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Abstract

Biomass and organic biomass waste can be used as feed into thermal processes such
as pyrolysis and/or gasification to produce syngas enriched in hydrogen. However,
the process yield is significantly reduced by limitations arising from the formation of
tars. Inthis work, a twestage fixed bedeactor systemvas used for hydrogemch

syngas production and tar reductianith a first stage opyrolysis of biomasshen

using a plasmaatalytic steam reformingsystem asa second stage reactor. First,
Biomass wagyrolyzed at 608C and the produced vapours passed thrdoghe
second plasmaatalytic stage, where plasma and catalytic reactions ocaartbd
presence of stegno produce syngas and reduce tar compounds. Different analytical
techniques were use@ tharacterise biomasses, produced gases, produced liquid
(tars/oils) and fresh/reacted catalysts. First, the pyrolysis of various biomasses was
studied to investigate the composition of the vapour produced by biomass pyrolysis

before entering the plasrhtatalytic system. Waste wood wased as the feedstock.

Second, the use of a dielectric barrier discharge (DBD) plastadytic reactor was
investigated. The study of the effect of plasma revealed that pyrplgsisa
catalysis resulted in the highestdnggen and syngas production, the highesygdd,

the lowest tar content and lowest coke deposition, when compared to pyrolysis
catalysis with a tar reduction of 64%nda coke reduction of 25%and pyrolysis
plasma systemswith a tarreduction of 21% Toluene was used to confirm the
reproducibility of literature results using tar model compounds thiéhtexperimental
setup. The components of biomass were studied to identify that a high content of
lignin in biomass might favour methaaad tar production, whereashigh cellulose
content might promote higher syngas production. The influence of power input
showed that with increase power, more hydregem syngas produced, more tar
compounds reduced, and less coke deposited. The studsteam flow rate
demonstrated the presenceaafoptimum steam flow rafer a givenpower inputto
stimulate steam reforming and avoid water saturation on the catalyst actiysugites

as an optimal steam flow rate of thgor a power input of 40 WThe influence of
catalyst particle size showed thatgerparticle size resulted into stronger interaction
between the plasma and the catalyst through the increase of void space and

filamentous discharges. The study afalyst/feedstock ratio demonstratedt more



catalyst in the plasmeatalytic systemi.e. a catalyst/feedstock ratio of 2 compared to
a ratio of 0.5 and 1ed to more hydrogen and syngas produced and to more efficient

reduction of tar compounds.

Third, a more indepth study of the catalysvas conductedThe effect of metal
promoters, 5 wt.% Mg, Co, Ce, Cu, Fe and Ni added to 5 wt.% Ni supported on
alumina catalysts was studieMletal promoters did not seem to have a strong
influence on the results abhed with a 10 wt.% nickel supported alumina catalyst

as syngas production and tar compound reduction were similar for all studied
promoters, with a slight increase in syngas production using Ce (+3% compared to 10
wt.% Ni catalysts) and a slight decrease using G&0o(compared to 10 wt.%li
catalysts).To further investigate the influence of catalyst metal, the effect of Ni
loading on an alumina catalyst, with loadings of 0, 5 and 10 wt.%, was investigated.
These result variations did not seem significant to determine a clear advantage into
choosing a ecific catalyst. Finally, the study of different catalyst supports on the
pyrolysisplasmacatalysis of biomass process was studied, using Alumina, titanium
oxide and ¥zeolite catalysts for the wide spectra of applications they covdrec

steam refaning enhancement and phatatalysis to oil cracking and refinirigand

their different properties. The results varied depending on the support used, with their
main differences were the pore size, the dielectric constant, and the surface area. To
obtaina higher syngas quality, these of alumina can be recommend@th more

than 7.1 mmol of syngas per gram of feedstedhkereas to obtain a lower tar content,

the use of yzeolite should be encouragetth a detected tar content below 20 mg.m

3. Thus, the se of pyrolysisplasmacatalysis to obtain high quality syngas and higher

tar reduction seemed mainly influenced first by the pore size when choosing a catalyst

support, followed by the surface area and the dielectric constant of the support.

