged, 3 mg
carbonated sample in presence of steam (cycle 48). Compared with figure 2.6b, it is
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clear that H,O enhances the decomposition, reducing the time needed for total CO;
removal. Although CO, removal initiates at the same time when the Ar-H,0 mixture is
introduced, a slower response of water is observed, which is an artefact caused by
adsorption of water on the tubing in the equipment. This also explains that the CO;
concentration first decreases, followed by an increase after about 30 seconds when
water reached the reactor, enhancing CaCO3 decomposition.
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Figure 2.7: CO, (solid line) and H,0 (dash-dotted line) concentration monitored by Mass Spectrometry
during CO; desorption in 0.075% H,0 in Ar; the dashed line presents the CO, concentration in a blank
experiment. The amount of CaO is 3 mg, temperature is 630°C, flow-rate is 90 ml min™.

2.3.3 Kinetic data

The experiment as presented in Figure 2.7 have been performed at temperatures
between 590 and 650°C and with water concentrations varying between 0 and 1.25%.
In all cases, the CO, concentration is far below the equilibrium concentration. The initial
plateau value in the CO; concentration as observed in Figure 2.7 is used to calculate the
rate of the decomposition reaction:

CaC0; = Cal + CO,

fi
Rcoz = Ceoz " fm = Ceo2 FUOO
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where Rcoz is the decomposition rate in mole CO, per second, Ccp, is the CO;
concentration measured (fraction), fn, is the total molar gas flow in mol s and f, is the
volumetric flow in ml s1,

Figure 2.8 presents the resulting data on the effect of H,O partial pressure on the
decomposition rate. Clearly, the decomposition rate is significantly influenced, even at
low water concentration, approaching an asymptotic value when further increasing the
water concentration. The inset in Figure 2.8 clarifies details at low water concentration.
In some experiments, the CO, concentration will reach the plateau for a relatively short
time (less than 2 minutes) due to rapid exhaustion. The results of these experiments
are labelled with an asterisk indicating that the plateau is maintained shorter than 2
minutes, since this could lead to an underestimation of the reaction rate. Obviously,
this is the case in experiments with relatively high decomposition rates. The error
margin in the reaction rate is based on the reproducibility of the experiments. The
experiments with a plateau shorter than 1 minute have been discarded. The error
margin in the partial pressure is caused by minor water contamination (<5 ppm) in
argon and inaccuracy in the flow rates when mixing argon and water saturated argon.
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Figure 2.8: CaCO;3; decomposition rates at different temperatures and H,O concentrations. The
experiments with a narrow initial plateau, between 1 and 2 minutes, are labelled with an *.

45



Chapter 2

2.4 Discussion

Itis clear from the result in Figure 2.8 that water enhances the decomposition of CaCOs.
We will first discuss the results of CaCO3 decomposition in the absence of water and
then discuss the effect of water.

2.4.1 Decomposition kinetics of CaCO3 without H,O

Figure 2.9 shows the Arrhenius plot of the decomposition rates obtained in argon
atmosphere according the data in Figure 2.8. The experimental activation energy is 201
kJ mol? which is slightly higher than the AH of calcium-carbonate decomposition at
600°C, i.e. 171 kJ mol* [8]. This would indicate that the decomposition might be slightly
activated.
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Figure 2.9: Arrhenius plots for CaCO3 decomposition in argon and 0.015% water in argon.

CaCO3; decomposition kinetics have been thoroughly investigated previously. Activation
energies between 100 and 300 kJ mol! have been reported [19-23], agreeing
reasonably with our result thanks to the large scatter in literature. The variation in the
reported values is remarkably high, which is probably caused by re-absorption of CO>
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in the sample caused by mass transfer limitations as discussed by Beruto and Searcy
[19, 22]. If re-absorption occurs and the equilibrium between calcium carbonate and
calcium oxide is established locally in the sample, the apparent activation energy
decreases approaching the AH value. Re-adsorption depends on the design of the
reactor, the morphology of the sample as well as the experimental conditions. A plug
flow reactor suffers less from re-adsorption effects [35] compared to samples in cups
with stagnant gas-phase as used in TGA [36-38] and XRD experiments [32]. Gallagher
[20] reported an activation energy of 205 kJ mol™ after minimizing the re-absorption by
diminishing the sample size, similarly to our finding 201 kJ mol?, indicating that re-
absorption has no significant effect in this study.

2.4.2 Effect of water

The introduction of 0.015% of water reduces the activation barrier to 140423 kJ mol?,
as shown in Figure 2.9. This suggests that the presence of water opens a new reaction-
pathway for calcium carbonate decomposition.

The effect of water on the decomposition rate is a catalytic effect, because no other
products are formed. The gas phase contains exclusively CO, and presence of Hy, CHs4
and O; can be excluded based on MS results. Furthermore, formation of stable Ca(OH),
can be excluded as well, as no water desorption is detected when heating a sample to
950°C, after complete decomposition of CaCOs in the presence of water. This agrees
with the fact that the H,0 partial pressures used are typically two orders of magnitude
smaller than the H,0 equilibrium pressure at the experimental temperatures [8] and it
is clear that no hydroxide is formed. Furthermore, the enhancing effect is more or less
immediate as can be seenin Figure 2.7. In short, the reaction equation is not influenced,
but the rate is, hence the effect of water is catalytic in nature.

Several groups observed an influence of water on CaCOs; decomposition rate, but
general agreement on the mechanism is still lacking. Maclntire et al. [39] and McIntosh
et al. [40] proposed that the enhancement of the rate is caused by surface reaction with
H,0 and by different growth of CaO crystals. Berger et al. and Li et al. [30, 33] ascribed
it to improved heat transfer between gas and solid when H,0 is present. This argument
was proposed also by Wang et al. [41], while Yin and Saulov [34] observed a maximum
increase in decomposition rate for 2.2% H,0, followed by a decrease at higher H,0
concentrations, explained by retardation of CO; diffusion in the gas phase in presence
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of moisture. Li et al. [33] also observed that the capture capacity of CaO is enhanced by
steam during carbonation, explained by the fact that OH" ions, formed via dissociative
adsorption of H,0, diffuse faster than 0% ions in the growing CaCOjs layer. Although we
assume that OH is present also on CaCOs3 surface during decomposition, we rule out
that enhancement of decomposition is caused by a similar effect on transport in the
CaCOs layer, based on the fact that a steady decomposition rate is observed as shown
in e.g. figure 2.6b, indicating that diffusion through the shrinking CaCOs is not rate
determining. Only Wang and Thompson [32] gave a quantitative description of the
catalytic effect, studying CaCOs; decomposition in presence of H,O with in-situ XRD at
relatively low temperatures (400 — 480°C) and calculated activation energies of 197 kJ
mol™? in absence of water and 247 + 17 kJ mol™* at 0.2 bar of H0.

We exclude significant contributions of heat transfer and CO, diffusion, since
enhancement is observed at very low H,O concentrations. The activation barrier
measured in presence of water (140 k) mol?) is substantially different from the value
reported by Wang (247 kIl mol?). This discrepancy might be due to the mild
temperature used by Wang. In any case, catalysis is usually accompanied by a decrease
in activation barriers, as observed in this study.

To better understand the mechanism of the catalytic effect of H,O, we propose three
assumptions:

A. The catalytic effect occurs via adsorption of H,O according Langmuir
adsorption isotherm.

B. The number of CaCOs surface sites at the surface is constant for all the
experiments. This is in line with the correction for the variation in surface area
during the measurements, as described earlier.

C. The diffusion of CO3* ions in CaCO; is fast compared to the rate of
decomposition, implying that the concentration of CaO sites on the surface is
negligible. This assumption is supported by the fact that the decomposition
rate is essentially constant till about 50% of the CaCOs3 is decomposed.

In addition to direct decomposition of CaCOs in absence of water (kz), an alternative
pathway involving water proceeds via an intermediate species formed by dissociative
adsorption of water, namely CaHCO3 - OH; (scheme 1), as suggested by Stipp based on
an XPS study of H,0 adsorption on calcium carbonate at room temperature [42]. H,0
adsorption is assumed to be in equilibrium and the formation of CaHCOs3 - OH; can be
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described with equilibrium constant K;. Hence the formation of CaHCOs3 - OH; is much
faster than the r.d.s., i.e. the decomposition of the intermediate (ks).

K
CaCOs, + H,0 2 CaHCOs-OH,

ks l ks

CaO + CO, + H,0
Scheme 2.1: Proposed reaction scheme for CaCO3 decomposition in presence of water vapour

From now on the intermediate is labelled as I, while the concentrations (e.g. [CaCOs])
represent densities of sites at the surface in moles CaCO; per square meter. Three
reactions contribute:

[1]
Chapter 1 CaCO;+H,0 =1 Kl =———
P : ’ ! [CaCO0s] * P20
EaZ
Chapter 2 CaC0; —» Ca0 + CO, ky = ko, -exp(_ﬁ
E
Chapter 3 I - CaOg + CO, + H,0 ks = ko3 - exp(— RL;)

From assumption B, it follows that the number of reactive sites is constant. According
to de Leeuw and Parker [43], the dominant surface of calcite is the {1014} which density
of sites is

[CaCO05]y = [CaCO5] + [I] = 8.1 - 107° mols/m?

Since reaction 1. is in equilibrium, we can derive the following equations:

. [
! {[CaCO0s]o — 11} * P20
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Rearrangement results in a Langmuir adsorption equation:

- _ 0, = K1 " Pr2o
[CaCOs]o ~ '~ 1+ K; puzo
[CacOs] _ ., _ 1
[CaCO03], "T 14K puzo

Thus, the rate of CaCO3; decomposition is equal to the sum of the rates of 2) and 3):

Rcoz =Ry +R3 =k, - (1—6;) - [CaC03]y + k3 - 6; - [CaCO3],

Rearrangement results in:

Rcoo _ ky + ks - Ky " Puzo
[CaC0s], 1+ K " Puzo

(2.1)

Equation (2.1) has been used to fit the experimental data in figure 2.9 (Rco2), obtaining
values for K, k2 and ks at different temperatures using MATLAB. The code is shown in
detail in Appendix A2 and an example of fit is shown in Figure A2.2.

Temperature (°C) Ki(bar?) k2 (103 m?s?) ks (103 m?s?)
590 3420+ 910 1.36+0.14 6.05+0.32
610 2750 £ 940 2.55+0.25 10.1+0.5
630 1790 £ 820 5.21+0.21 18+2.8
650 1260 + 320 8.75+0.35 30.8+1.9

Table 2.1: Rate constants k, and ks as well as equilibrium constant K; obtained by data fitting with the

proposed model
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Figure 2.10 shows the Arrhenius plot of the decomposition reaction of the intermediate
(k3) according the results presented in Table 1. The activation energy is 181+14 k] mol?,
slightly lower than the experimental activation barrier of 201+7 kJ mol? found in
absence of water but it should be noted that the error margins do not allow a firm
conclusion. Figure 2.11 presents the Van ‘t Hoff plot for step 1, i.e. the formation of I.
Although the scattering is quite high, it can be concluded that K; decreases with
temperature, indicating that AH is negative. Obviously, the value (-110+60 kJ mol?) is
rather inaccurate but the adsorption is clearly exothermic, as would be expected for
chemisorption. The AS can be estimated to be -66+60 J mol! K'; the scatter makes any
firm conclusion impossible, but a slightly negative value would again be consistent with
chemisorption of water.
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Figure 2.10: Arrhenius plot for reaction 3, decomposition of the intermediate species.
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Figure 2.11: Van ‘t Hoff plot of for H,0 adsorption on CaCOs.

Figure 2.12 presents an energy diagram for the discussed scheme. An activation energy
of 201 + 7 kJ mol! has been calculated for the pathway without water (step 2), slightly
larger than the AH value of 171 kJ mol, based on thermodynamics [8], indicating that
the reaction is slightly activated as discussed previously. Dissociative chemisorption of
water (step 1) exhibits a AH value of -110+60 kJ mol?, implying that the formation of
the intermediate species is favourable, despite the relatively large error margin. The
decomposition of the intermediate (step 3) has an activation energy of 180 + 14 k) mol
L. In figure 2.12 it is considered that step 3 is not only endothermic but might also be
slightly activated. Even in case we assume that there is no additional activation barrier,
considering also the maximal cumulative error margins in both AHj, as well as in Eact of
step 3, the energy level of the product of step 3 is between -5 kJ mol™* and +14kJ mol?,
defining the energy of the reactant as zero. It is clear that the energy gap of 281+60 kJ
mol? between the intermediate and the final state cannot be bridged. In case
decomposition of | would be also activated, the gap becomes even bigger. Therefore,
we propose that the decomposition of the intermediate proceeds via a two-step
process, i.e. via surface OH groups, as presented in the alternative scheme below:
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Kl
CaCO35+ H,0 2 CaHCO3 - OH;

ko l k3 p

K,
CaOs + COy + H,0 S Ca(OH)ys + CO,

Scheme 2.2: Reaction scheme for CaCO3 decomposition in presence of water vapour, corrected for the

formation of calcium hydroxide.

The essential difference is that the intermediate decomposes to CO; and OH groups on
the surface of CaO, whereas associative desorption of water is the fourth step closing
the catalytic cycle. It should be noted that kinetics cannot be distinguish between the
two models in scheme 1 and 2 as equilibrium 4 is at the side of CaO, CO; and water,
implying that the surface concentration of surface OH groups is very low, as will be

discussed further below.

5 AH =171
e (thermodynamics [1])
= 7'y
; AH, <70+ 75 Step 4:
< E, 2101475

/D |

0 Step 1: -
AH,=-110 %60 Step 3:
E,=180+14
v
CaCoO; +H,0 CaHCO;-OH Ca(OH), +CO, CaO+CO, +H,0

Reaction coordinate
Figure 2.12: Enthalpy scheme for direct decomposition (Step 2), decomposition via dissociative

adsorption of water on CaCOs (steps 2 and 3, failing to close the energy gap), and via dissociative
adsorption of water on CaCO3 and surface OH (steps 2,3 and 4).
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Figure 2.12 illustrates that reaction 4 must account at least for 101 + 75 kJ mol*
according to the energy balance between the AH of reaction 1, the activation energy of
reaction 3 and the AH calcium-carbonate decomposition according thermodynamics.

Remarkably, thermodynamics of decomposition of calcium hydroxide fits very well in
this picture: the AH is 98 kJ mol? and AG is -10 kJ mol™? at 600°C [8]. The increase in
entropy of reaction 4 pushes the equilibrium towards the product calcium-oxide at such
high temperature, resulting in a very low coverage of residual calcium hydroxide. It
seems reasonable to use thermodynamic data of bulk Ca(OH), despite the fact that
surface OH groups are actually involved, because theoretical calculations of adsorption
of water on CaO result in very similar numbers for AH. Carrasco et al. calculated an
energy of -96 kJ mol! for the adsorption of a single H,0 molecule on a CaO cell at room
temperature using an ab-initio method [44], while Manzano et al. [45] and Fujimori et
al. [46] performed DFT analysis on adsorption of different numbers of H,O molecules
on CaO0, reporting adsorption energies of respectively -112 + 20 k) mol* and -104 + 6 kJ
mol™. Also experimental values agree reasonably well: Fubini et al. [47] obtained a
complete coverage of Ca(OH); at 0.015 bar by dosing small amounts of H,O on CaO at
room temperature, calculating an adsorption energy of -140 + 5 kJ mol™. It should be
noted that in this case a multilayer is formed. Unfortunately, it was not possible to
confirm the presence of bicarbonate and OH groups experimentally with in-situ IR
spectroscopy because of the high temperature required.

2.5 Conclusions

The catalytic effect of water on calcium carbonate decomposition is demonstrated by
measuring the decomposition rate at different temperatures and water concentrations.
The experiments are designed to minimize any effects of mass transfer and re-
adsorption of CO,.The decomposition rate increases asymptotically, with a factor
between 3 and 5 for typical H,O concentrations of 0.5% or higher. The apparent
activation energy substantially decreases from 201 to 140 kJ mol™* with introduction of
only 0.015% H,0 showing no further change when water content is increased.

Water provides access to an alternative pathway for CaCOs; decomposition by
dissociative chemisorption on the carbonate surface. The mechanism has been
described with a simple kinetic scheme and rates constants, equilibrium constants and
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activation energies have been calculated. Chemisorption of water is exothermic with a
AH of -110 kJ mol?l. The decomposition of the intermediate species is a two-step
process, probably via surface-OH, showing an activation energy of 181 kJ mol* for the
decomposition to CO; and surface OH groups. Associative desorption of water is
entropy driven and accounts for an additional enthalpy increase of 100 kJ mol™.
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Chapter 3

Plasma Catalysis: Distinguishing between
Thermal and Chemical Effects

Summary

The goal of Chapter 3 is to develop a method to distinguish between plasma chemistry
and thermal effects in a Dielectric Barrier Discharge non-equilibrium plasma containing
a packed bed of porous particles. Decomposition of CaCOs3 in Ar plasma is used as a
model reaction and CaCO3 samples were prepared with different external surface area,
via the particle size, as well as with different internal surface area, via pore morphology.
Also, the effect of the CO; in gas phase on the formation of products during plasma
enhanced decomposition is measured. The internal surface area is not exposed to
plasma and relates to thermal effect only, whereas both plasma and thermal effects
occur at the external surface area. Decomposition rates were in our case found to be
influenced by internal surface changes only and thermal decomposition is concluded to
dominate. This is further supported by the slow response in the CO, concentration at a
timescale of typically 1 minute upon changes in discharge power. The thermal effect is
estimated based on the kinetics of the CaCO3; decomposition, resulting in a temperature
increase within 80 °C for plasma power from 0 to 6 W. In contrast, CO; dissociation to
CO and O3 is controlled by plasma chemistry as this reaction is thermodynamically
impossible without plasma, in agreement with fast response within a few seconds of
the CO concentration when changing plasma power. CO forms exclusively via
consecutive dissociation of CO; in the gas phase and not directly from CaCOs. In Chapter
5, this methodology is used to distinguish between thermal effects and plasma—
chemical effects in more reactive plasma, containing, e.g., Ha.



Chapter 3

3.1 Introduction

Plasma catalysis is receiving more and more attention in the last few years, since the
specific interactions between plasma and catalyst surface may lead to synergistic
effects [1-4]. One of the earliest plasma catalytic applications is the abatement of
volatile organic compounds (VOC) [5,6], while in the last decade research has been
focused more on CO; conversion [7-9], conversion of hydrocarbons via reforming, and
coupling [10-12], as well as activation of N, [13,14]. Reforming of hydrocarbons is an
example of an endothermic reaction, where plasma catalysis holds promise because of
activation of hydrocarbons at low temperature, but also because electrical energy
would be used to generate the required heat. Methane coupling and CO; dissociation
are examples of thermodynamically hill-up reactions, which are clearly more
challenging.

Non-equilibrium plasma, e.g., microwave of Dielectric Barrier Discharge (DBD) plasma,
is especially attractive because it operates at relatively low temperatures [15-17].
Consequently, catalyst sintering is prevented. Moreover, low temperatures are a
necessity to enable catalysis in the first place, facilitating initial adsorption that
decreases entropy. Starting and stopping plasma reactors is much faster than usual
thermal reactors, which is an advantage when fast capacity changes are required, e.g.,
in connection with intermittent energy supply and storage.