Finally, theplasmacatalysis process has been investigated to produce hyelichen
syngas using biomass and its components for a packed bed DBD -olaistyéic
system. The influence of plasma was investigated for the different feedstocks. The
results showed that @macatalysis processes with a packed bed DBD configuration,
led to higher production of syngd$38%) higher production of hydroge49%)

and lower weight los6&3%), compared to the pyrolyscatalysis systemithin the
biomass, high content of celade might result into higher syngas production and

Vi



higher productions of carbon monoxide, carbon dioxide and hydrogen; whereas high
content lignin might favour higher production of methane. The influence of power
input demonstrated that with increasing powput, syngas production increased, as
well as hydrogen production, at a given packing bed length. At a given power input,
the influence of packing bed length showed that increasing the packing bed length
decreased the syngas production and hydrogeduption. Finally, the amount of

coke deposition was negligible in all reacted packing material.

Overall, this research demonstrates that the use of pleatalytic systems is a
promising lowenergy and lowcost process to generate hydrogieh syngas and
reduce tar compounds from biomass pyrolysis.
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Chapter 1: Introduction

1.1. Energy challenge and climate change

The climate has observed atmosphere changes since the 1950s by getting warmer

linked to ocean changes, also by getting warmer, as presentédune 1.1-1(a).

Human responsibility on these changes has clearly been demonstrated and the
emissions of greenhouse gases such as nitride oxide, metheaidon dioxide are

the highest for at least the past 800,000 ydagsire1.1-1(b) shavsthe increasfor
greenhouse gancentrationn the past 250 yeardPCC, 2014)

Observed globally averaged combined land and
ocean surface temperature anomaly 1850-2012
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Figure 1.1-1: (a) Observed globally averagecombined land and ocean surface
temperature anomalies between 1850 and 2012 (b) Observed changes in

atmospheric greenhouse gas generation concentratioff?CC, 2014)
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Total annual anthropogenic GHG emissions by gases 1970-2010
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Figure 1.1-2: Global anthropogenic greenhouse gas emissio(i®CC, 2014)

Anthropogenic greenhouse gamissions are presentedkigurel.1-2. The carbon
dioxideproduced can be separatetbitwo categories: from fossil fuel and industrial
processes and from forestry and other land use (FOLU), supposedly carbon neutral.
The other gases mentioned~igurel.1-2, methane, nitrous oxide and the fluorinated

gases (Fgases) are covered under the Kyoto Proto@8ICC, 2014)

With climate change, people, societies, ecosystems and economic systems are at risk
as extreme weather and climate events have been reported for the past fifty years.
Heavy precipitations, storms, de&el increase and degradation of the cryosphere are

affecting vulnerable communities as well as natural systems.

The European Commission, 2030 Energy Strategy has been put in place with three
new targets for 2030: 40% in greenhouse gas emissions, @2 8asof renewable
energy in the EU energy production and improving the energy efficiency by 27%.
(European Commission, 201With those strategies, the Europeaon@nission is
promoting the use of renewable energy such as wind energy, solar energy, hydraulic

energy, geothermal energy or biomass energy.
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1.2. Bioenergy and energy recovery from waste

Renewable energy is a general term gathering all energy requidiffgrant source
of energy than fossil fuels. This includes energies such as wind energy, solar energy,
hydraulic energy, geothermal energy or biomass energy, also called bioenergy. The
difference between bioenergy and other renewals is the type of feledsted to

produce energy: biomass or biomass waste.

1.2.1. Bioenergy

Bioenergy is used for electricity and heat generation, as well as the production of
biofuels for road transport. The main technologies available for bioenergy processes
are thermochema, mechanical/physical and biochemical conversion processes
(Bridgwater, 2006)Biochemical conversion processes are slow processes where the
components of biomass are decomposed via biological processes such as fermentation
(after hydrolysis via enzyme and acid hydrolysis) and digestion (microbial conversion
of organic materials), producing ethanol and biogas respectively. Mechanical
conversion processes result in the production of rape oil by cold press.
Thermochemical conversion processes are processes where organic matter is
thermally decomposed, in order to produce syngas, fuel oil or heat energy, through
gasification, pyrolysis or incinerian respectively. Thermochemical processes result

in multiple complex products whereas biochemical processes result in specific
products(Bridgwater, 2006)

Bioenergy is a field continuously evolving, improving its related technologies to make
them competitive to be used on a commercial scale. Whereas the first generation of
biofuel is an established technology and is produced from edible citoyps,
competing with food production; the following generations of biofuels moved away
from such competition. Second generation of biofuels are based on inedible crops,
agricultural and municipal waste, third generation of biofuels are based on alga
biomassand fourth generation on bioengineered crops and bio organisms. Although
all these generations of biofuels have their own disadvantages and research
advancement, they all aim at being more sustainable to minimise their environmental
impact. (Alalwan et al.,2019) In this research project, the focus will be put on

bioenergy and energy recovery from waste biomass.
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1.2.2. Energy recovery from waste

By 2050, the generation of waste is expected to more than double. The global
generation of municipal solid wiesin 2016 was of 2.01 billion tonnes annually, with
landfills remaining the most widely used disposal option. From this global waste,
about 37% of waste is disposed of in landfill, 33% is dumped in open air, 19% is
recovered through recycling and compogtiand 11% of waste is disposed of via
incineration, the most common thermochemical conversion prof€aza et al.,
2018)Thi s repartition dependsincome coanviesnt ri e
dumping most of their waste (93%); uppeiddieincome countries disposing of
waste mainly in landfill (54%); and highcome countriedlisposing of their waste in
diverse ways, being landfilled (39%), diverted to recycling and composting (35%), or
incinerated (22%{Kaza et al., 2018)

An important role could be played by waste, by meeting the increasing energy need
and mitigating the role of waste management in environmental pollution. Thus, the
use of wastgo-energy technologies would benefit the environment by limiting the
overall anount of waste sent to landfill and reducing the use of fésslilto produce
energy, thereby decreasing the emissions of carbon di(Beatgim et al.2012) In

the following section, thermochemical conversion processes used fortarastergy

are described.

1.2.3. Thermochemical conversion process

Bioenergy using thermal processes to produce electricity, heat or upgraded chemicals
are pyrolysis,direct liqguefaction, gasification and combustion/incineration. Direct
liquefaction of biomass results in the decomposition of the mmaciecule
compounds to produce light molecules in presence of a catalyst at high temperature
(500-600 K) and high pressei(520 MPa)( De mi r b @&€embusfiod & Biomass

is mainly used as eprocessing of biomass with coal for its relatively low costs due

to the possibility to use most of the facilities used for coal combugBolgwater,

2006) However, combustion processes primely use specific biomass, such as clean
wood pellets. When biomass waste is used in combustion processes, it is usually
referred to as wsde incineration. Incineration can be applied to a wide range of wastes,
reduction the volume and hazard of the given wdBigropean Commission, 2006)

However, waste incineration results into the production of gas emissions, such as CO,
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HF, HCI, NQ.or SQ, which are limited by the European Commission in the Industrial
Emissions Directive 2010, Waste Incineration Dirext 2000. (European

Commission, 2010)

Pyrolysis can be described as a thermal degradation of biomass waste in an oxygen
free environment, to produce gas, liquid such as tars and oils, an{Bggrorno et

al., 2003)Product yields from biomass pyrolysis and dependent on the operating
conditions, such as residence time, heating rate and pyrolysis temperature. Different
modes of pyrolysis can be identified depending on the operating conditions. For a low
temperature, around 400 °C and a long residence time, the pyrolysis is slow, also
called carbonisation. For a moderate temperature, around 500 °C, and a moderate
residence time ofvapour products (~3Q0 seconds), the pyrolysis is called
intermediate. A fast pyrolysis is a pyrolysis at moderate temperature, around 500 °C,
and a short residence time of vapour products (~1 second). In the case of wood
pyrolysis, fast pyrolysis produsethe most liquid, about 75%, whereas a slow
pyrolysis resulted into a similar production of liquid, char and gas, about 30%, 35%
and 35% respectivelyBridgwater, 2006 har produced from biomass pyrolysis can

be recovered and used as an adsorbent or upgraded to activated carbon. Gas produced
from biomass pyrolysis depends on the biomass pyrolysed with high content of carbon
oxides for pyrolyss of biomass and biomass waste, and with high content of hydrogen
and hydrocarbon gases from pyrolysis of ty(@gu et al, 2013)This gas can be used

for electricity generation in power turbines and engines. Th@ibjroduced from
pyrolysis liqud product can be sent to refinery for upgrading to be used in engines or
boilers with a reduced environmental impact. It can also be used as part of the second
generation of biofuel, which does not compete with food as biomass pyrolysis is used

to producebio-oil, as a substitute of crude g¥Wanget al, 2014)