DBD plasma is frequently used for studying plasma catalytic conversion. The high AC
voltages applied at relatively low frequency (50 to 10° Hz) produces a non-equilibrium
plasma with very high electron temperatures (1-10 eV equal to 10*-10° K), high
vibrational temperatures (10 K), and rather low rotational and translational
temperatures in the plasma zone, typically in the order or smaller than 100 K [6,15-17].
The fact that energy would be directed directly to bond breaking, without the need to
heat up the gas mixture completely, is very attractive as heat exchangers to recover the
heat would become redundant. The presence of a dielectric between the two
electrodes prevents the formation of hot plasma in a single spark, forming instead
several microfilaments, resulting in a more uniform plasma. The low gas temperature
allows the application of a catalyst directly in the plasma generation zone without fast
deactivation, maximizing the interaction between active species and the catalytic
phase. Furthermore, DBD plasma can be generated at atmospheric pressure, which is
interesting from the application point of view. Very promising results were presented
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in the last years on several topics, such as CO; conversion [9,18-27] and CH4 reforming
[12,13,28-34], in terms of high conversion and selectivity. However, the main issue of
DBD remains the low energy efficiency achieved, i.e., the ratio between chemical
energy stored in the produced molecules and electrical energy applied, which rarely
surpasses 10%. This is explained by dissociative excitation by electron impact, involving
a large activation barrier, dominating over vibrational excitation [7,35-37]. A more
suitable technique for vibrational excitation is microwave plasma, which uses GHz
frequencies [38-40]. However, the temperature increase is more pronounced in
microwave plasma, limiting the opportunities for plasma catalysis.

Interaction between plasma and catalyst can proceed in many ways [1-4]. Obviously,
the plasma will introduce new chemical species including activated species, radicals,
and ions, which may all adsorb on the catalyst opening new reaction pathways and
influencing the products distribution. Plasma can also induce photocatalytic effects by
UV irradiation, impingement of charged particles and thermal fluctuations. The surface
and subsurface of a catalyst can be modified by plasma via poisoning, implantation,
sputtering, and etching. The presence of a catalyst influences the plasma by changing
the electrical field distribution, but also modifying the free volume and the residence
time in the plasma zone. Plasma also affects the temperature of the system, obviously
influencing reaction rates of chemical reactions.

Unfortunately, it is not possible to measure the temperature in a DBD plasma catalytic
reactor directly. Application of a thermocouple inside the plasma is not possible due to
the high electric fields present. Nevertheless, thermocouples were used a few
millimetres outside the plasma zone inside the reactor tube, or outside the reactor tube
just alongside the plasma zone [41-44]. Furthermore, many attempts have been done
to measure temperatures indirectly, for instance by emission spectroscopy of UV-Vis
radiation probing electronic transitions in nitrogen and hydroxyl groups [45-48], by UV
absorption spectroscopy [47], or by infrared emission [23,44]. Unfortunately, these
methods have serious limitation depending on the reactor material properties as well
as the packed bed properties.

Chapter 3 proposes a method to distinguish between thermal effect and plasma
chemistry effects in fixed bed DBD plasma reactors. The decomposition of calcium
carbonate is used as a model system for packed beds containing porous particles. It is
well known that thermal decomposition results in the formation of exclusively CaO and
CO; [49], whereas formation of CO would indicate that plasma chemistry is involved. A
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pure thermal effect is likely when using an Ar plasma, since no chemistry is expected
between activated argon species and CaCOs. The choice for CaCO3; as model system in
combination with a DBD reactor is inspired by its relevance for CO, separation. The
calcium looping cycle consists of carbonation of CaO for capturing followed by
calcination of CaCOs in order to recycle calcium oxide and to produce pure CO; [49].
Bottleneck is the calcination reaction that requires high temperatures in order to
achieve high CO; concentrations in the outlet, i.e., at least 950 °C to achieve 1 bar CO;
[50]. Such temperatures result in sintering, decreasing the CO; capture capacity when
calcium oxide is recycled multiple times [51-53]. Using a DBD plasma during the calcium
carbonate decomposition might circumvent the need for such high temperatures, and
in addition CO; will be converted by plasma into CO, converting electrical energy into
chemical energy and producing an added-value product.

The method to distinguish between thermal and plasma chemistry is based on the fact
that plasma cannot exist in the pores inside particles if they are smaller than a few
micrometres, as can be understood from Paschen’s Law, which is generally accepted
[54,55]. It was recently reported in a theoretical study that penetration of plasma in
pores is possible to some extent [56]; however, we will discuss that under our
conditions the plasma is limited to the interparticle volume and the external surface
area is exposed under the conditions applied. The internal surface area, caused by the
presence of small pores in the material is not exposed to the plasma, but would be
influenced by any thermal effect. The theory is explained in detail in the section
Methods in Appendix A3 and shown in Figure A3.1. The method then consists of two
approaches: first, the effects of both the internal surface area as well as external
surface area will be explored, and second, the dynamics of the performance on
changing plasma power will be evaluated. Decomposition rate and eventual further
reactions of the carbon dioxide product will be assessed. Argon plasma is used as a
reference for the method to be developed as to distinguish between thermal effects
and plasma—chemical effects.
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3.2 Materials and methods

3.2.1 Plasma reactor

Figure 3.1 shows a schematic representation of the equipment used to measure plasma
enhanced decomposition of CaCOs. The fixed bed reactor is fed with either pure Ar, or
a mixture of Ar containing 5% CO,. The temperature of the oven is controlled with a
Eurotherm controller with an accuracy of £ 0.5 °C between room temperature and 1000
°C. The isothermal zone is 8 cm long at 900 °C, defined as the part of the reactor with
less than 11 °C temperature variation. A Quadrupole Mass Spectrometer (MS)
measures the composition of the gas downstream of the reactor. The MS signals for
CO; (44 m/e) and CO (28 m/e) are calibrated between 0.16% and 5%, resulting in a
linear relationship. The reactor is a4 mm inner- and 6 mm outer diameter quartz tube.
The inner electrode is a stainless-steel rod of 1 mm diameter placed coaxially in the
centre of the reactor section. The outer electrode is a 1 cm long stainless-steel tube
with 6 mm inner diameter, enclosing a plasma zone of 0.035 cm? in volume. The amount
of CaCO3; sample was limited to 10.5 £ 0.3 mg in order to prevent CO; concentrations
approaching thermodynamic equilibrium, thus minimizing reabsorption of CO,. The 10
mg sample was mixed with 90 mg a-Al,Os, filling the plasma zone completely and
preventing any bypassing. An AC voltage of up to 10 kV peak to peak was applied to the
inner electrode with a frequency of 23.5 kHz using a PMV 500-4000 power supply,
while the outer electrode is connected to the ground via a probe capacitor of capacity
4 nF. The power of the plasma was calculated using the Lissajous method by measuring
the voltage on the inner electrode with a Tektronix P6015A high voltage probe and on
the outer electrode with a TT-HV 250 voltage probe, as described in the literature [57].
A sample of Lissajous plot is shown in Figure A3.2 in appendix A3.
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Figure 3.1: Schematic of the setup to study decomposition of CaCOj3 in Ar plasma. The generator can
provide up to 30 kV peak to peak with a frequency range of 23.5 to 66 kHz. The plasma zone is 1 cm
long and the reactor is a quartz tube with 6mm outer diameter and 4mm inner diameter. The inner
electrode is a stainless-steel rod of Imm diameter.

3.2.2 Calcium oxides preparation

Three different precursors have been used to synthesize calcium oxide, respectively
(batch 1) calcium L-ascorbate-di-hydrate (99%, Sigma-Aldrich, St. Louis, MO, USA),
(batch I1) calcium D-gluconate-monohydrate (99%, Alfa Aesar, Haverhill, MA, USA), and
(batch I1l) calcium carbonate (99%, Sigma-Aldrich, St. Louis, MO, USA). The precursors
were calcined in 20% O, in N; at atmospheric pressure, heating the sample to 900 °C
(heating rate 15 °C/min), and keeping the temperature at 900 °C for 3 h. The calcined
products were pelletized (pressure 160 bar), crushed and sieved in different particle
size range: 250—-300 um, 100-125 pum, and 38—45 um.

3.2.3 Carbonation

Five CaCO3 samples have been produced via carbonation of CaO. The oxide synthesized
from calcium ascorbate (batch Il) has been treated in situ with 5% CO; in Ar at 630 °C
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for 4 h (heating rate 15 °C/min), the other two batches | and Il were treated in a
calcination oven with 20% CO, in N, at 630 °C for 5 h (heating rate 15 °C/min). The oxide
synthesized from calcium carbonate (lll) was consecutively sintered in pure CO; at 900
°C for 24 h (heating rate 15 °C/min), as summarized in Table 3.1. The resulting three
samples (A, B, and C) were crushed and sieved, obtaining particles sizes in the range
between 250 and 300 um. The material made from CaCOs3; was also obtained with
smaller particles, between 100 and 125 um (sample D) and between 38 and 45 um
(sample E), respectively.

3.2.4 Characterization

The specific surface area, pore volume, and pore size distribution of the samples were
measured both in CaO form as well as in CaCO3 form, after carbonation. The samples
were first degassed at 300 °C in vacuum for 3 h. The surface area was calculated based
on the BET isotherm for N, adsorption at -196 °C in a Tristar 3000 analyser
(Micromeritics, Norcross, GA, USA). The pore size distribution was measured by Hg
porosimetry. The chemical composition was determined with X-ray fluorescence
analysis in a S8 Tiger (Bruker, Billerica, MA, USA).

3.2.5 Experimental procedure

The carbonated samples (ex situ) were heated up in 5% CO, in Ar to the temperature
at which decomposition is to be measured, in order to prevent any premature
decomposition. The decomposition reaction is initiated by switching the gas
composition from 5% CO; to pure Ar, at a constant flow rate of 30 mL/min. Isothermal
decomposition experiments have been performed at different plasma powers by
varying the applied voltage. The plasma power was varied during the experiment in
case of low decomposition rates, allowing observations of steady state CO;
concentrations for each plasma power. In case CaCOs is exhausted too fast, only one
single power was applied. The rate of decomposition is calculated based on the sum of
CO; and CO concentrations in the exit of the reactor as measured with MS.

Sample C (Table 3.1, ex calcium carbonate, 250—-300 um) was measured by performing
20 carbonation-decomposition cycles. The sample was re-carbonated, after a
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decomposition experiment, in the reactor (in situ) by CO, absorption at 630 °C in 5%
CO; in Ar for 30 min in a constant flow of 90 mL/min. The carbonated samples were
decomposed using a constant power plasma in the presence of a relatively low CO;
concentration in the feed, varied between 0 to 3200 ppm. During these 20 cycles, blank
experiments were done every few cycles by decomposing in the absence of plasma, in
order to ensure that the sample did not change in the course of the experiments.

Blank experiments were performed with 100mg of a-Al,O3 with particles size of 250 to
300 um in the absence of any CaCOs, operating with low CO; concentrations in the feed,
i.e., 1000, 2000, and 3200 ppm. The plasma power was varied between 0 and 10 W and
the responses of the CO and CO; concentrations were measured with MS.

3.3 Results

X-ray fluorescence (XRF) measurements confirmed the purity of CaO (99.12%)
containing some minor impurities, i.e., SiO, (0.16%), MgO (0.12%), and Al,03 (0.095%).

Table 3.1 in the Materials and Methods Section presents the surface area and particles
sizes of the five prepared samples. The surface areas reported for samples A and B are
well reproducible, but it should be noted that systematic errors may be larger, given
the relatively low value of the surface areas. The surface area of batch Ill (samples C—E)
is below the detection limit of the N, physisorption equipment, from which we deduce
that the surface area is below 0.5 m?/g. In any case, the total surface of the samples
increases in the order C<B<A. Remarkably, the surface areas of the parent oxides are
much higher, confirming the theory that formation of a carbonate layer induces closure
of small pores, due to the lower density of CaCOs3 (2.71 g cm™3) compared to CaO
(3.35 g cm~3). However, the order in surface area remains the same, reassuring that the
surface area of the samples is in the order A>B>C=D=E. Figure 3.2 shows the pore size
distribution measured with mercury porosimetry for the carbonated samples
synthesized from calcium ascorbate (sample B, Figure 3.2a) and from calcium carbonate
(sample C, Figure 3.2b). Sintering at 900°C for 24 h (sample C) causes formation of large
pores of typically 400 nm, compared to sample A which was treated with CO; only at
630°C. Remarkably, the pore volume of the sintered sample is ca. 20%, much larger
than sample B (ca. 5%), indicating that smaller pores collapsed favouring enlargement
of the bigger pores.
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Precursor Carbonation Sintering Ca0OS.S.A. CaC03S.S.A. Diameter

Code
(Batch #) Time (h) Time (h) (m2g™?) (m?g™?) (1um)
A CaGluc. (I) 5 0 46 1701  250-300
B CaAsc. (ll) 4 0 23 0.8+0.1  250-300
C CaCos (1) 5 24 10 <0.5 250-300
D CaCoOs (I1) 5 24 10 <0.5 100-125
E CaCoOs (1) 5 24 10 <0.5 38-45

Table 3.1: Characteristics of the samples prepared from three different precursors.
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Figure 3.2: (a) Pore size distribution for sample B batch Il and (b) pore size distribution for sample C
batch Il according Hg porosimetry.

Figure 3.3 presents the results of isothermal decomposition at 630 °C of the carbonated
samples A—C, showing that the CO, concentration generated via decomposition is
within 10% constant during typically 20 min, after an induction time of a few minutes.
In general, this is observed when decomposition is limited to max 50% of CaCOs present
initially. The amounts of CO; desorbed from the samples A, B, and C are 4, 3.8, and
2.8 mg, respectively, equivalent with 0.66, 0.61, and 0.39 gco2/gca0, respectively. The
amounts of CO, decrease in the same order as surface area. It can be estimated that
the thickness of the CaCOs; layer is in the order of 30 nm for all three sample. This is
consistent with the observation that the maximum CO, concentration during
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decomposition experiments, between 900 to 1700 ppm, which is significantly lower
than the 7000 ppm thermodynamic equilibrium CO, concentration at 630 °C [50].
Consequently, the CO; concentration is determined by kinetics, instead of
thermodynamics, and thus also by the surface area.
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Figure 3.3: CO, concentration monitored by mass spectrometry during decomposition of carbonated
sample A (solid line), sample B (dotted line), and sample C (dashed line). The temperature is 630 °C,
flow rate is 30 mL min™, and the gas is pure Ar.

Figure 3.4 presents the effect of plasma power on the decomposition of carbonated
sample C. No plasma was applied during the first two minutes and CO; is the only
product observed, while in the presence of plasma CO and O; are also produced, next
to CO,. Every two minutes a different voltage is applied, and the power is measured
after ca. 1 minute. Changing the plasma power causes a fast response of the CO
concentration in the order of seconds, while the CO, concentration needs typically a
minute to stabilize. The O, concentration shows a delay; this effect is not understood
at this time, but it may be speculated that interaction with CaO is responsible. Figure
3.4 shows that steady-state decomposition was achieved for the two lower plasma
power values. The highest power setting of 9.6 W caused exhaustion so that the
product concentrations are likely to be underestimated. Additional experiments were
performed at constant maximum power as shown in Figure 3.5. Two experiments were
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performed at 2.1 W and demonstrate a reproducibility within £5%, even though plasma
was applied with a 1.5 min delay in the second experiment (Figure 3.5b). Figure 3.5c is
performed at 4.4 W, showing a higher decomposition rate and shorter steady state
duration. Therefore, the power was not further increased for this sample and in general
the maximum power was limited to 5.1 W.
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Figure 3.4: Concentration of the products of CaCO3; decomposition (sample C) as function of time at
630 °C in pure argon, flow rate of 30 mL/min, plasma power is changed every 2 min with values of 0,
0.4,3.2,and 9.6 W.

Figure 3.6 shows three typical results on the effect of the specific surface area on the
decomposition at 2.1 W plasma power, by comparing the samples A (ex-calcium
gluconate, Figure 3.6a), B (ex-calcium ascorbate, Figure 3.6b), and C (ex-calcium
carbonate Figure 3.6c), keeping particle size constant (250-300 um). The total
decomposition rate, as calculated based on the sum of the rates of formation of CO and
CO,, seems to increase with increasing specific surface area, as also observed in the
absence of plasma. During the decomposition of sample B, the power has been turned
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off after 9 min, resulting in a rapid decrease in the CO and CO + CO; concentrations.
Figure 3.7 presents all data on the decomposition rate measured on the three samples
when changing the plasma power, showing that the rate of decomposition at the same
power is significantly lower for the sample with the lowest specific surface area. The
difference between sample A and B is not larger than experimental scatter, although
the data suggest a slightly higher rate for sample A.
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Figure 3.5: Concentration of the products of CaCO3; decomposition (sample C) as function of time at
630 °C in pure argon, flow rate of 30 mL min™, plasma power is 2.1 W (a,b) and 4.4 W (c). Plasma is
turned on at the beginning of decomposition (a,c) or after 1.5 min (b).
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Figure 3.6: Concentration of the products of decomposition of sample A (a), sample B (b), and sample
C (c), with a temperature of 630°C in pure argon and flow rate of 30 ml min™; plasma power is 2.1 +
0.1W.
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Figure 3.7: Sum of CO, and CO concentrations plotted as function of power obtained during
decomposition of CaCOs samples A, B, and C with different surface areas; all the experiments
performed at 630°C, in pure argon, and flow rate 30 ml min™..

Figure 3.8 shows the influence of particles size on CaCO3 decomposition by comparing
sample C (250-300 um, Figure 3.7a), D (100-125 um, Figure 3.7b), and E (38-45 um,
Figure 3.7c) at plasma powers varying between 1.3 and 2.1 W. Figure 3.8d shows details
on the response time after switching on the plasma for the three samples. The time to
reach steady state is 50, 40, and 10 seconds for samples C, D, and E, respectively. These
times are in reasonable agreement with the Fourier times of CaCOs particles of these
sizes. The different powers do not allow direct comparison of the decomposition rates.
Instead, the effect of plasma power on the decomposition rate for samples C, D, and E
is presented in Figure 3.9, showing that the particle size has no effect on the
decomposition rate within experimental error. All the experiments addressed in Figures
3.7 and 3.9 are shown in detail in Figures A3.3—A3.7 in appendix A3.

Figure 3.10 shows the results of a series of plasma enhanced decomposition
experiments in the presence CO; in the feed gas, measured on sample C. All
experiments were done with one sample by performing 22 carbonation and
decomposition cycles. The stability of the sample was verified by repeating
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decomposition measurements in the absence of plasma, demonstrating invariable
results within 5%.

£ £
g &
[y] Ly
o o
S 5
© ©
& 5
2 e
Q (o)
(&] Q
time (min)
(b)
£ s
- o
g. ?2 ahahaabasa it
(=% AZ &
S S 2 L e R
= @ -
g E ..
= @ Particles Size:
Hd c A
£ T « 250-300 um
§ 8N prasiaaroes *  100-125 um
c 8 4 38-45 um
8 +
o 0 T T . : 1
O 60 20 120 150 180 210
time (min) time (s)
(c) (d)

Figure 3.8: Concentration of the products of decomposition of sample C (a), sample D (b), and sample
E (c) as function of time with a temperature of 630 °C in pure argon and flow rate of 30 ml min;
plasma power is 2.1 W for sample C, 1.3 W for sample D, and 1.7 W for sample E. (d) Initial response
of CO + CO; concentration after activating the plasma for all three samples.
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Figure 3.9: Sum of CO, and CO concentrations as function of power during decomposition of CaCO3
samples with different particles size (samples C, D, and E); all the experiments were performed at
630°C, in pure argon, and at a flow rate 30 ml min..

Figure 3.11 shows the effect of CO; in the feed on plasma-enhanced decomposition at
similar plasma powers, i.e., between 1.3 and 1.5 W. The reaction rate substantially
decreases in presence of extra CO,, as can be estimated based on the sum of the
concentrations of CO and CO, minus the CO; concentration at the inlet. Furthermore,
the CO concentration increases with increasing CO, concentration.

In order to correct for the differences in power, additional experiments at other plasma
powers were performed as shown in Figures A3.8—A3.11 in Appendix A3 and the results
allowed interpolation of the CO and CO; values to 1.5 W plasma power, resulting in
Figure 3.11. As the CO; concentration varies along the axis of the reactor, an averaged
value is calculated according to Equation (3.1):

[COZ] in + [COZ] out
2

[COz]ave = (3.1)
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Figure 3.10: CO + CO; (solid line), CO, (dashed line), CO (dash-dotted line), and O, concentrations
monitored by mass spectrometry during CaCO3 decomposition in different CO, feed concentrations in
Ar and different plasma power. The amount of CaO is 6 mg, temperature is 630 °C, and flow rate is
90 ml min™L. The fed CO; concentration is 0 ppm (a), 1000 ppm (b), 2000 ppm (c), and 3200 ppm (d).
The plasma poweris 1.5 W (a), 1.3 W (b), 1.3 W (c), and 1.5 W (d).

The spread in the CO; concentration provides the window of concentrations occurring
along the axis of the reactor; note this is not an error margin. Figure 3.12 confirms that
the CO concentration indeed increases with increasing CO, concentration in the gas
phase and this is observed for both CaCOs3 as well as the blank experiment with a-Al,03
only, which is shown in Figure A3.12 in Appendix A3.

78



Plasma Catalysis: Distinguishing between Thermal and Chemical Effects

1.0+
E
a
S 0.8 : f ,
c 06- L
e, e
© {
T 0.4
§ /: » Experiment with CaCO,
8 o02{ - -+ - Blank with Al,O,
O /
O ’r

0.0F - T - . T

0 1 2 3

CO, average concentration (10° ppm)

Figure 3.11: CO outlet concentration vs. CO, average concentration obtained in a packed bed of 10 mg
CaCO3 and 90 mg Al;O;z at 630°C with different CO, concentrations in Ar and flow rate of 90 ml min
(squares); all results interpolated to 1.5 W plasma power. The same experiment was also performed
with 100 mg Al,O3 only (circles). Error margins of the CO concentration are provided, as well as the
window of the CO; concentrations (note these are not error margins).
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Figure 3.12: Average increase of temperature in the plasma zone as function of power during the
CaCO3 decomposition previously shown. The activation barrier has been calculated in Chapter 2.
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3.4 Discussion

Scheme 3.1 presents a simple reaction scheme describing CaCO3 decomposition, both
in the absence and presence of plasma. Thermal decomposition without plasma
involves exclusively R (solid arrow), whereas in the presence of plasma both R; and R3
might contribute. The observed enhancement of decomposition by plasma might be
caused by plasma chemistry according R, and/or by enhancing R; via increasing
temperature, as will be discussed below. Furthermore, we will discuss whether R, or R3
is responsible for the formation of CO.

CaC0s) —is Ca0) +CO,

R, . i 3

1
CaOs) + COgy +302 (g)

Scheme 3.1: CaCO3 decomposition in Ar plasma.

3.4.1 Formation of CO

Figure 3.11 shows that the CO formation rate is not affected by the presence of CaCO3
in the plasma at low CO; feed concentrations. It is enhanced by feeding additional CO,.
Hence, we conclude that CO formation occurs only in the gas phase (R3) and not on the
CaCOs surface (Rz). The trend in Figure 3.11 also indicates that the order of CO
formation in the CO, concentration is clearly smaller than one. This is qualitatively in
line with the results of Ramakers et al. [25] and Butterworth et al. [27], reporting that
Ar can enhance the activation of CO,, which is attributed to the fact that the electron
density is enhanced because Ar is much easier ionized than CO,. On the other hand,
one may also speculate that higher CO, concentration increases the probability of
recombination of CO and O, quenching the reaction.

The formation of CO responds extremely fast to switching the plasma on, as can be seen
in Figures 3.4, 3.5, 3.6 and 3.8, much faster than the CO; response as will be discussed
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below. This is in line with the conclusion that CO formation is plasma controlled. In
cases when CO; concentration increase slowly in time (Figures 3.5 and 3.6), it can be
seen that the CO concentration follows, which is in line with the conclusion that the
consecutive pathway Rs is dominant over R;.

3.4.2 Thermal effect or plasma chemistry?

The decomposition rate at a fixed power depends on the total surface area, as can be
observed from Figure 3.7. On the other hand, the decomposition rate remains constant
within experimental error when varying the particles size and consequently the
external surface area, as shown in Figure 3.9. Therefore, the external surface area has
no influence on the rate of decomposition at any power. According to the Paschen’s
law, typically plasma cannot exist in pores smaller than 6 um, implying that any plasma
chemistry on the surface of CaCOs3 can exclusively contribute at the external surface of
the particles. A recent work [56] revealed that penetration into relatively large pores is
possible; however, the pores in CaCOsz are much smaller, the electrical field is two
orders of magnitude lower compared to [56], and the calculated penetration depth is
limited to 5 um, which is much smaller than the particle size used. Therefore, it seems
reasonable to assume that penetration of plasma in this study is negligible. As the
external surface area has no significant effect, we conclude that R, does not contribute.
The enhancing effect of plasma power on the decomposition rate, as well as the
observation that increasing the specific surface area increases the rate of
decomposition (both in Figure 3.7), both suggest that plasma induced temperature
increase is responsible for the increase in the decomposition rate. In fact, this is a result
that can be expected operating with an Ar plasma because a chemical reaction between
Ar ions and CaCOs would not be expected. The effect of DBD plasma containing H; in
which plasma induced chemical reactions are much more likely, will be discussed in
Chapters 5 using the methodology developed in this study.

Figure 3.12 shows the apparent temperature increase, as estimated based on the
temperature that would be required to account for the increase in decomposition rate,
based on the kinetics of the decomposition reaction calculated in Chapter 2.
Remarkably, all observations converge to a single line independent of both surface area
and particle size. The order of magnitude of the temperature increase is quite similar
to results reported in literature. Typical temperatures estimated in DBD plasmas range
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up to typically 200 K [17,23,41-48]. It should be noted that determination of the
temperature is cumbersome, e.g., the temperature of the exiting gas provides only a
minimum value because of rapid heat exchange between small reactors and
environment, whereas infrared cameras and UV-Vis spectroscopy measurements have
limited accuracy. Nevertheless, the order of magnitude agrees well with our
observations. In short, although experimental details vary, a temperature increase of
50 °C due to 4 W plasma power input is concluded.

The temperature regulation of the oven played an important role in our study. It
stabilized the temperature at a few millimetres outside the low voltage electrode at
630 °C. Therefore, any power input from the plasma will result in a decrease of the
electrical power to the oven. Hence, the temperature effect of the plasma is actually
larger than estimated above, in contrast to all experiments performed at room
temperature without any kind of temperature control.

The conclusion that thermal effects are dominant is further supported by the fact that
the typical response time of the decomposition rate is in the order of one minute for
large particles and somewhat faster for small particles (Figures 3.5 and 3.8d). The order
of magnitude agrees well with the Fourier time of CaCOs particles of the sizes used. In
any case, the response times are longer than response times observed for CO
formation, as discussed above, which is in line with the conclusion that decomposition
is thermally controlled, whereas CO; dissociation is obviously plasma controlled.

The conclusion is also reinforced by the fact that the sum of CO; and CO concentrations
obtained by decomposition of sample Cat 630 °C and 3.2 W plasma power corresponds
to the CO; concentration obtained by decomposition at 680 °C (i.e., increasing the
temperature of 50 °C as calculated in Figure 3.12) without plasma of the same sample,
as observed by comparing figures A3.5a and A3.13 in Appendix A.

The proposed method is validated, since it enables to distinguish between thermal and
plasma chemistry effect on the decomposition rate. This method is applicable to other
systems in which a plasma is in contact with a fixed bed of porous particles, including
supported catalysts. It should be noted that in general the increase in gas temperature
in a DBD plasma cannot be neglected, as done frequently in many studies. Second, only
the external surface of catalysts particles interacts with plasma: plasma—catalyst
synergy is therefore maximal for nonporous catalytic materials. This method is going to
be applied for CaCO3 decomposition in H; plasma, discussed in Chapter 5.
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3.5 Conclusions

The effect of argon plasma on calcium carbonate decomposition was herein assessed
by means of a comparative method which allowed us to distinguish between thermal
effects and plasma chemistry, based on reaction rates and dynamics. It represents a
systematic method to distinguish between thermal effects versus plasma chemistry
effect in fixed DBD plasma applications. Application of a DBD Ar plasma causes two
effects when decomposing CaCOs.

First, the rate of CaCO3; decomposition increases. We conclude that this effect is purely
a thermal effect, based on the fact that the rate of decomposition is enhanced when
the total surface area is increased, whereas the external surface area has no influence.
If the contact of plasma with CaCO3 would dominate, the opposite would be expected.
Furthermore, the dynamics of CaCOs; decomposition follow the dynamics of heat
transfer in CaCOs particles.

Second, plasma induces formation of CO. We conclude that this occurs via
decomposition of CO; in the gas phase, based on the observation that the rate of CO
formation is ruled by the CO, concentration as well as the observation that dynamic
changes are very fast, as expected for plasma effect.
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Chapter 4

Synergy between Dielectric  Barrier
Discharge Plasma and Calcium Oxide for
Reverse Water Gas Shift

Summary

Chapter 4 reports on synergy between Dielectric Barrier Discharge plasma and calcium
oxide as a catalyst for the Reverse Water Gas Shift (RWGS). Any effect of the presence
of the catalyst on the contribution of plasma chemistry, i.e. chemical conversion in the
plasma, is minimized by using a fixed bed of a-Al,O3 particles as a blank experiment and
adding a small amount of calcium oxide, with similar dielectric constant, particle size
and shape. This approach results in constant plasma power and ensures also that the
residence time and specific energy input remain unchanged. Furthermore, synergy is
determined based on reaction rates at fixed conditions, i.e. concentrations and
temperature, based on kinetic equations derived from integral experiments, describing
both thermal operation and plasma operation and both in absence and presence of
calcium oxide. This approach has not been applied so far to study plasma-catalysis
synergy. The experimental results in thermal and plasma operation are well described
with kinetic equations based on power rate laws. Synergy is observed at the lower
operational temperatures (640°C) with a rate-enhancement factor of 1.7, steadily
decreasing with increasing temperature until disappearing at 750°C. The
concentrations of CO, H, and H,0 have no significant influence. Synergy is attributed
to a new reaction pathway involving interaction of plasma activated intermediates with
the CaO surface, with a relatively low apparent activation barrier of 40 kJ mol*. Much
higher activation barriers are observed for both thermal-catalytic RWGS on CaO
(140 kJ mol?) as well as for plasma operation with Al,O3 only (90 kJ molt). We suggest
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that reaction of surface CaCO3 with plasma generated H radicals is the rate determining
step, in contrast to plasma chemistry where CO; cannot be activated with H radicals.

4.1 Introduction

Plasma catalysis is receiving more and more attention in the last few years, since the
specific interactions between plasma and catalyst surface may lead to synergistic
effects [1-3]. In the last decade research has been focused on conversion of CO; [4-8],
conversion of hydrocarbons via dry reforming and coupling [9-11] as well as activation
of N; [12, 13]. Ammonia synthesis is an example of an exothermic reaction, where
plasma catalysis holds promise because of activation of N, at low temperature.
Methane coupling and CO; dissociation are examples of endothermic reactions, which
are more challenging, especially when aiming at conversion beyond thermodynamic
equilibrium.

Dielectric Barrier Discharge (DBD) plasma reactors are frequently used for studying
plasma-catalytic conversion [14-16]. The high AC voltages applied at relatively low
frequency (50 to 10° Hz) produces a non-equilibrium plasma with very high electron
temperatures (1-10 eV equal to 10*-10° K), rather high vibrational temperatures (103
K), and rather low rotational and translational temperatures, i.e. the temperature of
the gas. Therefore, any temperature increase induced by the plasma is typically smaller
than 100 K [14, 16]. The concept that energy would be directed directly to bond
breaking, without the need to heat up the gas mixture completely, is very attractive as
heat exchangers to recover the heat would become redundant. The presence of a
dielectric between the two electrodes prevents the formation of hot plasma in sparks,
forming instead several microfilaments, resulting in a more uniform plasma. The low
gas temperature allows application of a catalyst directly in the plasma without fast
sintering and deactivation. Moreover, relatively low temperatures are required for
catalysis in the first place, enabling adsorption of molecules, possibly vibrationally
excited. Starting and stopping plasma reactors can be achieved much faster than usual
thermal reactors, which is an advantage when fast capacity changes are required, e.g.
in connection with intermittent energy supply and storage. Furthermore, DBD plasma
can be generated at atmospheric pressure, which is interesting from the application
point of view.
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Promising results were presented for several reactions, including CO, decomposition
and hydrogenation [4, 6, 17-27] and dry reforming of CH4 [9, 10, 28-35], in terms of high
conversion and selectivity. However, the main issue of DBD reactors remains the low
energy efficiency achieved, i.e. the ratio between chemical energy stored in the
produced molecules and electrical energy applied, which rarely surpasses 10%. This is
caused by both energetically very expensive dissociative excitation by electron impact,
consuming a significant part of the energy supplied, as well as dissipation of vibrational
excitation to translation and rotation modes, i.e. heating up [36-39]. Microwave plasma
reactors, using GHz frequencies, are at one hand more suitable because of less
dissociative excitation, but at the other hand operate at much higher temperatures
[40-42], limiting the opportunities for plasma catalysis.

Interaction between plasma and catalyst proceeds in many ways [1, 2]. The plasma will
produce new chemical species including activated species, such as radicals and ions,
which may adsorb on the catalyst surface, opening new reaction pathways and
influencing the products distribution. Plasma can also induce photocatalytic effects by
generating UV irradiation, impingement of charged particles and thermal fluctuations.
The surface and subsurface of a catalyst can be modified by plasma via poisoning,
implantation, sputtering, and etching. The presence of a catalyst influences the plasma
by changing the electrical field distribution, but also modifying the free volume and the
residence time in the plasma zone. A DBD plasma in an empty reactor is by nature
filamentary, while a packed bed DBD plasma is enhanced at the contact points between
particles [43-45]. For all these reasons the effects of plasma and catalyst on a specific
reaction are strongly correlated and could result in synergy, i.e. when the reaction rate
in presence of both catalyst and plasma is higher than the sum of the rates in presence
of plasma-only and catalyst-only at identical conditions [1].

Plasma-catalytic CO; hydrogenation has been studied for methanation [18, 22, 26,
46-48], production of methanol [25, 49] and Reverse Water Gas Shift [22, 27]. The
catalysts used in these studies have been selected based on their favourable
performance in thermal catalysis, e.g. Ni on various supports for methanation [17, 21,
25, 46], Cu for methanol production [24] and Au for RWGS [26]. These studies focused
on the assessment of synergy and many claim synergistic effects based on the
observation that conversion during thermal operation is low, whereas combination of
plasma and catalyst increased the conversion significantly [18, 22, 26, 46-49]. The effect
of temperature increase induced by the plasma is explicitly considered in only one study
[25]. Moreover, conversion in plasma-only and in plasma with catalyst is compared in
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some studies without addressing the effect of the presence of the fixed bed catalyst on
the plasma properties [18, 25, 47-49]. The presence of the catalyst as a dielectric
material will induce changes in the electrical field distribution, electron energy
distribution and number of streamers or surface discharges [19, 24, 43-45]. Finally,
changes in residence time or in Specific Energy Input (SEl, energy input per molecule
feed) between empty and packed bed reactors were often not considered [18, 25,
47-49]. The approach used in Chapter 4 focuses on minimizing any differences in the
plasma, residence time and SEl by keeping the properties of the packed bed almost
completely constant. Any thermal effects of the plasma will be estimated and corrected
for, based on the estimation of temperature in the plasma made in Chapter 3.

CaCO3; decomposition is the key-step in the Calcium Looping Cycle, a promising option
for CO, separation [50]. In this process, CO; is absorbed by calcium oxide forming
CaCO0s, which can be either landfilled or recycled via decomposition, regenerating the
sorbent calcium oxide. However, the decomposition reaction requires high
temperatures in order to achieve high CO, concentrations in the outlet, i.e. at least
950°C to obtain pure CO; at atmospheric pressure [51]. Such temperatures result in
sintering, decreasing the CO; capture capacity [52-54]. An approach would be to induce
decomposition at lower temperatures by using a non-thermal plasma. Chapter 3
showed that a DBD argon plasma has no effect on the decomposition, except for a
modest increase in temperature; the plasma only induces dissociation of part of the
CO; in a consecutive reaction. On the other hand, the presence of hydrogen without
plasma decreases the decomposition temperature [55], which has been confirmed by
our experiments. Furthermore, the presence of hydrogen causes a shift in the product
distribution to CO;, CO and H,0 instead of CO; only. CO may be produced via RWGS (R3)
or directly via CaCO3 hydrogenation (R;), as presented in the following scheme

Ry
CQCO;; (s) + H2 @ CaO(s) + COZ @ + Hz (@)

E
R,

Scheme 4.1: Proposition of CaCO3; decomposition in presence of H,.
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The introduction of plasma further decreases the decomposition temperature forming
the same set of products, i.e. CO;, CO and H0, as it will be discussed in Chapter 5. The
interpretation of these results requires a description of RWGS (Rs3 in scheme 4.1) both
thermally and in presence of plasma. The goal of Chapter 4 is to provide a kinetic
description of RWGS in presence of calcium oxide and plasma in a temperature window
relevant for CaCOs; decomposition, allowing determination of any synergy between
plasma and calcium oxide as catalyst based on reaction rates. The synergetic effect will
be discussed in terms of interactions of activated species with calcium oxide, by
minimizing any influence of the catalyst on the properties of the plasma and
consequently the chemical reactions proceeding in the plasma.

4.2 Materials and methods

4.2.1 Calcium oxide, calcium carbonate and alumina
preparation

Calcium oxide was synthesized by calcination of CaCO3 (99%, Sigma Aldrich) in 20% air
in N, at atmospheric pressure in order to remove any organic contaminants, heating
the sample until 900°C (heating rate 15°C min) and keeping the temperature at 900°C
for 3 hours. The calcined product was pelletized (pressure 160 bar), crushed and sieved
in the particles size range of 250-300 um. Part of the calcium oxide particles thus
prepared, was converted to CaCOs by calcination in 20% CO; in N; at 630°C for 5 hours
(heating rate 15°C min™) and consecutively sintering in pure CO, at 900°C for 24h
(heating rate 15°C min!). The material was sieved again in order to ensure the particle
size range of 250-300 um. a-alumina (99%, Alfa-Aesar) was treated, pelletized, crushed
and sieved following the same procedure.

4.2.2 Characterization

The specific surface area, pore volume and pore size distribution of the samples were
measured both in CaO form as well as in CaCO3; form, after carbonation. The samples
were first degassed at 300°C in vacuum for 3 hours. The surface area was calculated
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based on the BET isotherm for N; adsorption at -196°C in a Micrometrics Tristar 3000
analyser. The pore size distribution was measured by Hg porosimetry in a
Quantachrome PoreMaster 33 analyser. The elemental composition was determined
with X-Ray Fluorescence analysis (XRF, Bruker S8 Tiger).

4.2.3 Reactor Setup

Figure 4.1 shows a schematic representation of the equipment used to measure plasma
enhanced RWGS. The fixed bed reactor is fed with a mix of Ar, H,, CO; and H,0. Argon
is saturated with water and diluted with a pure argon stream in order to vary the water
concentration. The temperature of the oven is controlled with a Eurotherm controller
with an accuracy of £ 0.5°C between room temperature and 1000°C, as reported
previously [50]. The isothermal zone is 8 cm long at 900°C, defined as the part of the
reactor with less than £ 1°C temperature variation. A Quadrupole Mass Spectrometer
(MS) measures the composition of the gas mixture leaving the reactor. The MS signal
for CO; (44 m/e) and CO (28 m/e) are calibrated between 0.16% and 5% CO; and at 5%
CO, resulting in a linear relationship. The reactor is a 4 mm inner- and 6 mm outer-
diameter quartz tube. The inner electrode is a stainless-steel rod of 1 mm diameter
placed co-axially in the centre of the reactor section by the help of a spacer, which is
removed when the rod and the packed bed are positioned. The outer electrode is a
1 cm long stainless-steel tube with 6 mm inner diameter, enclosing a plasma zone of
0.035 cm? in volume. The plasma zone was filled completely with either 100 mg a-Al,O3
or with 10mg CaCOs and 95mg a-Al,03 for the blank and catalytic experiments
respectively, in order to minimize any change in the plasma. Note that the blank
experiment includes also any possible contribution of the reactor wall and the surface
of the electrode. An AC voltage of up to 5 kV peak to peak is applied to the inner
electrode with a constant frequency of 23.5 kHz using a PMV 500-4000 power supply,
while the outer electrode is connected to the ground via a probe capacitor of capacity
4 nF. The power of the plasma is calculated using the Lissajous method by measuring
the voltage on the inner electrode with a Tektronix P6015A high voltage probe and on
the outer electrode with a TT — HV 250 voltage probe as described in literature [56]. An
example of Lissajous plot is shown in Figure A4.1 of the Appendix A4.
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4.2.4 Steady state RWGS experiments in CaO and Al;,03

Either 10 mg CaCOs with 95 mg Al,O3 or 100 mg a-Al,0s are placed in the reactor. In
most experiments, the CaCO3 is decomposed in-situ by heating in Ar to 680°C, resulting
in a mixture of 6 mg Ca0O and 95 mg a-Al,Os. This sample is termed “Ca0 + Al,03”, as
opposed to “CaCOs3 + Al,03” when no in-situ decomposition is applied. The reactor
containing alumina only is termed “Al,05".