With the recent increase of fosduel prices and the climate change awareness
mentioned previously, gasification of waste appears as an interesting alternative for
producing energy.(Fabry et al.,, 2013)Gasification is a process converting
carbonaceous compounds into combustible gas, called synthesis gas or syngas, at high
temperature (lgher than 600 °C) and the presence of an oxidising agent, such as
steam, oxygen or afLombardi et al., 2015)The most commonly used gasifying
agent is stear(Belgiorno et al., 2003)The heating value of the produced gas varies
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depending on the oxidising agent: the use of steam or oxygen leads to a moderate
heating value (148 MJ.m®), whereas the uss air results into a low heating value

gas (47 MJ.m?3). (Wu et al, 2013)The composition of the produced desm biomass
gasification depends on the gasifysgent, with the use of steam resulting in a higher
hydrogen conten{Gil et al., 1999) The main product of biomass gasification is
syngas, consisting of hydrogen and carbon monoxide, alongside smaller quantities of
methane and carbon dioxi@@ogoff et al, 2011) Syngas can be used for electricity

and heat production, or it can be processed further for hydrogen production via water
gasshift reaction, for fuel sythesis by Fisher Tropsch process, for ethanol production
by fermentation and for methanol generation which can be further processed to
generate other fuels and chemicals, such as olefins, formaldehyde, gasoline and
dimethyl ethe(Huber etal., 2006)

1.3 Waste as a feed source

Developing products with added value and derived from waste is an interesting route
to resolve the environmental issues linked to the increasing production of waste
(OlivaresMarin et al, 2012) Energy and management of waste have become a global
issue. Thus, a sustainable management of waste along with a development of waste to
energy processes mentioned previously, would help to solve both energy and waste

management issues.
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1.3.1. Municipal Solid Waste (MSW) and organic biomass waste

Rubber and Waood

Plastic leather 2%

12%

Food and green
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cardboard
17%

Metal Glass
4% 5%

Figure 1.3-1: Global waste compositionKaza et al., 2018)

The World Bank described the global waste composition as shotigune 1.3-1.

The largest type of waste is food or green waste, also called organic biomass waste,
representing 44%f global waste. Dry recyclables (paper and cardboard, plastic, glass

and metal) makes up for 38% of waste. As expected, waste composition v#lries w
countriesd income | evels: the higher the
waste (Kaza et al., 2018)

1.3.2. Biomass

Biomass is an interesting energy source as biomass energy systems can be used for
heating, electricity generation and transport fuel. Biomass is considered as energy
neutral and sustainable as greerdeogas emitted by the transformation into energy

is balanced by the carbon dioxide absorbed by the plant to dfaeenpeace
International et al., 2015Nowadays, the largest energy resource of biomass is still
wood. However, other sources have been introducedasuasidues from forestry or
agriculture, plants or the organic content of industrial and municipal solid wastes. The

term biomass is referring to any pldvdsed material convertible to energy, including
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sugarcane, wood, forestry residues, crops etdtsBiiversification and wide range of
products, biomass is considered as a highly flexible fuel supply as it can originate
from centralised or dispersed manner and be produced at large or small scales. It can
be converted thermally or to liquid fuels, buor anaerobically digested for biogas
production.(Hrbek, 2016)

Biomass available for bioenergy in the UK is also wide and varied, from agricultural
residues, forestry, energy crops and organic waste. This includes energy crops,
agricultural and forestry residueseain wood, arboricultural arisings, sawmill-co
products, sewage sludge, livestock manure, organic wastes, landfill gas and waste
wood. Wood waste and agriculturahsteare the main biomasses used in the UK and

are predicted to keep their position until QgBlowes et al., 2011)

1.4. Description ard objective of this research

Climate change and its harmful effects on the environment has become one of the
most important social and political issues in recent years. To tackle climate change,
renewable energies are promoted in order to reduce oungedependence of fossil

fuels. In using renewable, levarbon energies, thermal processes such as pyrolysis
and gasification are an attractive way to produce energy anevaiged chemical
products from biomass and waste. The main product of the gasificd biomass is
syngas (a mixture of hydrogen and carbon monoxide). Syngas can be combusted for
power and heat generation or can be used in the production of fuels and chemicals as
a cleaner, alternative raw material to fodsels. The main drawbackolwever for
largescale industrial implementation of this technology is the presence of tars in the
syngas produced from biomass gasification. Tars (a mixture of hydrocarbons, resins
and alcohols) can accumulate within the engines resulting in damagedengchs

well as reduced efficiency of the desirable processes from syngas.