RWGS experiments were initiated by switching the gas composition from pure Ar to
CO3, H; and H,0 in Ar, at the selected temperature and constant flow rate of 90 ml/min.
The temperature and concentration of CO, H, and H,0 are varied between 630 and
820°C, 0.1 and 0.4%, 2 and 10%, 0 and 0.25% respectively. The reactor reached steady
state in typically 10 minutes after changing conditions. The plasma power is kept
constant at either 0 W (plasma-off) or 1 + 0.1 W (plasma-on) during the experiment.
The CO; conversion is calculated based on the CO, and CO concentrations in the exit of
the reactor according Equation 4.1; considering exclusively concentrations measured
at the exit at the same time minimizes experimental error caused by drift in the
sensitivity of the MS. No correction in the volumetric flow is required since RWGS is the
only reaction taking place.

()
Ar
 —
HV
LR A AHH—
Heating & =
o, Ar H, stage

Figure 4.1: Plasma reactor setup used for this study.
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Cco,out
Xcoz = : (4.1)
Cco,out T Ccozout

Reproducibility was tested by repeating experiments with both different samples and
different reactor tubes.

4.3 Results

Ca0 and Al,O3 surface areas after short exposure to ambient condition are 5 m? gt and
16 m? g respectively. XRF data show that the CaO is 99.12% pure with minor
contamination of SiO; and Al;03, while alumina is 99.9% pure with minor contamination
of Ca0.

4.3.1 RWGS over CaO and Al,0O3

Figure 4.2 shows the CO; conversion during RWGS over “Al,03”, as well as “Ca0 +
Al,03”, as function of temperature as well as the concentration of CO,, H; and H,0. The
conversions are calculated based on the composition of the outlet stream at the
different conditions as shown in figures A4.2 and A4.3 of the Appendix A4. No other
products except CO and H,0 have been observed by MS and the mass balance closes
within 5%. The sample “Ca0 + Al,03” showed mild deactivation of 30% during the first
3 hours of operation at 820°C and no further deactivation was observed, as shown in
figure A4.4 in Appendix A4. The data shown in figure 4.2 are collected after stabilization
for 3h.

The results show that calcium oxide is active for RWGS, while Al;Os3 is surprisingly also
active, although significantly less. Note that no conversion was observed in an empty
reactor. Figure 4.2 shows that CO, conversion increases with temperature and
hydrogen concentration, while it decreases with CO; and H,0 concentration for both
samples. Most of the results are obtained far from thermodynamic equilibrium, as can
be seen in Figure 4.2.
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Figure 4.2: CO, conversion as function of temperature, CO, H, and H,O inlet concentration for
experiments of RWGS in thermal operation on “CaO + Al,03” (m) and on “Al,05”(0,4), results from
modeling (—) and conversion at thermodynamic equilibrium (-); flow rate is 90 ml min™; (b-d):
temperatures are 630°C (4A) and 740°C (o,m);(a): feed is 0.3% CO,, 10% H, and 0% H,0 in Ar; (b): feed
is 10% H, and 0% H,0 in Ar; (c): feed is 0.3% CO, and 0% H,0 in Ar; (d): feed is 0.3% CO, and 10% H;
in Ar.

Figure 4.3 shows the CO; conversion during RWGS on “CaCOs + Al;03” sample. The
conversion levels are calculated based on data shown in figure A4.5 in Appendix A4,
showing that the temperature was increased stepwise. Apparently, CaCOs is not active
for RWGS because it shows the same conversion as “Al,03” sample. The sharp increase
in conversion between 760 to 780°C is caused by rapid decomposition of CaCOs to CaO,
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as at the same time the sum of CO, and CO concentrations in the product increase to
much higher values than the CO, concentration in the feed, as shown in figure A6 in the
window between 253 and 260 minutes. Afterwards, the mass balance closes again
within 5%, indicating that the sample is mostly converted to CaO, resulting in a much
higher activity. The increase in the sum of CO, and CO concentrations in figure A6
corresponds to 91 pmol of desorbed CO;, indicating that the sample is at least 90%
converted to Ca0. Thus, calcium oxide is not converted to calcium carbonate during the
experiments shown in figure 4.2, since the conversion is always significantly higher than
the conversion over Al,Os. Furthermore, the experiments in figure A3 never showed an
offset of the mass balance, which would indicate the formation of CaCOs. Clearly, the
CO; inlet concentration lower than 0.5% is too low to cause formation of carbonate
even at 630°C, in agreement with the fact that the equilibrium CO; partial pressure for
CaCO3 decomposition is 0.7% at atmospheric pressure [51].
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Figure 4.3: CO, conversion as function of temperature during experiments of RWGS in thermal
operation on “CaCOs + Al,03” (m) and “Al,03”(0), transition between CaCOs and CaO (~); feed is 6%

CO,, 10% H; and 0% H,0 in Ar, flow rate is 90 ml min™..
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4.3.2 Effect of Plasma on RWGS over CaO and Al,O;

Figure 4.4 shows the CO; conversion obtained during RWGS experiments on “Al,03”
and “Ca0 + Al,03” in presence of plasma. The conversion values are obtained based on
the outlet concentrations shown in figures A4.6 and A4.7 in the Appendix A4.

The plasma power is kept fixed at 1 W and the Lissajous plots measured on the two
samples show no significant differences, as illustrated in figure A4.1 of the Appendix
A4. Apparently, the plasma remains similar when adding 6 mg of CaO to 100 mg of Al,O3
with similar particle-size and -shape as well as dielectric constant, resulting in similar
capacity of the plasma reactor, electrical field distribution and power dissipation.

The results shown in figure 4.4 are corrected for a temperature increase of 10°C. The
estimation is based on the kinetics of CaCO3 decomposition in argon plasma measured
using the same “CaCOs + Al,03” sample and reported Chapter 3 of this thesis.

For both samples, the conversion increases as function of temperature and decreases
with CO; and H,0 feed concentration. Remarkably, the CO, conversion increases with
H, concentration only when CaO is present, while it shows no significant changes with
Al,O3 only. Note that the conversion approaches equilibrium for many experimental
conditions in the presence of Ca0. The conversion in presence of plasma is substantially
higher respect to the experiments performed in absence of plasma at the same
conditions as shown in figure 4.2 and it further increases in presence of CaO.

In addition to CO and H;0, also trace amounts of CHs were detected, but due to the
very low concentration no significant trend is observed, thus methane production is not
discussed further. It was ensured that no carbon deposition occurred, based on the
observation that no CO; is formed during oxidation of the sample in 10% air in argon
plasma at 630°C and plasma power of 3 W after the experiments. The reason for the
mild deactivation observed in figure A4.4 remains unknown but change of activity
during initial operation is frequently observed in catalysis.
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Figure 4a-d: CO, conversion as function of temperature, CO,, H, and H,O inlet concentration for
experiments of RWGS in plasma operation on “Ca0O + Al,O5” (m, A ,®,%) and on “Al,03”(0,A), results
from modelling (—) and conversion at thermodynamic equilibrium (-); flow rate is 90 ml min* and
plasma power is 1+ 0.1 W; (b-d): temperatures are 640°C (2, A ), 700°C (®) or 750°C (o,m); (a): feed is
0.3% CO,, 10% H, and 0% H,0 in Ar (m,0) or 0.4% CO,, 5% H, and 0.1% H,0 in Ar (%), (b): feed is 10%
Hz and 0% H0 in Ar; (c): feed is 0.3% CO, and 0% H0 in Ar; (d): feed is 0.3% CO; and 10% H; in Ar.
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4.4 Discussion

4.4.1 Kinetic description

The results in Figures 4.2 and 4.4 show that CaO, as well as Al;03 to lesser extent, is
active for RWGS. The fact that equilibrium is never approached implies that conversion
is determined by kinetics. CO, conversion increase with increasing temperature,
indicating that RWGS on “Al,03” and “CaO + Al,O3” is an activated process both in
thermal and in plasma operation. CO; conversion decrease with increasing CO; and H,0
concentrations in all cases, both in thermal and in plasma operation. The apparent
negative order in CO; is suggesting competitive adsorption of CO, and H,. Also, the
poisoning effect of H,O points to competitive adsorption in case of catalytic operation,
as experiments are performed far from thermodynamic equilibrium. The results in
Figures 4.2 and 4.4 also show that the conversion increases with the hydrogen
concentration in thermal operation as well as on “Ca0 + Al,03” in plasma operation. In
contrast, the conversion doesn’t change significantly with hydrogen concentration on
“Al,03” in plasma operation.

In order to judge whether there is synergy between plasma and the CaO catalyst, the
reaction rate obtained on “Ca0” in thermal operation and on “Al,03” in plasma
operation must be compared to the rate obtained on “CaO + Al;03” in plasma
operation. The results in figure 4.2 and 4.3 show significant conversion and therefore
do not allow direct calculation of reaction rates at one specific temperature, as would
be possible in a differential experiment, i.e. conversion is less than typically 10%. In an
integral experiment, concentration profiles develop along the axis of the reactor and
the local reaction rates vary. Consequently, a valid mathematical description is needed
of the kinetics of the reaction catalysed by alumina and CaO, with and without the
presence of the plasma, in order to compare respective reaction rates at identical
conditions.

A mechanism-inspired rate equation is used to model the reaction rate for the four
cases, i.e. “Ca0” and “Al,03” in thermal operation, “Ca0 + Al;03”, “Ca0” and “Al;03” in
plasma operation. The rate on “Ca0O” is calculated by subtracting the contribution of
“Al,03” both in thermal and in plasma operations, since alumina appeared not inert.
Nevertheless, the equation serves solely as mathematical description of the system and
is not related to a micro-kinetic model. Equation (4.2) is used for this purpose, allowing
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for an accurate description of the kinetics considering the following assumptions, based
on the observations discussed above:

e reactant CO; and the product H,0 adsorb competitively on both Al,03 and CaO,
while CO is assumed to desorb quickly;

e The orders in CO; and Hy, i.e. a and b respectively, as well as the adsorption
equilibrium constant of the water (Kuz20) are assumed constant with varying
reaction conditions;

e The reaction occurs on Al;03 and CaO independently.

e The equation also includes a term describing the reversed reaction (WGS)
when the conversion approaches the thermodynamic equilibrium, according
to the equilibrium constant Keqin [51], which is particularly the case for
“Ca0 + Al,03” in plasma operation, as shown in figure 4.4.

— K
ko exp (_Rl;a) [Coz]a[Hz]b (1 - —ng' Obs)

R = eq,th (4.2)
«© 1+ [H;0]Ky20

The same equation is used for the four cases, obviously resulting in different fitting
parameters.

The packed bed zone was modelled in 10000 segments, in which the concentration of
the gases was calculated using equation (4.2) iteratively. Values for the fitting
parameters were selected by optimizing the fit to the experimental observations. A
MATLAB script was developed for that purpose, presented in Appendix A4.

The values of the fitted parameters ko, Eact, @, b and K20 are presented in Table 4.1. The
error margins are determined by a sensitivity analysis of each parameter. The CO;
conversions obtained by these models show good agreement with the experimental
data within the error margins, as shown in figures 4.2, 4.3 and 4.4. The thermal reaction
pathways on CaO and Al,O3 have a similar apparent activation barrier, but the pre-
exponential factor ko is 7 times higher on “Ca0” respect to “Al,03” only. The apparent
reaction order in CO; is slightly lower on CaO respect to alumina (0.65 and 0.85
respectively), while the apparent orders for H; are similar and close to 1. In presence of
plasma the apparent activation energy decreases from 120 to 95 kJ mol?! with Al,O3
only and, more pronouncedly, from 140 to 75 kJ mol™* when CaO is present. The order
in CO; and the adsorption constant of H,O do not change significantly when plasma is
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applied, while the orders in H, diminish strongly, in agreement with the experimental
observation in figure 4.4 that the reactions are much less sensitive to the hydrogen
concentration in the presence of plasma.

In principle, this model is just a mathematical description of the kinetics; nevertheless,
we note that the fitting results in realistic values for activation barriers and reaction
orders. More importantly, the model results in a good fit for both thermal as well as
plasma experiments.

Al;0; OW CaO OW Al;03 1IW Ca0 +Al,03 1W | CaO 1W
In ko (s*barf*?)) | 19.1+1.2 21.0+1.3 14.0+ 1.0 13.0+1.5 10.8+ 2.1
Eq (ki mol?) 12015 140+ 10 95+5 75110 40 + 20
a (order for CO,) | 0.85 *0.05 0.65 +0.05 0.6 £0.05 0.75+0.05 09+40.1
b (order for Hy) 0.95+0.05 0.85+0.05 -0.05 #0.05 0.25 +0.05 0.8+0.2
In Krzo 8.5+0.2 6.7£0.3 6.54£0.1 6.6+0.2 6.5+0.2

Table 4.1: Values of fitting parameters describing the RWGS rate equation for the five cases. The last
column, CaO 1W represents the rate on CaO in plasma operation, obtained by subtraction of “Al,03
1IW” from “CaO + Al,03; 1W”; see text for further explanation.

4.4.2 Synergy

The reaction rates in the three cases of “Ca0” in thermal operation, “Al;03” in plasma
operation and “Ca0 + Al,03” in plasma operation, are compared at fixed concentrations
and temperature to assess synergy between CaO and plasma, which is the case if the
enhancement factor, defined according equation 3, is larger than 1.

Rcao and aizo3

lasma
Enhancement = P

(4.3)
R cao + R arzos
thermal plasma
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Both rates in presence of CaO and plasma (Rcq0 and 41203 plasma) @s well as the rate in
absence of CaO (Rai203 plasma) are measured directly and model equations are available
(Table 4.1). The rate equation for the thermal activity of CaO is also available in Table
4.1, calculated by subtracting the rate over alumina (Raizo3 therma) from the rate
measured over CaO and alumina (Rcao and 1203 thermat), @s described above.

Figure 4.5 shows the reaction rates as function of temperature on “CaO” without
plasma, “Al,03 plasma” and “CaO + Al,O3 plasma” calculated at 0.2% CO,, 10% H; and
0.1% H,0, which is a condition experimentally studied. Figure 4.5 also shows that the
enhancement factor decreases as function of temperature, showing synergy for
temperatures up to 700°C and no synergy at 750°C.

20 o
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Figure 4.5: RWGS reaction rates as function of temperature on “CaO” in thermal operation (e), “Al,05”
in plasma operation ( A ), sum of “CaO” in thermal and “Al,03” in plasma operation (V) and “CaO +
Al,03” in plasma operation (¢ ); enhancement factor (m); the concentrations are 10% H,, 0.2% CO, and
0.1% H,0 in Ar, flow rate is 90ml min™.

Figure 4.6 show the calculated RWGS rates according the model as function of CO,, H,
and H,0 concentrations at 640°C. Figure 4.6 suggests constant enhancement factor
with varying concentration, as any trend is clearly smaller than the error margin. In all
cases, synergy is observed at 640°C, in contrast to the similar figure at 750°C (Figure
4.7) showing synergy is absent for all concentrations considered.
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Figure 4.6: RWGS reaction rates as function of concentration of CO; (a), H> (b) and H,O (c) on “Ca0”
in thermal operation (e), “Al,O3” in plasma operation ( A ), sum of “CaO” thermal and “Al,O3” plasma

operation (V) and “CaO + Al,Os” in plasma operation (¢); enhancement factor (m); the fixed
concentrations are 10% H,, 0.2% CO; and 0.1% H,0 in Ar, temperature is 640°C, flow rate 90ml min.
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Figure 4.7: RWGS reaction rates as function of concentration of CO; (a), H (b) and H,0 (c) on “Ca0”
in thermal operation (e), “Al,03” in plasma operation ( A ), sum of “CaO” thermal and “Al,05” plasma
operation (V) and “CaO + Al,03” in plasma operation (¢); enhancement factor (m); the fixed
concentrations are 10% H,, 0.2% CO; and 0.1% H,0 in Ar, temperature is 750°C, flow rate 90ml min™.
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4.4.3 General discussion: catalytic, plasma and plasma-catalytic
effects

4.4.3.1 Catalytic effect

The catalytic activity per gram of CaO at 630°C is typically an order of magnitude lower
than the activity of conventional Cu-based catalysts at the same conditions [60]. Clearly,
CaO is not a preferred catalytic material, nevertheless it has significant activity, in line
with the facts that MgO is also active for RWGS [58] and that CaO is active for WGS, as
reported in a study on sorption enhanced WGS [61].

Ca0 and MgO [57] are much more active for RWGS than Al O3 in thermal operation.
Basic oxides adsorb CO; strongly [58, 59] and are more active, suggesting that the
reaction proceeds via surface carbonates. The reaction order in CO, observed on CaO
(0.65) suggests that the CaO surface is partly covered with carbonates. Apparently,
surface carbonate species on CaO are active, whereas the surface of bulk CaCOs is not
active at all for RWGS (Figure 4.3). Furthermore, the order in hydrogen is close to 1 on
both CaO and Al,0s3, indicating that activation of H, on the oxides surface is likely the
rate determining step (r.d.s.). Alternatively, the coverage with hydrogen, presumably H
atoms, is close to zero. The lack of activity of bulk CaCOs, or possibly full coverage with
surface carbonate, may be due to lacking ability for H, dissociation.

4.4.3.2 Plasma effect

Introduction of plasma on both Al,03; and CaO enhances the RWGS reaction, at least
partly due to plasma chemistry in the free space in the packed bed. Figure 4.8 presents
a reaction scheme for plasma chemistry of CO; hydrogenation in DBD plasma, based on
micro-kinetics at ambient conditions [62]. CO, dissociates to CO and O, similar to CO;
dissociation as a consecutive reaction during CaCO3; decomposition in an Ar plasma. The
presence of H, opens a new reaction pathway for O-radicals to form water instead of
O or recombination with CO. The consecutive products in Figure 4.8, i.e. methane,
ethane, methanol, formaldehyde, are not observed in our experiments since these
reactions are thermodynamically less favored at high temperatures, above 600°C.
Nevertheless, the contribution of plasma-chemistry in our experiments can be
discussed based on the reaction scheme Figure 4.8, regarding activation of H, and CO,.
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Figure 4.8: Dominant reaction pathways for the conversion of CO, and H; into various products, in a
50/50 CO,/H; gas mixture. The thickness of the arrow lines is proportional to the rates of the net
reactions. The stable molecules are indicated with black rectangles. Reproduced from [62].