The main objective of this research project is to produce a high qumidyogerrich
syngas, using a plasreatalytic system to reduce tar compounds from biomass
pyrolysis. Theresearch involves the development of new plasma reactor systems
downstream of a fixed bed pyrolysiteam reformingeactor. Limited attention has
been devoted to the production of a hydregeh syngas and to the reduction of tar

compoundsusing northermal plasmaatalysis, from a real biomass gasification
28



pyrolysis system. Most publication focuses on the study of tar model compounds or
methane reforming to study plasioatalytic system to produce hydrogen enriched
syngasand toreduce tar compound$.o t he aut hor 6s best kno
has been conducted previously and no related report can be found in the literature.

This research uses pyrolysis of biomass and not gasifigateyder toproduce auite

of hydrocarbon gases which have amitar composition and wide range of
hydrocarbons as the composition of tmampoundsA novel development for the
production ofhydrogenrich syngas from biomass involves a first stage pyrolysis of

the biomass that produces a wide range of hydrocarbon gases, which are then passed
to a catalytic steam reforming reactor for hydrogen production. Thereby the process
mimics the natulagas catalytic steam reforming of natural hydrocarbons but involves

a much more complex range of hydrocarbons.

The main aim of this research is to build a leemergypyrolysisplasmacatalytic
systemwith steam reformingas an alternative lownergy andow-cost routeto

produce high qualityhydrogen rictsyngas. This was done by:

- Building and studying different plasnatatalytic systems. The design of
different plasma configurations downstream of a fixed bed pyrolysis reactor
will enable a better unddgending of the lowtemperature plasma and the
interactions between the plasma discharge and the catalyst. It will also permit
a better understanding of the design and operating condition limitations to
optimise the design and operating conditions for eewidnge of utilisation
and a more sustainable plasma discharge.

- Optimising the systems for higher syngasd hydrogercontent. For each
experimental setup designed, optimal operating conditions can be found
within the limitations of the system determindwring the design phase. The
investigation of the influence of different parameters will be conducted to
determine the optimal operating conditions. These parameters can be related
to the plasma operating conditions, such as power input or plasma
configuation; to the pyrolysis operating conditions, such as the type of

biomass or the flowrate of steam; or to the catalysis operating conditions, such
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as the type of catalyst used (metal deposited and/or support used), the quantity
of catalyst or its particlsize.

Studying the reduction of tar compounds through the reduction of high
molecular weight hydrocarbons using plastagalysis steam reforming. By
understanding the reduction of tar compounds through the reduction of high
molecular weight hydrocarbonsing plasmaatalysis steam reforming, the
systems can be optimised to produce higher quality hydrogeisyngas.
Investigating different biomasses and effect of biomass components. The
study of different type of biomasses will show the feasibilityhaf plasma
catalysis systems for different molecular structures of biomass. It will also
determine which type of biomass to promote for using the plasma catalytic
systemsto produce hydrogerich syngas depending on the content of
biomass components cellulose, hemrcellulose and lignini within the

composition of biomass.

To achieve theaforementionediims, various phases of research were determined,

each phase having its own objectives. These were:

Phase 1: Preliminary experimental work. This phase dedu

Study of the gas and vapour products from the pyrolysis of different biomasses

I waste wood, corn stalk, peanut shell and coconut shell.

Phase 2: Study of the dielectric barrier discharge (DBD) plasttadytic system. This

phase includes:

Comparisorof the use of pyrolysisatalysis, pyrolysiplasma and pyrolysis
plasmacatalysis systems on the gas and liquid products and reacted catalysts.
Study of the plasmaatalytic system with toluene, a tar model compound, as
well as with the components of biomdassellulose and lignin.

Determination of the relationship between contents of biomass components
and products from the DBD plasrsatalyticreactor.

Analysis of various operating parametérpower input, steam flowrate,

catalyst particle size and ratio catalyst/feedstock.
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Phase 3: Study of the influence of the catalyst in the DBD plaswadytic system.

This phase includes:

Use of promotersn a nickel supported on alumina catalysts and their effect
on the produced liquid and gas, and reacted catalysts.

Study of the influence of metal loading on nickel supported on alumina
catalysts.

Comparison of the use of different catalyst supports atdrghination of
influential properties of the catalyst on the products of the two stage fixed bed

reactor.

Phase 4: Study of the packbdd DBD plasmaatalytic reactor. This phase includes:

Comparison of the use of pyrolysiatalysis and pyrolysiplasmacatalysis
systems on produced gas and reacted catalysts.

Study of the plasmaatalytic system with biomass and the components of
biomass i cellulose, hemtellulose and lignin. Determination of the
relationship between contents of biomass componentpraidicts from the
packed bed DBD plasmzatalytic reactor.

Analysis of the influence of power input and packing bed length on gas

products and reacted catalysts.

31



Chapter 2: Literature review

2.1. Pyrolysis systems

2.1.1 Basic principle

Pyrolysis is endothermic thermal conversion of biomass in the absence of oxygen at

an elevated temperature. When followed by partial or total oxidation of the primary

products, it is the first step in gasification and combustion. De S®aamtos et al

proposed a general pathway between pyrolysis temperature and formed products as

shown inFigure 2.11 (de Souz&antos, 2010)The evolution of chemical reamhs
during pyrolysis is described Figure 2.11.

<600 °C —

150 °C - <250°C - <400 °C - Condensation
Desorption Destriation Degradation and
Decomposition

* Release: H,0, CH,, » Release: Aromatics, » Release tar and CH,, + Aromatic structures
N, aliphatics H,0, C;H, and heterocyclic
compounds. Release
HZ! CO! N2

Figure 2.1-1: Pyrolysis steps for various process temperature

The composition and characteristics of pyrolysis products is dependent on multiple

variables such as operational conditions (temperature, pressure or heating rate) and

raw material compositior{Williams, 2005) The characteristics of the different

fractions fom general pyrolysis are reportedliable2.1-2.
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Table 2.1-1: Evolution of pyrolysis reactions depending on temperature
(Bilitewski et al., 1997; Astrupt al, 2010)

Temperature Chemical reaction
(°C)
100-120 Thermal drying, dehydration
250 Deoxidation, desulphurisation, molecular separation6i Bind
CO, leading to cleaving hydrogen sulphide
340 Breakage of aliphatic bonds, splitting of methane and oth
aliphatic compounds
380 Carbonisation phase
400 Breakage of carbenitrogen and carbenxygen bonds
400-600 Bituminous compounds decomposed intof@mperature

carbonisation oils and tars

600 Bituminous compounds cracking into heat resistant compot
aromaticformation (light hydrocarbons and derivatives)

>600 Olefin dimerization, dehydrogenation to form butadiene,
ethylene reacts to cyclohexane, thermal aromatisation tc
benzene and other highly volatile aromatic compounds

Table 2.1-2: Characteristics of generalpyrolysis products (Tchobanoglous et al.,
1993; Astrupet al, 2010)

Product Characteristics

Gaseous H>, CHs, CO, CQ, other volatile compounds and hydrocarbons.

For a heating value betweerl2 MJ.Nn?, pyrolysis gas yield is 20
50 wt.% of input.

Liquid Contain mainly oil, tar and water in different quantities. Mostly
oxygenated compounds and polyaromhtidrocarbons.

For a heating value betweefl5 MJ.Nm?, pyrolysisliquid yield is
30-50 wt.% of input.

Solid Charlike compound consisting of carbon asme inert material
impurities found in the raw material, such as metals or glass.