Introduction of plasma on Al,03 also induces the order in hydrogen to decrease from
1to 0, indicating that hydrogen activation is not the r.d.s. in the presence of plasma,
suggesting that hydrogen is activated in the plasma rather than on the Al,Os surface.
Figure 4.8 also shows that RWGS is plasma initiated exclusively via CO dissociation via
electron impact dissociation or vibrational excitation whereas H radicals cannot
activate CO,. Instead, addition of hydrogen causes consecutive conversion of O-radicals
to H,0 instead of O,. Moreover, OH and CHO radicals generated in the presence of
hydrogen rapidly react with CO and O respectively, forming back CO; and retarding the
overall RWGS reaction. Although the conditions of the micro-kinetic study of figure 4.8
are different from our experiments, the reaction pathways in figure 4.8 agree with the
observed zero order in hydrogen, suggesting that gas-phase plasma-chemistry is
dominant over surface reactions on RWGS over alumina. Otherwise, the apparent order
in H, would be higher than 0 and closer to the order 0.85 as observed on alumina (table
4.1). However, further clarification is not subject of this work as a blank experiment
with plasma only, i.e. without alumina in an empty plasma reactor, is not included. This
was even not attempted because the plasma is influenced by the presence of a packed
bed and consequently the residence time, SEl and plasma properties cannot be kept
constant, as discussed in the introduction. In fact, the plasma experiment with alumina
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is the blank experiment, which contains also the contribution of the reactor wall and
the surface of the electrode, enabling a valid discussion on plasma-catalytic effects on
Cao.

4.4.3.3 Synergy between CaO and plasma

Synergy between plasma and catalysis will be discussed quantitatively based on
comparison of reaction rates at fixed conditions, using the kinetic description discussed
above. Furthermore, complicating factors are addressed to the best of our ability, i.e.
(i) any thermal effect of plasma, (ii) effect of the catalyst on the residence time in the
reactor and (iii) the effect of the catalyst acting as a dielectric material on the plasma
properties.

The term synergy is used with different meanings in papers on plasma catalytic CO;
hydrogenation. In many cases, synergy is discussed based on changes in conversion
when introducing the catalyst in the plasma [18, 22, 26, 27, 47-49], causing synergy if
the combination of plasma and catalyst opens a new catalytic pathway, parallel to the
plasma-chemistry pathway with plasma only and the catalytic pathway on the catalyst
only. In some cases, synergy is claimed based on increasing selectivity to a specific
product by introducing the catalyst in the plasma, e.g. formation of methane or
methanol with Ni or Cu catalyst respectively. CO, conversion is not increased [25] or
even decreased [46], indicating that the interaction of plasma and catalyst enhances
consecutive reactions with CO as primary product. The results presented here involve
one single reaction (RWGS) and quantification of synergy requires the kinetic
description as discussed above. The facts that conversions are significant, and the
results cannot be considered differential implies that synergy must be discussed based
on reaction rates instead of conversions. Any further comparison with these studies is
not useful, since the reaction conditions and catalysts are very different.

First, we will discuss possible artefacts as well as necessary assumptions considering
the three complications described above.

i Any effect of temperature changes induced by plasma is not only small but also
have been corrected for as described in the result section. This has not been
addressed explicitly in any work on plasma-catalytic CO; hydrogenation, except
by Eliasson et al., estimating the temperature increase in the plasma by
modelling heat transfer [25]. Other studies estimated the temperature by
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measuring either outside the reactor [22, 27, 46, 49] or inside the reactor
downstream of the plasma zone [18, 26, 47].

ii. The residence time in all experiments was kept constant, as the total volume
of the packed bed was constant. Note that the residence times in the packed
bed and the plasma zone are identical. The same approach was used by others,
comparing plasma catalytic- and plasma only- activities at constant residence
time by including measurements with unloaded support [22, 26, 27, 46]. These
studies used supported metal catalysts, introducing other complications as
discussed below. In two studies [22, 46], the plasma zone was only partially
filled, complicating the interpretation significantly because the plasma
properties in the empty part of the reactor and inside the packed bed differ
significantly.

iii. Changes in plasma properties can also be excluded based on three arguments.
First, the Lissajous plots on “Al,03” and “Ca0 + Al;03” in plasma operation are
very similar, as shown in figure A4.1, suggesting the same electron energy
distribution as well as constant power [43, 56]. Second, alumina and calcium-
oxide have similar dielectric constants, i.e. 9.2 and 11.8 respectively [63], and
the size and shape of alumina and calcium-oxide particles are similar as well.
Therefore, the number of contact points between particles in the bed,
enhancing discharges in the plasma [19, 44, 45], is constant. It is well known
that both dielectric constants and different particles size and shape changes
the plasma properties significantly [6, 24], but with the precautions discussed
above it is reasonable to assume that the plasma properties remain similar.
Third, the catalyst contains oxides only and no metal particles, which are
reported to intensify the plasma locally [44, 64].

Thus, the observed synergy is not caused by changing the plasma but can be attributed
to a new catalytic pathway involving activated species in the plasma and the CaO
surface. Apparently, the new pathway has a lower activation barrier, as the observed
apparent activation energy decreases from 140 to 40 kJ mol? when plasma is
introduced. The plasma-catalytic pathway is dominant at 640°C, while at 750°C the
thermal catalytic pathway dominates, because of the high activation barrier, so that no
synergy is observed as shown in figure 4.5. Note that the decrease in the enhancement
factor with increasing temperature shown in figure 4.5 is not caused by approaching
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thermodynamic equilibrium, since all rates in figure 4.5 are calculated at fixed
concentrations far away from thermodynamic equilibrium [51].

The apparent order for hydrogen of 0.8 on CaO in plasma operation suggests that
hydrogen activation in the plasma is involved in the plasma-catalytic pathway.
Presumably hydrogen radicals react with surface carbonates on calcium oxide, in
contrast to carbonates on alumina since order in hydrogen is zero. Remarkably,
activation of CO; via hydrogen radicals is not significant in the case of plasma chemistry
as discussed above.

These results will be used in Chapter 5 describing decomposition of CaCOs in a H;
containing plasma. We believe that the proposed method allows separation of, at one
hand, the influence of surface catalytic reactions on the conversion, versus the
influence of the fixed bed as a dielectric material on plasma chemistry in a DBD-plasma
catalytic reactor. This may contribute to improved insight in plasma catalysis. Further
progress could be anticipated via developing in-situ of preferably operando
characterization techniques to study adsorbed species. Attempt with FT-IR failed so far
mainly because of the high temperature of operation, but this would certainly the way
forward to make progress, in combination with reliable kinetic information.

4.5 Conclusions

Synergy between plasma and calcium oxide for RWGS has been quantified, by
minimizing any effect of the presence of the catalyst fixed bed as a dielectric material
on the contribution of plasma chemistry, i.e. chemical conversion in the plasma,
keeping also the specific energy input and the residence time constant. Moreover,
synergy is determined by calculating reaction rates at fixed temperature and gases
concentrations, by using kinetic equations describing well the integral experiments
performed in presence and absence of both calcium oxide and plasma.

Synergy is observed at low operational temperature (640°C) with a rate-enhancement
factor of 1.7. The rate enhancement steadily decreases with increasing temperature
until synergy disappears at 750°C, independently of the composition of the gas mixture.
Synergy is caused by opening a new reaction pathway involving plasma activated
species on the CaO surface. The apparent activation barrier of the plasma-catalytic
pathway is 40 kJ mol?, much lower than the apparent activation barriers of thermal-
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catalytic reaction (140 kJ mol!) and of the pathway with Al,03; and plasma (90 kJ mol-
1). The apparent orders for CO, and H; are 0.9 and 0.8 respectively, suggesting that the
rate-determining step is the reaction of surface CaCO; with a plasma-activated H,,
presumably H radicals.
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Chapter 5

Calcium Carbonate Decomposition in a
Dielectric Barrier Discharge Hydrogen
Plasma

Summary

In Chapter 5 we investigate the effects of hydrogen on the decomposition of the
carbonate in thermal operation and in Dielectric Barrier Discharge (DBD) plasma, by
means of a comparative method developed to distinguish between thermal and
chemical effects of plasma based on reaction rates. 10% hydrogen induces 1) an
increase in the reaction rate up to 3 times during isothermal reactions at 590°C and 2)
formation of CO via Reverse Water Gas Shift (RWGS), catalysed by the presence of the
product calcium oxide. The increase in the reaction rate is caused by catalytic effect of
H,0, produced via RWGS alongside CO. The presence of plasma enhances both the
decomposition rate and CO formation, the former via a purely thermal effect, the latter
via the synergetic effect for RWGS between plasma and calcium oxide.



Chapter 5

5.1 Introduction

Global warming caused by emission of greenhouse gases (GHGs) is a major issue both
environmentally and economically. Carbon-dioxide, the most important among GHGs,
reached an average concentration of more than 0.04%, increasing the global
temperature of ca. 1°C above the pre-industrial level [1]. In order to prevent an increase
of more than 2°C in the next decades as stated by the Paris Agreement [2], a large
implementation of Carbon Capture and Storage (CCS) or Utilization (CCU) as well as low-
carbon emission technologies is needed [3].

CCS refers to a group of technologies developed to capture and store CO, from
combustion in flue gasses of power plants. The most developed option to capture CO;
is flue gas scrubbing using amine-based sorbents, e.g. monoethanolamide [4, 5].
However, the interaction of these sorbents with sulphur dioxide and oxygen, always
present in flue gas, as well as its corrosive nature represent major issues for practical
operation. A possible alternative is mineral carbonation of rocks as serpentine
MgsSi>Os(0OH)s or calcium oxide, requiring rather high temperatures [6]. The
carbonation (for capture) and calcination (for recycling) of calcium oxide, referred as
Calcium Looping Cycle, is widely discussed in literature [7].

However, the calcination reaction requires high temperatures in order to achieve high
CO; concentrations in the outlet, i.e. at least 950°C to obtain pure CO, at atmospheric
pressure [8]. Such temperatures result in sintering, decreasing the CO; capture capacity
when calcium oxide is recycled [9-12]. The impact of cycling on the calcium oxide
microstructure has been widely studied and substantial decrease of the surface area as
well as closure of meso- and micro- pores were reported [11, 12]. Different synthesis
methods and precursors as well as addition of oxides as support material, mixing with
other elements, doping, core-shell materials and nano-structured composites were
explored in order to improve thermal stability of calcium oxide [13].

Catalysis has been also explored in order to reduce the decomposition temperature.
The catalytic effect of low concentrations of water on CaCO3 decomposition has been
demonstrated and quantified in Chapter 2 of this thesis. Water catalyses the
decomposition by increasing the reaction rate 3 to 5 times, allowing to reduce the
decomposition temperature of ca. 60-70°C. Reller et al. observed that also hydrogen
enhances decomposition [14], resulting in a decrease of 100°C in the decomposition
temperature and a substantial production of CO and H,0 along with CO..
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Another approach would be to induce decomposition at lower temperatures by using
a non-thermal plasma [15]. DBD plasma is frequently used for studying plasma catalytic
conversion at low temperatures [16, 17]. The high AC voltages applied at relatively low
frequency (50 to 10° Hz) produces a non-equilibrium plasma with very high electron
temperatures (1-10 eV equal to 10°-10° K), high vibrational temperatures (103 K), and
rather low rotational and translational temperatures in the plasma zone, typically in the
order of 100 K [18, 19]. The low gas temperature allows the application of a solid
directly in the plasma generation zone without fast sintering, maximizing the
interaction between active species and the solid phase. Furthermore, DBD plasma can
be generated at atmospheric pressure, which is interesting from the application point
of view. Very promising results were presented in the last years on plasma catalysis,
e.g. for CO; conversion [20-22], CH4 reforming [23-25] and coupling [26], and N; fixation
[27] in terms of high conversion and selectivity.

The effects of DBD plasma on the decomposition of a solid, e.g. CaCOs, are still
unknown. Plasma generated from an inert gas won’t likely convert CaCOs, while a more
reactive plasma, e.g. hydrogen plasma, might interact with CaCOs; enabling its

conversion.

In Chapter 3 of this thesis we demonstrated that argon plasma has only a thermal effect
on CaCOs3 decomposition, i.e. increase in the gas temperature, beside a consecutive CO;
dissociation to CO and O,. We used a comparative method which allows to distinguish
between thermal effect and chemical effects of plasma on the decomposition kinetics.
Assuming plasma cannot penetrate the pores with diameter of less than 3 um, based
on the Paschen’s Law [28, 29], the thermal surface processes proceed on both internal
and external surface, while plasma processes proceed only on the external surface.
Varying both the internal and external surface area, i.e. via particles size in a packed
bed plasma reactor, allows to discern what the dominant interaction is, thermal or
plasma chemistry.

In the current Chapter, we investigate the effect of hydrogen and hydrogen plasma on
CaCOs3 decomposition. The production of CO and H,O during thermal CaCOs;
decomposition observed by Reller suggests a substantial contribution of RWGS on the
overall reaction. The Reverse Water Gas Shift reaction (RWGS) is catalysed by calcium
oxide in both thermal and plasma operations, with a significant synergy between
plasma and calcium oxide at 630°C, as resulted from the kinetic study on RWGS
performed in Chapter 4. On the other hand, CaCOs is not active at all for RWGS.
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Therefore, calcium carbonate decomposition in presence of hydrogen likely proceeds
as shown in scheme 5.1, where the RWGS (R3 in scheme 5.1) is enhanced when calcium
oxide and plasma are present. On the other hand, we question whether CO can be
produced directly from the decomposition of bulk calcium carbonate without involving
the formation of CO; (R2 in scheme 1). Alumina and gas phase plasma chemistry
contributes for RWGS to lesser extent but still significantly, thus R; cannot be neglected
in both operations.

R4
CaCO3+H, ——— Ca0 +CO,+ H,

Ry (?) ™

Y

Ca0 + CO + H,0

Scheme 5.1: Reaction scheme of CaCO3; decomposition in presence of H..

The goal of Chapter 5 is to assess the effect of hydrogen on CaCOs; decomposition in
both thermal and plasma operation. We will analyse the effects of hydrogen and
hydrogen plasma on the kinetics of CaCOs; decomposition and CO production,
distinguishing between thermal and chemical effects of plasma by using the method
developed in Chapter 3, as described above.

5.2 Materials and methods

5.2.1 Reactor setup

Figure 5.1 shows a schematic representation of the equipment used to measure CaCOs3
decomposition in presence of hydrogen plasma. The fixed bed reactor is fed with a mix
of Ar, CO; and H,. The temperature of the oven is controlled with a Eurotherm
controller with an accuracy of £0.5°C between room temperature and 1000°C. The

126



Calcium Carbonate Decomposition in a Dielectric Barrier Discharge Hydrogen Plasma

isothermal zone is 8 cm long at 900°C, defined as the part of the reactor with less than
+ 1°C temperature variation. A Quadrupole Mass Spectrometer (MS) measures the
composition of the gas mixture leaving the reactor. The MS signal for CO; (44 m/e) and
CO (28 m/e) are calibrated between 0.16% and 5% CO and at 5% CO, resulting in a
linear relationship. The reactor is a 4 mm inner- and 6 mm outer- diameter quartz tube.
The inner electrode is a stainless-steel rod of 1 mm diameter placed co-axially in the
center of the reactor section by the help of a spacer, which is removed when the rod
and the packed bed are positioned. The outer electrode is a 1 cm long stainless-steel
tube with 6 mm inner diameter, enclosing a plasma zone of 0.035 cm? in volume. The
plasma zone was filled completely with 10 mg CaCOs and 95 mg a-Al;0s. An AC voltage
of up to 5 kV peak to peak is applied to the inner electrode with a frequency of 23.5 kHz
using a PMV 500-4000 power supply, while the outer electrode is connected to the
ground via a probe capacitor of capacity 4 nF. The power of the plasma is calculated
using the Lissajous method by measuring the voltage on the inner electrode with a
Tektronix P6015A high voltage probe and on the outer electrode with a TT — HV 250
voltage probe as described in literature [30].

b
=) [:=)
H, Ar Vent
\ B

[ Heating
COz Ar stage

HV

~ &

» MS

Figure 5.1: Plasma reactor setup used for this study.
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5.2.2 CaCOs3; decomposition in presence of H, in thermal and
plasma operations

Four CaCOs samples with different surface area and particles size, named “Sample A-
D”, were synthesized for the decomposition experiments from three different
precursors: calcium D-gluconate-monohydrate (99%, Alfa Aesar, Haverhill, MA, USA)
for Sample A, calcium L-ascorbate-di-hydrate (99%, Sigma-Aldrich, St. Louis, MO, USA)
for sample B, and calcium carbonate (99%, Sigma-Aldrich, St. Louis, MO, USA) for
samples C and D. The synthesis and characterization are explained in detail in Chapter
3, while table 5.1 summarizes the samples properties. Samples composed of 10 mg of
CaC0s3 and 95 mg Al;O3 are placed in the reactor. The procedure and the conditions
differ between experiments and will be explained in the results section.

Code CaC0s3S.S.A. (m?2g?) Particles diameter (um)
A 1.7+0.1 250-300
B 0.8+0.1 250-300
C <0.5 250-300
D <0.5 100-125

Table 5.1. Characteristics of the four CaCO3 samples used.

5.3 Results

5.3.1 Decomposition in thermal operation

Figure 5.2 shows the result of the decomposition of sample C without plasma, in terms
of concentration of the gases at the reactor outlet as function of time. The experiment
is initiated at 590°C by switching the feed composition from 5% CO, to 10% H, in Ar,
which is maintained until the end of the experiment. Every 4 minutes the temperature
is increased by 20°C with a heating rate of 20°C minL. The rate of the decomposition
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reaction is linear with the sum of CO, and CO concentrations, since no other
carbonaceous products are observed. The reaction is in a quasi-steady state for the first
18 minutes, after that exhaustion of CaCOs3 takes place. After 14 minutes of reaction,
although the overall rate is still steady, the CO; concentration steadily decreases while
CO increases, causing a change in the ratio between CO; and CO production rates.
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Figure 5.2: Concentrations of the gases at the outlet during 10mg CaCOj3 (sample C) decomposition as
function of time. Flow rate is 30 ml min, feed composition is 10% H, in Ar, temperature changes every
few minutes.

5.3.2 Decomposition in plasma operation

Figure 5.3 shows the effect of hydrogen and plasma on the decomposition of Sample C.
The experiment is initiated in thermal operation (without plasma) at 630°C by shifting
the feed composition from 5% CO; in Ar to pure Ar. The applied temperature is kept
constant throughout the experiment. After 1 minute of decomposition, 10% H; is
introduced still in thermal operation. After 2 minutes from the beginning of the

experiment, plasma is turned on and kept at a power of 1.5 W until the end of
experiment.
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The introduction of 10% hydrogen in argon during CaCO3 decomposition at 630°C
causes an increase in the CO, emission rate and formation of CO and H;O. The
decomposition rate increases by a factor of ca. 2 when hydrogen is introduced. The
reaction observed between minutes 1 and 2 is qualitatively the same of what observed
in figure 5.2 between minutes 8 and 12, although a quantitative comparison is not
possible since the flow rates are different. The introduction of plasma causes further
increase of the products concentration. A significant increase in the ratio between CO
and CO; is observed from minute 4, when exhaustion starts to take place, like in thermal
operation.
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Figure 5.3: Concentrations of the gases at the outlet during 10mg CaCO3 (Sample C) decomposition as
function of time. Temperature is 630°C, flow rate is 90 ml min, feed composition is changes from pure
Ar to 10% H; in Ar after 1 minute of decomposition, plasma power changes from 0 to 1.5 W after 2
minutes of decomposition.

Several decomposition experiments are performed on samples from A to D. The
experiments are improved by lowering temperature and flow rate to 590°C and 30 ml
min in order to extend the decomposition time, allowing to probe up to three power
values before exhaustion. A typical experiment is shown in figure 5.4 for sample C, while
the rest of the results are collected in Appendix A5 and shown in figures A5.1-A5.4.
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Figure 5.4: Concentrations of the gases at the outlet during 10mg CaCOs (Sample C) decomposition as
function of time. Temperature is 590°C, flow rate is 30 ml min, feed composition changes from pure
Arto 10% H, in Ar after 5 minutes of decomposition; plasma is turned on after 9 min and plasma power
changes from 0 Wto 1.1 Wand 2.7 W every 4 to 5 min.

5.4 Discussion

5.4.1 Effect of hydrogen on the decomposition rate in thermal
operation

In thermal operation, the decomposition rate increases by introducing hydrogen. The
rate enhancement is defined by the ratio between the reaction rates in presence of
hydrogen and in pure Ar at the same temperature, i.e. between the sum of CO, and CO
concentrations obtained in presence of hydrogen and the CO, concentration obtained
in pure Ar, as shown in equation 5.1.

([COT + [CO2D10%H2 (5.1)
[CO2]ar

Enhancement =
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Figure 5.5 shows the enhancement of the decomposition rate observed during
decomposition of samples A-C as function of CaCOs surface area, based on the results
in figures from A5.1 to A5.3, and of samples C-D as function of the particles size, based
on the results in figures A5.3 and A5.4. Apparently, the rate enhancement increases
with increasing surface area, whereas there is no significant change as function of the
particles size. The error margin is evaluated to be + 7% due to possible drift in the MS

signals.
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Figure 5.5: Rate enhancement between decomposition in 10% H; in Ar and decomposition in pure Ar
of samples A, B, C (a) and samples C, D (b); temperature is 590°C; flow rate is 30 ml min™; no plasma
is applied.

The enhancement of the rate may be caused by the presence of water on the sample
produced by RWGS, since water has a catalytic effect on calcium carbonate
decomposition via formation of surface calcium bicarbonate, as reported in Chapter 2.

Figure 5.6 shows the rate enhancement during decomposition of all the four samples
as function of the average water partial pressure in the packed bed. The H,0 partial
pressure is evaluated assuming linear concentration profiles between no water at the
inlet and the water concentration at the outlet, and the whole concentration windows
are shown by the horizontal bars, which are not error margins. Noteworthy, both rate
enhancement and water concentration produced during decomposition in Hy increase
with the CaCOs; surface area, resulting in a clear correlation within the experimental

error.
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These observations are compared in figure 5.6 with the results of Chapter 2, obtained
by decomposing CaCOs in presence of different H,O concentrations in Ar. All samples
show a very similar trend, confirming that the rate enhancement is indeed caused by
water. All the other variables do not influence.
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Figure 5.6: empty symbols: rate enhancement as function of H,O average partial pressure during
decomposition of samples A, B, C and D performed in this study, feed is 10% H, in Ar, flow rate is
30 ml min’, applied temperature is 590°C, no plasma is applied; full symbols: rate enhancement during
CaCO; decomposition performed in Chapter 2, feed is H,0 in Ar, flow rate is 90 ml min, applied
temperature is 590°C.

5.4.2 Effect of plasma on the decomposition rate

The decomposition rate increases with plasma power, as shown in figure 5.3 and figures
A5.1-A5.4. Figures 5.7a and 5.7b show the sum of CO and CO; concentrations as
function of plasma power during decomposition of samples with different surface area
(A, B and C) and different particles size (C and D) respectively. Apparently, the
decomposition rate increases with increasing surface area and decreasing particles size
at the same plasma power, which suggests that plasma has both a thermal effect and a
chemical effect on the decomposition rate. Nevertheless, also the catalytic effect of
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water could explain the effect of particles size. In fact, figure 5.8 shows that the water
concentration also increases with decreasing particles size at the same power, as results
from the same experiments on samples C and D of figure 5.7b. The effect of particles
size on water concentration will be addressed in the next paragraph.
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Figure 5.7: Sum of CO and CO; concentrations during decomposition of samples A, B and C (a) and
samples C and D (b) as function of plasma power. Applied temperature is 590°C, flow is 30 ml minL.
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Figure 5.8: CO concentration during decomposition of samples C and D as function of plasma power.
Applied temperature is 590°C, flow rate is 30 ml min.
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Figure 5.9 shows the rate enhancements obtained by decomposing different CaCO3
samples in 10% Hy in Ar respect to a pure Ar plasma as function of the average water
concentration at different plasma power: 1.1 W in figure 5.9a, between 2.2 and 2.7 W
in figure 5.9b, between 3.7 and 4.1 W in figure 5.9c. The enhancements are based on
the experiments on figures A5.2, A5.3a and A5.4a (figure 5.9a), A5.1a, A5.3a and A5.4b
(figure 5.9b), A5.1b, A5.2, A5.3b and A5.4a (figure 5.9c¢). Like in figure 5.5, the rate
enhancements in 10% H; plasma are compared with the enhancements obtained by
decomposing CaCOs at various H,O concentrations in Ar in Chapter 2. The comparison
has been made by correcting for the increase of temperature caused by plasma,
approximatively 20°C (figure 5.9a), 40°C (figure 5.9b) and 60°C (figure 5.9c). The
temperature increase as function of plasma power is estimated in figure 3.12 of Chapter
3, based on kinetics of CaCO3 decomposition in argon plasma measured at 630°C on the
same samples used for this study. Figure 5.8 shows that the rate enhancements
correlate similarly with H,O concentration within experimental error, for both H,
plasma and thermal experiments with H,O in Ar. Therefore, increasing CaCOs
decomposition rate induced by hydrogen plasma can be accounted for by increasing
temperature and increasing water concentration; in other words, there is no proof for
any chemical plasma effect

5.4.3 Effect of decomposition level on CO formation in thermal
operation

The result shown in figure 5.2 indicates that ratio between CO and CO; increases
significantly when CaCOs decomposition reaches an advanced level, suggesting a
change in the mechanism of CO formation. This could be explained by the catalytic
effect of CaO on RWGS presented in Chapter 4. The exposed CaO surface in expected
to increase with the decomposition level, enhancing the CO formation via RWGS.

Figure 5.10 shows (black squares) the CO concentration observed during the
experiment in figure 5.2 as function of the decomposition level, i.e. the fraction of
CaC0O3 decomposed. The CO concentration shown in figure 5.2 is sampled at different
decomposition times between 4 and 20 minutes, while the decomposition level relative
to the each time is obtained with the mass balance, calculated via integration of the CO
+ CO; concentration curve, resulting in the data points in figure 5.10. The first three
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data points are collected at temperatures of 590°C, 610°C and 630°C, while the last
three data points are all collected at 650°C.
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Figure 5.9: empty symbols: rate enhancement as function of H,O average partial pressure during
decomposition of samples A, B, C and D performed in this study, feed is 10% H, in Ar, flow rate is
30 ml min™, applied temperature is 590°C, corrected temperatures are 610°C (a), 630°C (b) and 650°C
(c); plasma power is between 1 and 1.2 W (a), 2.2 and 2.7 W (b), 3.7 and 4.1 W (c); full symbols: rate
enhancement during thermal CaCO3 decomposition (no plasma) performed in Chapter 2, feed is H,0
in Ar, flow rate is 90 ml min, applied temperatures are 610°C (a), 630°C (b) and 650°C (c).

Figure 5.10 shows also the CO concentrations obtained via RWGS, calculated by
applying the model equations developed in Chapter 4 on “Al,03” (blue circles) and “Ca0
+ Al,03” samples (red triangles) in thermal operation. “Al,03” corresponds to sample C
without CaCO3 and “Ca0O + Al;03” corresponds to sample C completely decomposed.
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The kinetics of RWGS were evaluated in Chapter 4 on alumina and calcium oxide, which
are both active, whereas CaCOs is not active for RWGS. The comparison between
experimental and calculated CO concentration is meant to assess whether the CO
formation can be accounted by the CaCOs; decomposition reaction and consecutive
RWGS (R1 and Rs3 in scheme 1). The CO concentration produced in small segments of
the reactor is calculated by applying the rate equations based on a Power Law for
“Al,03” and “Ca0 + Al,03”, which are evaluated in Chapter 4 and shown in table 4.1.
The CO concentration profile within the reactor is obtained by accumulating the
concentrations for each segment and is calculated via mathematical integration using
the script in MATLAB shown in the appendix A4 in the previous Chapter. The models
are applied by mimicking the same CO; and H; concentration profiles present during
the decomposition experiment in figure 5.2 for each decomposition level. The CO;
profile is assumed linear along the packed bed in the reactor: in the inlet there is
obviously zero CO,, while at the outlet there is the sum of CO and CO; measured during
the experiment at the selected decomposition level. H, concentration is assumed
constant at 10%.

Apparently, the CO concentration in figure 5.2 agrees with RWGS on “Al,03” only at the
beginning of the reaction, when the sample is mostly CaCOs, in line with the
observation that bulk CaCOs is not active for RWGS. After 10% of decomposition, the
CO concentration is enhanced presumably via catalysis on the increasing CaO surface.
At 80% of the decomposition, the CO concentration approaches the RWGS on “Ca0 +
Al,03”, as expected since the CaCOs is almost totally converted to CaO. In short, the
kinetics model reported in Chapter 4 is well able to explain the result of the thermal
decomposition experiment semi-quantitatively, confirming that CaO is catalytically
active for RWGS whereas CaCOs is not.
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Figure 5.10: CO concentration at the outlet during 10mg CaCO3 decomposition as function of the
decomposition level (squares); CO concentration calculated via RWGS on “Al,03” (circles) and on
“Ca0 + Al,03” (triangles) with the same CO, concentration observed during the decomposition of
10 mg CaCOs and assuming a linear CO; concentration profile, as calculated by modelling the RWGS
reaction rate with power law equation defined in Chapter 4.

5.4.4 Effect of decomposition level on CO formation in plasma
operation

As for thermal operation, the ratio between CO and CO; increases when CaCOs3
decomposition reaches an advanced level also in presence of plasma. Analogously, this
could be explained by the synergetic effect between plasma and CaO on RWGS, also
studied in Chapter 4. A comparison between experimental CO concentration and RWGS
models in plasma operation is presented as follows.

Figure 5.11 shows (black squares) the CO concentration obtained during the
experiment of figure 5.3 in presence of plasma as function of decomposition level. The
CO concentration is sampled at different decomposition times and the decomposition
level is calculated by the mass balance, as described above. In order to correct for the
difference in plasma power between the experiment at 1.5 W and the models at 1 W,
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the CO measured both at 0 W and 1.5 W allowed linear interpolation at 1 W. All the
data points shown are measured at the same applied temperature of 630°C.

Figure 5.11 shows also the CO concentration obtained via RWGS, calculated by applying
the model equations developed in Chapter 4 on “Al,03” (blue circles) and “Ca0O + Al,03"”
(red triangles) in plasma operation at 1 W power, also shown in table 4.1. The CO
concentration profile along the packed bed is obtained with the same method
described above applying the rate equations evaluated in plasma operation, also shown
in Chapter 4. The CO; and H, profiles are evaluated in the same way as for thermal
operation.

Before 40% of decomposition, the CO concentration agrees with the RWGS on “Al,05”,
sign that CaCOs is not active for RWGS both in thermal and in plasma operations,
whereas the CO formation proceeds mainly through gas phase plasma chemistry. The
CO concentration approaches the concentration obtained during RWGS on “CaO +
Al,O3” in presence of plasma, when the sample is significantly decomposed and CaO is
present, implying that CO formation proceeds mainly via RWGS.
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Figure 5.11: CO concentration at the outlet during 10mg CaCO; decomposition in presence of plasma
as function of the decomposition level (squares); CO concentration calculated via RWGS on “Al,03”
(circles) and on “CaO + Al,O3” (triangles) with the same CO, concentration observed during the
decomposition of 10mg CaCOs and assuming a linear CO, concentration profile, as calculated by
modelling the RWGS reaction rate with power law equation defined in Chapter 4.
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Summarizing, the results in figures 5.10 and 5.11 indicate that the CO production in
driven mainly by RWGS in both thermal and plasma operation, which is enhanced by
the developing calcium oxide surface. Calcium carbonate is not active for CO formation
in any operation.

In addition, the results in figure 5.8 show that the CO concentration increases by
decreasing the particles size at the same plasma power, implying that CO formation is
sensitive to the external surface area of the bed particles. According to the method
developed in Chapter 3, CO formation is driven by plasma chemistry. It is not trivial to
assess where the plasma chemistry occurs, because of the following considerations:

e (CaCOs surface is certainly not active for CO formation as resulted from figure
5.11;

e (CaO surface is certainly active for plasma catalytic RWGS, however the CO
concentrations shown in figure 5.8 are measured at a decomposition level
between 10% and 40%, i.e. when calcium oxide shows no significant activity
according to figure 5.11. It must be noted that the accuracy of the evaluation
in figure 5.11 is not enough to conclude whether CaO is active when less of
40% of CaCOs is decomposed, since the CO concentration measured during
CaCOs3 decomposition was corrected for a difference in plasma power.
Unfortunately, only the experiment shown in figure 5.3 could be compared
with the RWGS kinetics in plasma operation, since a constant plasma power
through the decomposition was necessary. To perform other experiments was
not possible, since no time was left in the research plan;

e AlOs surface might also be active for plasma-catalytic RWGS. We have no
evidence to confirm or negate this, since “Al,03” was the blank experiment in
Chapter 4;

e Changing particles size might affect the plasma and influence the CO formation
via gas phase plasma chemistry.

In short, CO; hydrogenation in DBD plasma is still not completely clear, whereas CaCOs3
decomposition is apparently not affected by any plasma chemistry in presence of
hydrogen.
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5.5 Conclusions

The effects of DBD hydrogen plasma on CaCO3; decomposition have been assessed, by
means of a comparative method which allowed us to distinguish between thermal
effects and plasma chemistry, based on reaction rates.

In thermal operation, hydrogen causes an increase in the rate of CaCO3 decomposition
by an indirect effect of the water produced along with CO via consecutive RWGS. The
RWGS reaction is enabled by the presence of calcium oxide and alumina.

In plasma operation, both decomposition rate and CO formation increase. The
decomposition rate is enhanced by a purely thermal effect. The CO formation occurs
exclusively via RWGS and is catalysed by the synergetic effect of calcium oxide and
plasma.
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Chapter 6

General assessment on the use of DBD for
CaCO; decomposition

6.1 Introduction

The research discussed in this thesis and the parallel work of Tesfaye Belete in DIFFER
[1] evaluated the possibilities of combining Dielectric Barrier Discharge (DBD, in
Twente) and Inductively Coupled Plasma (ICP, in DIFFER) with calcium carbonate
decomposition. The effects of DBD and ICP plasmas on the decomposition and the
addition of transition metals impurities in CaCO3 were investigated and are described
in the two PhD theses. The main conclusions of the work in Twente are summarized in
this chapter, leading to ideas for further research and future plasma-catalytic
combinations for CaCO3 decomposition and CO; conversion.

Figure 6.1 summarizes the reactions taking place in the process, consisting in two main
phases which are 1) decomposition of calcium carbonate to calcium oxide and CO,,
and 2) subsequent conversion of CO,. The specific gas components are mentioned
alongside the different reaction processes, as well as the energy input or catalytic effect
effectively driving the specific reaction. Only the forward reactions are shown in
figure 6.1, because the experiments were performed mostly far away from equilibrium.



Chapter 6
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Figure 6.1: Reaction scheme of CaCO3; decomposition in presence of DBD plasma

The main and negative conclusions are that 1) calcium carbonate decomposes solely
into calcium oxide and carbon dioxide for all the conditions studied and 2) the reaction
is driven by temperature only in both thermal operation and plasma operation, i.e.
plasma does not have any physical or chemical effect on the calcium carbonate
decomposition (Chapters 3 and 5). Also, the reaction is enhanced by presence of water
vapour via a catalytic effect involving the formation of surface calcium bicarbonate as
intermediate (chapter 2).

CO; furtherly decomposes in several conditions. For instance, CO; dissociates into CO
and O, eventually recombiningin O, in gas phase argon plasma (Chapter 3). In presence
of Hy, CO; takes part in the Reverse Water Gas Shift (RWGS) both in thermal operation
and in plasma operation, with calcium oxide having a catalytic role (chapter 4). In
presence of H,0 plasma, CO; decomposes to CO, H, and O3, which are present in very
low concentrations. Because of it, this pathway has not been addressed furtherly.

The two scientific challenges of this study were 1) to distinguish between thermal,
physical and chemical effects of plasma on the specific reactions and 2) to address the
complexity of a reactor stage with CaCO3; decomposing in the DBD plasma generation
zone, trying to discriminate between the effects of CaCO3/CaO on plasma and vice
versa.
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The main topics covered in this project were:

e Kinetics of thermal CaCO3 decomposition in argon and water vapor;

e Effect of Argon DBD plasma on CaCO3; decomposition;

e Synergy between plasma and Calcium oxide on Reverse Water Gas Shift;

e CaCOs decomposition in presence of hydrogen and hydrogen plasma.
Other topics were explored:

e Effect of plasma on the decomposition in a post-plasma configuration;

e (CaCOs decomposition in presence of H,0 plasma;

e Transition metals doped CaCO3; decomposition in presence of hydrogen.

6.2 Kinetics of thermal CaCO; decomposition in argon
and water vapour

The kinetics of thermal CaCO3 decomposition in argon and in presence of steam were
measured in a plug flow reactor using small amounts of carbonate, i.e. less than 10 mg.
Flowing gas through a fixed bed improved significantly the reliability of the kinetic data
respect to studies where TGA and XRD cups were conventionally used [2, 3], since the
CO; desorbed from the sample is rapidly flushed away, preventing backward reaction.

Calcium carbonate decomposition in argon is an activated process, with an activation
barrier of 201 kJ mol slightly higher than the difference in enthalpy of 171 kJ mol[4].
Since the reaction is endothermic, the temperature to obtain a reasonable CO;
concentration in the product stream is significantly high, i.e. at least 950°C to obtain
pure CO; at atmospheric pressure [4], as stated in the introductory chapter. This
temperature is not suitable for CaCO3 long-term recycling, since the lack in stability of
the material resulting in sintering [5], thus the need to explore conditions such as H,O
and H; co-reactants and plasma in order to lower the decomposition temperature.

The addition of low concentrations of steam, i.e. less than 1.25%, has a catalytic effect
on the decomposition via formation of surface calcium bicarbonate. In presence of
steam the activation barrier is lowered to 140 k) mol, the reaction rate is increased up
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to 5 times and therefore the decomposition temperature can be reduced by ca. 70°C,
according to the kinetics of the reaction.

The study of the steam effect on CaCO3; decomposition is relevant since ca. 20% of the
flue gases of power plants is composed by steam [6]. Nevertheless, in order to test any
significant benefit, further studies must be performed. Firstly, the catalytic effect must
be tested at more relevant temperatures, i.e. between 800 and 900°C, respect to the
conditions applied in our experiments, between 590 and 650°C. Secondly, steam in such
high concentrations has other effects such as decrease of the CO; gas phase diffusivity
and increase of the heat transfer coefficient, which have a significant impact on the
decomposition rate according to Kraisha et al. [7] and Yin et al. [8].

Steam has also a regenerative effect on spent CaO samples via formation of calcium
hydroxide, according to Anthony et al. [9], which could lead to the addition of a
regeneration step in a practical application. This effect has also been observed during
our work on the catalytic effect of steam as follows.

Figure 6.2 shows the variations in CO; capture on a CaO sample during alternated CO,
absorption- CaO regeneration processes, as function of the H,O concentration applied
during the regeneration step. The absorption and regeneration steps were alternated
by shifting the gas composition from Ar + H,0 to Ar + 5% CO, and vice versa. The
absorption and full regeneration have been performed 40 times in absence of steam
before- and 50 more times in presence of steam during- the data acquisition. Figure 6.2
shows that the CO; captured increases between two consecutive cycles only when the
steam concentration during regeneration is at least 0.5%. Stronger increases in CO; are
obtained by storing the regenerated CaO in ambient for several weeks.

In conclusion, steam applied during CaCOs; decomposition improves both the
decomposition reaction and the sample morphology. The effect on the decomposition
rate is not so strong and probably won’t lead to ground-breaking improvements,
nevertheless much more study is needed to assess the extent of such effects and
potential benefits for a practical application.