Heating value offte char is between 435 MJ.Nm®.
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Different pyrolysis modes are described as fast, intermediate and slow pyrolysis. The
typical product yields for such pyrolysis are described@able2.1-3. These vyields

are dependent to process temperatures: low temperature and longer residence times
promoted charcoal production; high temperature and longer vapour residence times
improved biomas conversion into gas; whereas moderate temperatures and short

residence times are optimum to produce liquiBsidgwater, 2006)

Table 2.1-3: Yield of products for different typesof pyrolysis of woody biomass
(Bridgwater, 2006)

Mode Temperature Residence  Liquid Solid Gas
time
Fast ~ 500 °C 1s 75% 12% char 13%
Intermediate ~ 500 °C 1030 s  50% intwo = 25% char| 25%
phases

L 35%

Carbonisation ~ 400 °C days 30% 35% char
(slow)

Bio-oil is the main product obtained from pyrolysfdiomassThe dark brown liquid

has an elemental composition close to biomass and is composed of a complex mixture
of oxygenated hydrocarbons and water, from the reaction products and original
moisture content. Solid char can be present as welloBican be a @bstitute for

diesel or fuel oil in applications such as boilers, furnaces, engines and turbines for
electricity production. (Bridgwater, 2006) Petroleum compounds are usually
hydrocarbons betweens@nd Gz, being mainly one ring aromatic compounds and

the less carbon chain compounds. Comparisgmetbleumcrude oilderived light

fuel oil and heavy fuel otnd crude biail is presented ifTable2.1-4.

Viscosity is an important property of the fuel oil as the equipment to inject fuel can

be damaged if not used properly. Ritb and fuel oil have similar viscosity and

blending diesel with bimil can be used to adjust to the appropriate viscgsighan

et al., 2006) Oxygen content in the pyrolysis oil results in a low heating value of the

bio-oil and alow pH, when the oxygen content is in acidic form. Appropriate material

for downstream equipment, such as stainless steel, should be used to overcome this
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pH issue(Mohan et al., 2006)In order to use bioil as direct fuel, downstream
treatments should be conducted to leaddiiproperties, such as acidity and stability,

closer to fuel oilMohan et al., 2006)

Table 2.1-4: Properties of bic-oil, petroleum light and heavy fuel oils(Mohan et

al., 2006)
Property Bio-oil from wood Light fuel | Heavy fuel
pyrolysis oil oil
Heat of combustion 16-19 37 ~40
(MJ/L)
pH 2.5 - -
Viscosity at 50 °C 7 4 50
(centistokes)
Carbon content (wt.%) 54-58 - 85
Hydrogen content (wt.%) 557 - 11
Oxygen content (wt.%) 3540 - 1.0
Nitrogen content (wt.%) 0-0.2 0 0.3
Ash content (wt.%) <0.2 <0.01 0.03
Sulphur content (wt.%) trace 0.150.5 0.53
Moisture content (wt.%) 1530 - 0.1
Distillation residue Up to 50 - 1
(wt.%)
Pour point (°C) -33 -15 -18
Turbine emissions (g/MJ) <0.7 1.4 N.A.
NOx
Turbine emissions (g/MJ) 0 0.28 N.A.
SO
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2.1.2Available technologies
2.1.2.1 Pyrolysis reactors

Different technologies are available to pyrolyse feedstocks. Vaspas ofpyrolysis
reactorsare presented ifiable 2.15. The most attractive reactors for fast pyrolysis
are the auger reactor, fluidised bed and circulated fluid ded, to the strong
technologyknowledgeof these reactors and their market attractivenebs tased in
continuous processéButler et al., 2011)which are the key to commercialisation and

development of pyrolysis.
2.1.2.2 Bieoil upgrading

As described in section 2.1.1, bid obtained from pyrolysis of biomass being very
viscous, chemically inable and with high solid conterior pyrolysis bieoil to be
usedcommercially the liquid product from biomass pyrolysis ne&dl be upgraded
which will bring the liquid to a higher quality, closer to conventional fuBts
example, to be used as a st candidate for liquid transport fuel substitution, the
water and oxygen content of badl should be reduced to better resemble the
composition of traditional transport fuelShis section presents a summary of the
different methods used to upgrade-bils.