150



General assessment on the use of DBD for CaCO3 decomposition

1607 & pecomposition in Ar + H,0

1404 * Stored in ambient for 8 days
120_‘ ¥ Stored in ambient for 40 days
100 -
80~
60
40 4
201 {
0- e

Captured CO,""/C0O," x 100

-20 4 .
0.1 0.5 1 5

H,O concentration at i"" regeneration step (%)

Figure 6.2: Variation of CO, captured during the cyclic CO, capture and release performed in Chapter
2 on a spent CaO sample as function of the percentage of steam present during the CaO regeneration
step. Capture steps: 15 min at 630°C in 5% CO; in Ar. Regeneration steps: ca. 30 min at temperatures
between 590 and 650°C in Ar and H,0. The sample is 3mg CaO in 70 mg SiO;, flow rate is 90 ml min™.

6.3 CaCO; decomposition in Argon plasma

The result that DBD argon plasma could have just a thermal effect on the
decomposition was expected, since argon is a noble gas which could hardly react with
CaCO0s and a physical effect is unlikely due to the low power used. Nevertheless, this
study was performed to test, successfully, a new-developed method to distinguish
between thermal and non-thermal effects of plasma.

The method relies on the assumption that plasma cannot penetrate inside pores
smaller than 3 um [10], i.e. plasma has access only to the external surface of our
sample’s particles, whereas the heat produced by plasma diffuses in ca. 1 minute from
the external surface to the centre of the particles. Thermal effect and non-thermal
effects can be deconvoluted by measuring independently the effects of external and
total surface areas on the decomposition rate.
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As a result, this method allowed to estimate the average temperature increase in the
plasma zone as function of plasma power, with low uncertainty of £10°C if compared
with the current temperature estimations in plasmas (infrared cameras, Optical
Emission Spectroscopy, heat transfer modelling, thermocouples outside the plasma
zone) [11-14]. Correct temperature evaluation is a key point in understanding the effect
of plasma in chemical reactions, especially when synergy is observed between plasma
and catalysis [15] (as in chapter 4). We suggest that using our method could improve
kinetic studies on plasma and plasma-catalytic systems significantly.

Plasma also induces consecutive CO, decomposition into CO and O, although it occurs
mainly in gas phase plasma since the presence of calcium carbonate / oxide doesn’t
have any effect. Remarkably, this result disagrees with the study performed by Duan et
al. [16] which reports a substantial increase in CO; conversion by fully packing the
plasma zone with CaO respect to Al,Os. Presumably, replacing Al,O3; with CaO entirely
could influence the plasma significantly, while adding a small amount of CaO in
abundant Al;03 did not, also because have similar dielectric constant, 9 and 11.8 for
Al,03 and CaO respectively. In conclusion, CO; dissociation wasn’t studied any further.

6.4 CaCO; decomposition in presence of steam
plasma

Although steam has a catalytic effect on the thermal calcium carbonate decomposition,
the application of steam plasma has a negative effect on the CO formation. Figure 6.3
shows that the application of 2.5% of H,O in Ar results in a similar increase in
decomposition rate, while the CO; conversion to CO drops dramatically from ca. 50%
to less than 2%. Traces of H, and O, are also found. Snoeckx et al. simulated a CO; and
H,0 mixture in DBD plasma at ambient conditions [17], concluding that the OH radicals
in the plasma cause very rapid CO recombination to CO,, inhibiting the CO,
decomposition.
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Figure 6.3: Concentration of the products during decomposition of 120 mg CaCOjs as function of time
at 630°C in pure argon (a) and 2.5% water vapor in argon (b), flow rate of 30 ml min, plasma power
is changed every 8 minutes. The packed bed of 2 cm is placed in the middle of the plasma zone, which
is long 7 cm.

The presence of low water concentrations inhibits the CO, conversion also in other
types of plasmas, e.g. microwave and gliding arc, probably because of faster decay of
CO; vibrational modes induced by water [18]. Nevertheless, in both DBD and MW
plasma the presence of nickel or nickel oxide catalysts seems to bypass the negative
effect of H,O active species [19, 20], but the mechanisms have still to be better
understood.

Since no interesting effect of H,O plasma was found on calcium carbonate
decomposition, we rather focused on hydrogen plasma.

6.5 Synergy in presence of calcium oxide and plasma
on Reverse Water Gas Shift

RWGS contributes significantly during calcium carbonate decomposition in presence of
hydrogen, since it is enabled by both calcium oxide, via formation of surface
carbonates, and DBD plasma, via CO, decomposition in the gas phase. Furthermore,
synergy is observed at the lower operational temperatures when both CaO and plasma
are present. The activation energy of this process is rather high in presence of only CaO
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(140 kJ mol?), is lower in presence of plasma and Al>O3 (90 kJ mol?) and even lower in
presence of both (40 kJ mol?), indicating that synergy is caused by a new reaction
pathway involving the calcium oxide surface and the active species in the plasma.

The result of synergy and further speculations on the mechanism are supported by a
systematic kinetic study of the RWGS reaction in a steady state, on the catalytic only-,
plasma only-, and plasma-catalytic systems performed in Chapter 4. The reaction rates
were compared at fixed conditions of temperature and gas composition, by minimizing
any change in the plasma properties, in residence time and by accounting for the
increase of temperature as calculated in Chapter 3.

We believe that this approach is the real added value of this study, since it has never
been applied in catalytic studies as far as we know, although we believe it is crucial in
order to understand plasma-chemistry in presence of a catalyst without introducing any
artefact. Nevertheless, following this approach presents several challenges.

Firstly, the dielectric configurations in the plasma-only and plasma-catalytic
experiments should be kept identical in order to minimize changes in the plasma. This
is not the case when metal particles are introduced as a catalyst, since metal particles
enhances plasma generation significantly in proximity to their surface [21]. In order to
avoid any dielectric change, metal particles should be reduced in size or, ideally,
replaced by single atoms incorporated in the support structure as impurities.

Secondly, by using a packed bed catalytic phase, it is impossible to study the effect of
plasma in the gas phase without varying the residence time and/or the Specific Energy
Input of plasma, e.g. by emptying the reactor. In Chapter 4 this issue was avoided by
using Al,O3 as blank experiment, which contains both gas phase plasma and plasma-
alumina contributions. A better solution could be introducing the catalytic phase as a
coating on the reactor wall [22]. If the coating is sufficiently thin compared to the
reactor diameter, it can be compared with an empty reactor without any effect on the
residence time or Specific Energy Input.
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6.6 CaCO; decomposition in presence of hydrogen
plasma

Hydrogen has no effect on the decomposition of calcium carbonate, except for a rate
enhancement induced indirectly by the presence of water (as in Chapter 2), as a product
of the consecutive Reverse Water Gas Shift reaction. Reller et al. claimed that the
decomposition temperature is decreased by ca. 100°C by introducing pure hydrogen
respect to an inert gas [23]. We believe that the indirect effect of water, present in high
concentrations in their set of products, could explain this result.

The contribution of Reverse Water Gas Shift during both thermal and plasma assisted
CaCO3; decomposition has been evaluated according to the kinetic study on the RWGS
reaction in steady state discussed in the previous paragraph. When the decomposition
is at early stage, no RWGS occurs since CaCOs is not active. At a later decomposition
stage, the sample becomes active for RWGS due to the developing CaO and it will reach
the maximum at the end of the decomposition, when CaCOs is completely converted
to CaO. In conclusion, hydrogen doesn’t have any effect on the decomposition reaction,
but it can be converted to CO to some extent.

6.7 General considerations on the use of hydrogen for
CaCO; decomposition

The idea of this project involved use of DBD plasma on CaCO3 decomposition was to
convert CO; into fuels, i.e. higher hydrocarbons. Reverse Water Gas Shift on calcium
oxide induced by hydrogen plasma, which produces mixtures of CO and H; in the outlet
stream, could represent a first step towards hydrocarbons production via Fischer-
Tropsch synthesis [24]. Although hydrogen is maybe a too expensive co-reactant to
convert CO,, we must consider that hydrogen must be converted to molecules with
higher energy density, e.g. hydrocarbons or ammonia, to be economically viable [25].
Thus, it makes sense to use hydrogen for CO; conversion.

A pro of using hydrogen on CaCO; decomposition is that the CO:H; ratio can be
optimized for Fisher-Tropsch by tuning decomposition temperature, hydrogen feed
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concentration and CaCO3/Ca0O amount. An issue is the H,0 obtained via RWGS which
must be minimized in order to improve hydrocarbon formation. The optimal
temperature to synthesize long hydrocarbons with Fischer-Tropsch is typically
150-300°C, while higher temperatures lead to high conversions but producing only
methane, which is unwanted since the low energy density respect to long hydrocarbons
[24]. It is desirable to add a Fischer-Tropsch step downstream rather than combining it
with CaCO3; decomposition in a single step due to the substantial difference in the two
processes.

Another way to improve the decomposition in presence of hydrogen is to add low
amounts of transition metals like Fe, Ni or Co to the calcium carbonate. Figures 6.4
shows the sample weight as function of temperature during TGA experiments of CaCO3;
samples doped with different transition metals. The presence of 10% of Ni and Co
(typical catalysts for Fischer Tropsch synthesis) in the CaCOs structure caused a
decrease of decomposition temperature up to 130°C. Noteworthy, the doping don’t
have the same effect during decomposition in pure helium, implying that hydrogen has
an active role in decreasing the decomposition temperature, presumably via activation
on TM, rather than the instability of the material. The decomposition of doped CaCO;
also produced a significant amount of CHs, up to ca. 80% of the products distribution,
as shown in figure 6.5. Methane can also be considered as an intermediate for higher
hydrocarbons via plasma-assisted methane coupling. Recent studies demonstrated
that DBD plasma could significantly improve both Fischer-Tropsch synthesis [26] and
methane coupling [22] at relatively low temperatures, which opens new ways to
explore.
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Figure 6.4: TGA analysis of samples calcined in 0.6 bar H, and 0.4 bar Ar atmosphere. (a) Weight loss
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6.8 Energy balance

Energy balance has never been considered in the previous chapters of this thesis, since
the focus of this thesis was on understanding the effects of plasma instead of reactions
optimization. Nevertheless, some considerations about energy balance are given in this
paragraph.

The energy efficiency of DBD plasma on CaCO3; decomposition is defined as the ratio
between energy stored in the gaseous products and the energy input of the plasma. In
all the experiments of CaCO3; decomposition performed, plasma 1) converted CO, to CO
via chemical effects and 2) increased the rate of CO, emission via thermal effect. Both
effects induce conversion of electrical energy into chemical energy, both CO and the
CO; in excess respect to the thermal decomposition are included in the energy balance.
The energy efficiency is composed by two terms, the first related to the plasma
chemical processes producing CO, the second related to the heat recovery process,
producing more CO; as shown in equations (6.1-6.3). Note that the difference in
enthalpy in equation (6.2) is defined for the specific reaction: it is equal to 285 kJ mol?
for CO; dissociation to CO and half oxygen molecule, while it is only 35 kJ mol? for
RWGS. The difference in enthalpy in equation (6.3) is related to CaCO3 decomposition
and is equal to 171 kJ mol. The gaseous concentrations are measured at the outlet of
the reactor, the flow rate is calculated in mol s and the plasma power is calculated in
Watts.

1N ="Nco +MNcoz (6.1)

_ flOW rate - ([CO] * AHcozﬁco)

(6.2)
Plasma Power

Nco

flow rate - ([CO + CO,] — [CO3]¢thermar) * AHcaco3z—coz

(6.3)
Plasma Power

Ncoz2 =

Energy efficiency was always very low in all the experiments performed in Chapters 3
and 5, since both the terms shown in equations (6.2) and (6.3) never surpassed 1% each.
Such bad efficiency was caused by the fact that explained by the fact that the oven
compensated the extra heat in the plasma by providing less energy, since the
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thermocouple controlling the temperature a few millimetres outside the reactor was
programmed to keep the temperature constant, generating an artefact.

Figure 6.6 shows the power provided by the oven as function of the power provided by
a pure argon plasma in at a constant temperature of 630°C outside the reactor. The
decrease in the oven power is higher than the plasma power, implying that plasma
heats up more efficiently than the oven. This is because 1) our oven is 1000 times larger
than the plasma zone, which is less than 1 cm?3, and 2) the plasma reactor directs the
energy only within the plasma zone and not in the surroundings, as it is in case of a coil
heating by the Joule Effect.

This is a good example on how electricity is a very efficient mean to convey energy,
since it is more selective and anisotropic than heat. Chemical processes, e.g. CaCOs
decomposition in DBD plasma, could have virtually no energy loss if electrical heating
would be applied in chemical industry. In this perspective, renewable electricity is
required, which is likely to happen in the next decades, according to the decreasing cost
of renewable electricity discussed in the Introduction and shown in figure 1.2.

160

—
(9)]
o
1
——
w

Oven Power (W)

.o

130 T T T !

Power (W)

Figure 6.6: Oven power as function of plasma power. Temperature is 630°C, flow rate is 30 ml/min,
the feed gas is pure argon, the sample is 6 mg CaO and 95 mg Al;Os.
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6.9 Future research

Since DBD plasma is not capable to activate calcium carbonate, other energy carriers
should be explored for CaCOs; decomposition. Electromagnetic radiations might
activate crystalline phases better than plasma, because they diffuse within solid phases
without diffusion limitations, rather than being confined in open spaces outside the
solid.

The fact that radiations can activate CaCOs selectively has been demonstrated in [27],
by applying a combination of microwave radiations and heat to decompose CaCOs3
single crystals. As a result, they improved the rate extent of decomposition and reduced
reaction time and applied energy. Microwaves are much more efficient than heat, since
they convey energy selectively to the CaCOs rather than the surrounding gas and
heated the sample more uniformly respect to thermal energy. Microwaves could also
activate chemical processes “non-thermally”, i.e. by directly coupling with the modes
of a molecule or lattice and thus reducing the reaction temperature, although the
existence of such effects in relation to solid materials is still under debate [28].
Microwaves could also enhance solid diffusion, resulting in sintering [29], which would
not be very appealing for CaCOs. In short, activation by microwaves is a promising idea
for further research on CaCO3 decomposition since more efficient than heat, although
risky from the side of the material stability.

Along the line of electromagnetic radiations, it would be interesting to increase the
frequency and explore CaCOs; behaviour under infrared radiations. Although no
evidence is found so far in literature, the fact that CaCOs adsorb specifically on the
infrared spectrum (876 and 1425 cm™) leads to the question whether a very coherent
IR radiation could activate directly the CaCOs vibrational modes rather than increasing
the temperature. Ultrashort IR laser pulses in the pico- to femto- seconds range have
been used in literature to investigate, among others, the decomposition of CO; on ionic
surfaces [30] and sub-surface modification of crystalline structures, e.g. sapphire [31].

On the other hand, DBD plasma is a very promising tool for gas phase conversion. Dry
reforming of methane is a very attractive reaction to investigate [32]. Calcium oxide
would be a very good support for metallic catalysts like Ni, Co or Fe in order to convert
CO; to higher hydrocarbons via dry reforming and Fischer Tropsch, since it catalyses the
first step of the reaction (CO; to CO) in presence of hydrogen plasma (provided by the
activation of methane) at relatively low temperatures. However, it is not stable at
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temperatures lower than 600°C in presence of reasonable CO, concentrations.
Temperatures below 400°C are needed in order to favour the production of higher
hydrocarbons respect to methane, thus a more stable oxide with similar catalytic
activity for RWGS is needed, e.g. MgO.
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Appendix A

A2 Catalytic Effect of Water on Calcium Carbonate

Decomposition

MS calibration

Figure A2.1 shows the CO; signal elaborated by MS (m/e = 44) for CO, concentrations
up to 5% in Ar and in the inset CO, concentrations up to 1000 ppm are expanded. In
this range the signal is linear with the CO, concentration, with a R? coefficient of 0.9996.
The CO signal (m/e = 28) for the CO concentration of 5% in Aris 1.15 + 0.05 times larger
than the CO; signal (m/e = 44) at the same CO; concentration
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Figure A2.1: Mass Spectrometer signal m/e = 44 for different CO;, concentrations in Ar, from 0 to 5%;

inset: enhancement of the CO, concentration range 0-0.1%.
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MATLAB script for data fitting

The MATLAB script shown in the following pages uses the equation (2.1) with variables
K1 and ks to fit the experimental values by minimizing the Root Mean Square (RMS).
The experimental error in K; and ks is estimated by varying the values of K1 and k3,
while accepting all combinations that fit all data points within their respective error
margins, as illustrated in Figure A2.2.

%lnput of data points, constants and definition of arrays

Data = ...

[2.50E-06 1.099E-08
1.025E-04 2.183E-08
1.525E-04 2.608E-08
2_.524E-04 2.788E-08
3.774E-04 3.029E-08
5.024E-04 3.258E-08
7.523E-04 3.469E-08
1.002E-03 3.638E-08
1.502E-03 3.920E-08
2_.502E-03 4.236E-08
3.752E-03 4.434E-08
6.251E-03 4.855E-08
1.250E-02 5.084E-08
1;

Errmrg = ...
[2.50E-06 1.099E-09
2_.248E-05 2.183E-09
2_.497E-05 2.608E-09
2_.745E-05 2.788E-09
2_.717E-05 3.029E-09
1.890E-05 3.258E-09
6.100E-06 3.469E-09
7.300E-06 3.638E-09
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9.700E-06 3.920E-09
1.450E-05 4.236E-09
2.050E-05 4.434E-09
3.250E-05 4.855E-09
6.250E-05 5.084E-09

1:

k2 = Data(l,2);

t = Data(:,1);

y = Data(:,2);

Errx = Errmrg(:,1);
Erry = Errmrg(:,2);

errorbar(t,y,Erry,Erry,Errx,Errx, "ro")

title("Data points”)

%Definition of the Tfitting equation (1.1) as formulated in the

discussion section as function F: the array x (1x2) represents the

couple of floating parameters K; and Ks.

F = @(x,xdata)k2./(1+x(1)*xdata) + x(2)*x(1)*xdata./(1+x(1)*xdata);

x0all = [];
xall = [];
m = [1;

%Fitting process via the built-in function Isqgcurvefit

for i = 20:20:5000
for w = 1:0.5:10
x0 = [i w];
[x,resnorm,~,exitflag,output] = Isqcurvefit(F,x0,t,y);
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%Fitting validation: the calculated curve shall by within the

margins of each datapoint

if x ~= x0
if resnorm < 1.680E-16
n=20;
for m = 1:13
An = abs(F(x,t(m)-Errx(m))-y(m));
Ap = abs(F(x,t(m+Errx(m))-y(m));
E = Erry(m);
iFfAn<E | Ap<E
n = n+l;
end
end
ifn==13
x0all = [x0all; x0];
xall = [xall; x];
rn = [rn; resnorm];
end

end
end
end

end

%fFigure A2.2 shows data

hold on

for 1 = 1:length(rn)

points and fitting curves for T =

plot(t,F(xall(l,:),t))

end
hold off
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Figure A2.2: Red data points: the reaction rates in mol s for different H,O partial pressures up to
0.0025 bar at 590°C; full lines: fitting equations calculated by the script.
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A3

Plasma Catalysis: Distinguishing between Thermal

and Chemical Effects

Method

The assumptions made in order to evaluate the argon plasma effect on calcium

carbonate decomposition are the following:

According to the Paschen’s Law the electron filaments and active species
cannot exist inside the pores of the carbonate particles, this is explained in the
following paragraph.

Temperature gradients between particles outer surface and inner core are
minimized within much smaller times than the duration of the experiment, i.e.
within 2 min, according to the Fourier time calculated in the specific case.

Figure A3.1 shows the voltage needed to generate a plasma as function of the distance

between the charges at an argon pressure of 1 bar, where the parameters A, B, and y

are determined experimentally [59]. The physical mechanism can be explained for the

2 branches of the curve:

dgap > 6pm: In order to generate a discharge (that is produced by an avalanche
of ionizations of Argon atoms by high energy electrons), we need a minimum
electric field that is able to accelerate electrons above the ionization energy of
Ar atoms in the mean free path of electrons at that pressure (ca. 0.5 um). Since
the electric field is inversely proportional to dg,p at constant voltage, Vy
increases linearly with dgap.

dgap < 6um: the gap distance is comparable with the mean free path, so the
probability of collisions that produce ionizations decreases. In order to have
enough collisions to produce a discharge, the voltage must be increased.

It follows that plasma cannot form in the pores of CaCOs particles within the plasma

zone, since their diameter is below 2 um.
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Figure A3.1. Burning voltage in function of the gap distance for argon at 1 bar, adapted by [58].

In order to discriminate whether the gas temperature increment or the active species
drives the CaCO3; decomposition in presence of plasma, we compared the effect of
plasma on the reaction rate on samples with different specific surface area and perform
a similar comparison for samples with different particles size. By choosing different
particles sizes or different specific surface areas, we can vary selectively the external
surface, exposed to the active species and temperature increase, and the internal

surface, exposed only to a temperature increase.

Determination of Plasma Power

The Lissajous plot measured during decomposition of sample C in Ar with 3200 ppm
extra CO; and plasma power 1.5 W, indicating plasma charge as function of voltage for
one cycle, is shown in Figure A3.2. The hysteresis has a shape of parallelogram,
indicating that a plasma is generated inside the reactor. The slopes of the two sides
indicate respectively a cell capacity of 2.8 pF with plasma off and an effective capacity
of 8 pF corresponding to the dielectric capacity and indicating that the plasma occupies
the whole empty volume within the electrodes. The power of the plasma is calculated

based on the area of the parallelogram:
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Figure A3.2: Lissajous plot of 1.5 W plasma applied on the CaCO3 and Al,O3 mixture with 3200 ppm of
CO;in Ar.

Heat Transfer in the Packed Bed

Plasma is considered as a uniform heat source at temperature T.. around the particles
which are assumed spherical and have an initial temperature To. We calculated the time
needed to increase the temperature of the centre of the particles of the 90% of the
initial temperature difference T-—Tp as follows [59]

= 3.2

The physical constants in the equation are the following: p is the density of CaCO3
(2710 kg/m3); C, is the heat capacity of CaCOs at 630 °C (1.26 J g2 K) [60]; V and A are
the volume and section of the CaCOs particles, respectively, and h is the convective heat
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transfer coefficient of a dry gas in a packed bed reactor, approximated to 15 W m=2 K1
[59]. As a result, the times needed to heat up the particles are respectively 4, 11, and
24 seconds for the smallest (38—45 um), medium (100-125 um), and largest (250-300
um) particles, respectively. Equation (3.3) is an approximation for spherical particles
without porosity, so we assume that more accurate calculation will give slightly longer
times.

Decomposition in argon plasma of all the samples

Figures A3.3—A3.7 show the results of all the CaCO3; decomposition experiments on
samples A—E, respectively, in presence of plasma and without recycling. The results with
power higher than 6 W and further than the second step of power have been rejected
due to exhaustion.

Concentration (10° ppm)
Concentration (10° ppm)

Concentration (10° ppm)

(b)
£ £ 3
g g &
% = >
§ s §
8 = 5
= = T
8 8 8
G s c
O o o
time (min) time (min) time (min)
(d) (e) (f)

Figure A3.3. Concentration of the products of CaCO3; decomposition (sample A) as function of time at
630 °C in pure argon and flow rate of 30 mL min™. Plasma power is 0.3, 1.4, and 8.4 W (a); 1.4, 3.5,
and 6.4 W (b); 5.1 W (c); 3.9 W (d); 2.2 W (e); and 3.7 W (f). Plasma is turned on after 2 min and
changed every 2 min (a,b), after 1.5 min (c), or at the beginning of the decomposition (d—f).
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time (min) time (min)
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Concentration (10° ppm)

time (min) time (min)
(c) (d)

Figure A3.4. Concentration of the products of CaCOs decomposition (sample B) as function of time at
630°C in pure argon and flow rate of 30 mL min. Plasma power is 1, 4.1, and 5.8 W (a); 0.5, 2.1, and
8.5 W (b); and 2.1 W (c,d). Plasma is turned on after 2 min and changed every 2 min (a,b) or at the
beginning of the decomposition (c,d)
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Figure A3.5. Concentration of the products of CaCO3s decomposition (sample C) as function of time at
630 °Cin pure argon and flow rate of 30 mL min™. Plasma power is 0.4, 3.2, and 9.6 W (a); 4.4 W (b);
and 2.1 W (c,d). Plasma is turned on after 2 min and changed every 2 min (a) or at the beginning of
the decomposition (b,c) or after 1.5 min (d).
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Figure A3.6. Concentration of the products of CaCO3; decomposition (sample D) as function of time at
630 °C in pure argon and flow rate of 30 mL min™. Plasma power is 0.2, 2.3, and 8.1 W (a) and 1.3 W
(b). Plasma is turned on after 2 min and changed every 2 min (a) or after 1.5 min (b).
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Figure A3.7. Concentration of the products of CaCO3; decomposition (sample E) as function of time at
630 °Cin pure argon and flow rate of 30 mL min™. Plasma power is 4.4, 1, 4.9, and 1 W (a) and 1.7 W
(b). Plasma is turned on after 2 min and changed every 2 min (a) or after 1.5 min (b).

Figures A3.8—A3.11 show the results of all the CaCO3; decomposition experiments on
sample C in presence of plasma when the sample is recycled 20 times, including
experiments with extra CO; added.
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Figure A3.8. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL min™. The fed CO, concentration is 0 ppm and the plasma poweris 1.5 W (a),
2.1W(b), 1.7 W (c), 2.2W(d), 1.5W (e), 2 W (f), and 1.1 W (g). The plasma is applied at the beginning
of the reaction.
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Figure A3.9. Concentration of the products of CaCO3s decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL min™. The fed CO, concentration is 1000 ppm and the plasma power is
1.3 W (a) and 1.5 W (b). The plasma is applied at the beginning of the reaction.
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Figure A3.10. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL min™. The fed CO, concentration is 2000 ppm and the plasma power is 1.4 W
(a) and 1.9 W (b). The plasma is applied at the beginning of the reaction.
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Figure A3.11. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL min™. The fed CO;, concentration is 3200 ppm and the plasma power is 1.4 W
(a) and 1.5 W (b). The plasma is applied at the beginning of the reaction.

CO; Dissociation with Only a-Al;Os

Figure A3.12 shows the result of CO; dissociation experiments on a sample consisting
of 100 mg a-Al,03 with particle size of 250-300 um. The applied gas composition is
respectively 1000 ppm (a), 2000 ppm (b), and 3200 ppm (c) in Argon. The CO
concentrations at 1.5 W plasma power are obtained by interpolation and are shown in
Figure 3.11.

Figure A3.13 shows the result of a CaCO3; decomposition experiment at 680 °C without
plasma on sample C. It is observed that the CO;, concentration at the steady state
corresponds within the error margins to the sum of CO and CO; concentrations during
decomposition at 630 °C with 3.2 W plasma power, shown in Figure A3.5a. The
comparison supports the estimation of a 50 °C increase for 3.2 W, as shown in
Figure 3.12.
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Figure A3.12. Concentration of the products of CO; dissociation on 100mg a-Al,0s, particle size of
250-300 um, as function of time at 630 °C, flow rate of 90 mL min. The fed CO, concentration is 1000
ppm (a), 2000 ppm (b), and 3200 ppm (c); the plasma powers are 0.6, 1.6, 3.1, 4.8, and 7.2 W (a); 0.7,
1.8, 4.1, and 5.6 W (b); and 0.5, 1.5, 3.1, and 4.9 W (c). The plasma is applied for a few minutes and
then turned off.
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Figure A3.13. Concentration of CO, during CaCOs decomposition (sample C) as function of time at
680 °C and a flow rate of 30 mL min..
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A4 Synergy between Dielectric Barrier Discharge
Plasma and Calcium Oxide for Reverse Water Gas Shift

Lissajous plots

Figure A4.1 shows the Lissajous plots calculated during RWGS experiment on “Al,03”

and “Ca0 + Al;03” at the same conditions. The plots indicate no significant change in
the plasma when CaO is added.
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10 -

Charge (nC)
i

-10 —— Pure Al,O,

------ With CaO

o
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o

5

W
o=

Voltage (kV)
Figure A4.1: Lissajous plots measured in presence of plasma on Al,O3 only (solid line) and in addition

of CaO (dashed line); plasma power is 1W, flow rate is 90ml min™, temperature is 640°C, feed is 0.3%
CO,, 10% H, and 0% H0 in Ar.

Experiments

Figures A4.2 and A4.3 show the concentration of the outlet gases during RWGS on
“Al,03”, “Ca0 + Al,03” respectively in thermal operation.

Figure A4.4 shows deactivation of “CaO + Al,O3” occurring during the first 3 hours of
experiment.
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Figure A4.5 shows the concentration of the outlet gases during RWGS on “CaCOs; +
Al,03” in thermal operation.

Figures A4.6 and A4.7 shows the concentration of the outlet gases during RWGS on
“Al,03” and “Ca0 + Al,03" respectively in plasma operation.
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Figure A4.2a-h: Outlet concentration of CO (m), CO; (e), H, (®), H,O (A ) and CO + CO, (—) as function
of time during experiments of RWGS on 100mg of AI203; (a): feed is 10% H, and 0% H20, temperature
is 740°C; (b): feed is 0.3% CO, and 0% HO0, temperature is 740°C; (c): feed is 0.3% CO,, 10% H,,
temperature is 740°C; (d,e): feed is 0.3% CO,, 10% H, 0% HO; (f): feed is 10% H, and 0% H-O,
temperature is 630°C; (g): feed is 0.3% CO, and 0% H,0, temperature is 630°C; (h): feed is feed is 0.3%
CO;, 10% H,, 0% H,0; flow rate is 90 ml min't and no plasma is applied.
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Figure A4.3a-f: Outlet concentration of CO (m), CO; (e), H, (), H,O (A ) and CO + CO, (—) as function
of time during experiments of RWGS on 7mg CaO and 95mg of AlI203; (a): feed is 0.3% CO2, 10% H,
and 0% H0; (b): feed is 10% H, and 0% H0, temperature is 740°C; (c): feed is 0.3% CO,, 0% H-0,
temperature is 740°C; (d): feed is 0.3% CO,, 10% H,, temperature is 740°C; (e,f): feed is 0.3% CO,, 10%
Ha, 0% H10; flow rate is 90 ml min™ and no plasma is applied.
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Figure A4.4: Outlet concentration of CO (—), CO, (~-), CO + CO; (=) and H; ( -.-) during RWGS on
“Ca0 + Al;03” at 820°C; feed is 6% CO,, 10% H, 0% H,0; flow rate is 90 ml min.
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Figure A4.6a-f: Outlet concentration of CO (m), CO; (e), H, (®), H20 ( A ) and CO + CO; (—) as function
of time during experiments of RWGS on 100mg of Al,O3; (a): feed is 10% H, and 0% H,O, temperature
is 640°C; (b): feed is 0.3% CO, and 0% HO0, temperature is 640°C; (c): feed is 0.3% CO,, 10% H,, 0%
H>0; (d): feed is 0.3% CO,, 0% H,0, temperature is 640°C; (e): feed is 10% H,, 0% H,0, temperature is
640°C; (f): feed is 0.3% CO,, 10% H,, temperature is 640°C; flow rate is 90 ml min** and plasma power
is IW.
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Figure A4.7a-m: Outlet concentration of CO (m), CO; (e), H (#), H.0 (A ) and CO + CO; (—)
as function of time during experiments of RWGS on 7mg CaO and 100 mg of Al;Os; (a): feed
is 10% H and 0% H-0, temperature is 640°C; (b): feed is from 0.25 to 0.3% CO; and 0% H:O,
temperature is 640°C; (c): feed is 0.3% CO., 10% H,, 0% H:0; (d): feed is 10% H: and 0% H-O,
temperature is 640°C; (e): feed is 0.3% CO;, 0% H:0, temperature is 640°C; (f): feed is 0.3%
CO;, 0% H>0, temperature is 640°C; (g): feed is 0.3% CO,, 10% H., 0% H-0; (h): feed is from
0.3% CO; and 0% H-0, temperature is 700°C; (i): feed is 10% H,, 0% H-0, temperature is 700°C;
(j): feed is 0.3% CO;, 10% H;, 0% H:0; (k): feed is 0.3% CO;, 10% H,, temperature is 750°C; (1):
feed is 0.3% CO,, 0% H-0, temperature is 750°C; (m): feed is 0.4% CO,, 5% H., 0.1% H-0; flow
rate is 90 ml min** and plasma power is 1W.



Matlab script

The MATLAB script shown in the following pages uses the equation (4.2) with variables
ko, Eq, a, b and Ko to fit the CO; conversion levels (figures 4.2 and 4.4) by minimizing
the Root Mean Square (RMS). The experimental error in the variables is estimated by
varying their values, while accepting all combinations that fit all data points within their
respective error margins, as illustrated in Figures 4.2 and 4.4.

%Introducing conditions applied for each experiment (T, Keq, [CO2]in,
[H21in, [COlin, [H20]in), concentrations are expressed in ppm,
temperatures in °C.

Input = ...

[740 0.7511 3000 100000 O 2.5
720 0.6911 2980 100000 0 2.5
690 0.6054 2970 100000 O 2.5
660 0.5252 2970 100000 0 2.5
630 0.4507 3000 100000 0 2.5
740 0.7511 3000 100000 O 2.5
740 0.7511 2060 100000 0 2.5
740 0.7511 3840 100000 0 2.5
740 0.7511 5200 100000 0 2.5
740 0.7511 9850 100000 0 2.5
740 0.7511 3000 100000 0 2.5
740 0.7511 2990 80000 0 2.5
740 0.7511 2950 50000 0 2.5
740 0.7511 2880 20000 0 2.5
740 0.7511 3020 100000 0 2.5
740 0.7511 2890 100000 O 2500
740 0.7511 2950 100000 O 1000
740 0.7511 3000 100000 O 500
740 0.7511 3000 100000 0 2.5
720 0.6911 2980 100000 0 2.5
690 0.6054 2950 100000 0 2.5
660 0.5252 2960 100000 0 2.5
630 0.4507 2960 100000 0 2.5
820 1.012 3090 100000 0 2.5
800 0.9439 3030 100000 0 2.5
780 0.8776 2990 100000 0 2.5
760 0.7819 2970 100000 0 2.5

1:

%Introducing concentrations measured at the outlet for each
experiment ([CO2]out, [Hz2lout> [COJout, [H20Tout), €xpressed in ppm.

Output = ...

[860 97860 2140 2140
1150 98170 1830 1830
1600 98630 1370 1370
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2020 99050 950 950

2390 99390 610 610
900 97900 2100 2100
410 98350 1650 1650

1420 97580 2420 2420
2370 97170 2830 2830
6130 96280 3720 3720
910 97910 2090 2090
1090 78100 1900 1900
1450 48500 1500 1500
2020 19140 860 860
920 97900 2100 2100
1580 98690 1310 3810
1240 98290 1710 2710
1110 98110 1890 2390
910 97910 2090 2090
1190 98210 1790 1790
1610 98660 1340 1340

2040 99080 920 920
2370 99410 590 590
300 97210 2790 2790
370 97340 2660 2660
500 97510 2490 2490
69 97720 2280 2280
1:

%Introducing error margin of the CO concentrations in the outlet,
expressed in ppm.

Errppm = ...
[171
146
110
76
49
168
132
194
226
298
167
152
120
69
168
105
137
151
167
143
107
74
47
223
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1;

%Defining time step (s) and ideal gas constant (J mol-1 K1).
t = 0.000002;

R = 8.314;

%Converting temperatures in K and concentrations in fractions.

Temp = Input(:,1) + 273;
Keq = Input(:,2);

CO2in = 1E-6_-*Input(:,3);
H2in 1E-6.*Input(:,4);
COin 1E-6.*Input(:,5);
H20in = 1E-6.*Input(:,6);

CO2out = 1E-6*Output(:,1);
H2out E-6*0Output(:,2);
COout E-6*0Output(:,3);
H20out = 1E-6*Output(:,4);

=1
=1

Err = 1E-6*Errppm;

%Defining registers and collector arrays.

co2 = [1;
H2 = [1;
Co = [;
H20 = [1:
x = [1;
xall = [];
Reg = [1:

Coprofileall = [];

%Scanning ko, Ea, a, b and Ky values contained in the array x,
defining counter variables and initializing the registers.

for h = 1:5

for g = 1:8

for j = 1:6

for k = 1:6

for 1 = 1:5

X = [2*h*10”"10 (14+0.5*g)*10™4 0.4+0.1*j 0.6+0.1*k 2*1*10"3];
m = 0;

n=20;

i=1

Reg :’[Temp,Keq,C02in,H2in,COin,H20in];
Coprofile = [];
COsample = [1;
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%Calculating the gases concentration within the reactor by applying
the rate equation iteratively in 10000 time steps. Note that all the
experiments are modeled at once. Temperatures and concentrations are
updated in Reg. The COprofile array collects the CO concentrations
at each step for one single experiment at our choice (e.g.
experiment 1), allowing to plot it afterward.

for 1 = 1:10000

CO = Reg(:,5) + t.*(((x(D) -*exp(-
x(2)./(R.*Reg(:,1))).*Reg(:,3)."x(3).*Reg(:,4)."x(4))-/(1+Reg(:,6).>
x(5)))):

CO02 = CO02in - CO;

H2 = H2in - CO;

H20 = H20in + CO;

Reg = [Temp,Keq,C02,H2,C0,H20];

COsample = CO(1);

COprofile = [COprofile, COsample];
end

%Acceptance criteria: if the CO outlet concentration of each
experiment calculated with the model fits with the experimental
data, the set of parameters in the array x is valid. If so, x will
be collected in xall and the CO concentration profiles (for each
valid x set) will be collected in COprofileall.

for m = 1:27
it isreal(CO(m))

A = abs(CO(m)-COout(m));
E = Erry(m);
ifA<E
n = n+l;
end
end
end
ifn==27

COprofileall = [COprofileall; COprofile];
xall = [xall; x];

%Ending variables scan.
end
end
end
end
end
end

%Transposing COprofileall matrix to allow copy-paste in Origin.

COprofileall = COprofileall.";
fclose("all™);
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A5 Calcium Carbonate Decomposition in a Dielectric
Barrier Discharge hydrogen plasma

Decomposition in Hydrogen plasma of all the Samples

Figures A5.1-A5.4 show the results of the CaCOs; decomposition experiments on
samples A, B, C and D respectively, at 590°C in presence of plasma and without
recycling. The results with power higher than 6 W of power have been rejected due to
exhaustion.
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Figure A5.1. Concentration of the products of CaCO; decomposition (sample A) as function of time at
590°C in pure Ar and 10% H, in Ar and flow rate of 30 m| min. Plasma power is 0.2 and 2.2 W (a); 5.1
and 4.1 W (b). Hydrogen is introduced after 3 to 4 min; plasma is turned on after 6 min and changed
every 2 to 4 min.
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Figure A5.2. Concentration of the products of CaCO3; decomposition (sample B) as function of time at
590°C in pure Ar and 10% H; in Ar and flow rate of 30 ml min.. Plasma power is 0.2, 1.1 and 3.9 W.
Hydrogen is introduced after 4 min, plasma is turned on after 6 min and changed every 4 min.
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Figure A5.3. Concentration of the products of CaCO3; decomposition (sample C) as function of time at
590°C in pure Ar and 10% H, in Ar and flow rate of 30 ml min™*. Plasma poweris 1.1 and 2.7 W (a); 0.4
and 4.1 W (b). Hydrogen is introduced after 5 min; plasma is turned on after 8 min and changed every
4 to 5 min.
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Figure A5.4. Concentration of the products of CaCO3 decomposition (sample D) as function of time at
590°C in pure Ar and 10% H. in Ar and flow rate of 30 ml min™.. Plasma power is 0.1, 1.1 and 3.7 W (a);
2.4 and 5.2 W (b). Hydrogen is introduced after 4 to 6 min; plasma is turned on after 6 to 9 min and
changed every 3 to 4 min.
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