First, bicoil upgrading can be conducted by physical methods such as filtration,
emulsification or solvent addition. Hetpour filtration can be used to filter biochar

and other particles present in the produced ligBiittigwater, 2012)Emulsification
consists of the injection of additives in bd to stabilise the liquid, reducing the
corrosive and viscous properties of Hoibin order to facilitate the use of emulsified
bio-oil in engineqChiaramonti et al., 2003; Wargg al, 2014) Solvent addition can

be used to reduce and homogenise biomass viscosity by adding polar solvents, which
will affect oil stability (Dieboldet al, 1997)
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Table 2.1-5: Types and characteristics of pyrolysis reactor¢Wang et al., 2014)

Reactor type

Heating technology Advantages,
Disadvantages and

Features

Ablative

Circulated fluidised bed

Fluidised bed

Entrained flow

Screw auger

Wall heating Heat supply limitations
No requirement of heat
transfer gas
High char abrasion from
biomass
Particulate transport gas n
mandatory
Large size feedstock
Compact design
High heat transfer rates
Requirement for char hea
carrier separatioand solid
recycle
High char abrasion from
biomass and char erosior
High char production
Possible catalytic activity
and liquid cracking from
hot char
Particle size <6 mm
Greater reactor wear
possible
High heattransfer rates
Limited char abrasion
High direct supply to
fluidising bed or gas
Very good solid mixing
Particle size <2 mm
Simple reactor
configuration
Low heat transfer rates
Limited gas/solid mixing
Particle sie <2 mm
For heterogeneous and
difficult to handle
feedstocks

In bed circulation of char t¢
heat sand

Heated recycled gas

Char combustion products

Hot sand
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To upgrade biail to biofuels, different pathways can be used and are reported in
Figure 2.12. The main upgrading techniques are esterification, steam reforming,
catalytic cracking and hydrotreating. Esterification can be catalytic, to enable a higher
conversion of undesired products leading to higher quality ebihior noncatalytic

by removig reactants or water from bal or by implementing an hsitu process
(Moens et al., 20095team forming can besed to produce hydrogen from {wd

via gasification process using -Hased catalyst¢Butler et al., 2011) Catalytic
cracking using zeolite catalysts, such as ZSer HZSM5 catalysts, is intensively
usedto crack bieoil as they promote generation of high yield of produced liquid and
propylene. They do however tend to produce undesirgardiyucts (such asJd9 or

COy) and to coke easily(Bridgwater, 2012)Finally, hydrotreating is a high
temperature (25@00 °C) and high pressure €200 barswhere hydrogen is used as

a reducing agent for bioil oxygen content through catalytic reaction to increase bio
oil heating value. Naphtha and water arepbgducts of the process and can be easily

removed from the mixture at high deoxygenation of crudeobi¢Bridgwater, 1996)

Biomass

Fast pyrolysis

Gasification
Syngas

Zeolite

Syngas cracking

Alcohol Methanol Uouid
synthesi synthesis Fischer qui '
v ¥ v Tropsch plo-oi
Methan|| MTG Mt- synthesis | | Hydro-
ation | MOGD| Synfuels treating
+ v v +
Refining
v ¥
Alcohols Methane, gasoline, diesel, kerosene

Figure 2.1-2: Pathways to upgrade bieoil to biofuel (Bridgwater, 2012)
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2.13 Pyrolysis of biomass components

The components of biomass,llase, hemicellulose and lignin, have different
composition which might result in different pyrolysis products. These compositions
are presented ifigure 2.13. Cellulose is a glucan polymer comprising of linear
chains of anhydroglucose units. Hemiakdke is a mixture of polysaccharides, from
monomers such as glucose, mannose, xylose or galactose. Lignin is a phenolic
substance comprising irregular array of variously bonded hyedramgt methoxy

substituted phenylpropane uni{Bettersen, 1984)

|
Cc
1
c
HC =0 [GH,OH) 1
I 7 16)
we ©
n CH.O
CH ¥
[ ———— |
CHO CH,OH
CH O
0 — éﬂ !
neoH HocH,
mi; e ()
HCOH
H,COH
1
] CH
| eno
3 H
HC o ocH,

Figure 2.1-3: Example of partial molecular structures of common woody
cellulose, hemicelluloseand lignin (Pettersen, 1984)
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Yang et al(Yang et al. 2007¥tudied the characteristics of hemicellulose, cellulose
and lignin pyrolysis First, the pyrolysis happened quickly for cellulose and hemi
cellulose, with a pyrolysis temperature range of 2205°C and 315400°C
respectively; whereas the pyrolysis of lignin was more difficult, through a wide
temperature range (18IC°C) andwith a high solid residue yield (~40%). The
releag of main gases produced from biags pyrolysis was analysed and
demonstrated dependent of each biomass components. Yang et al. observed that
cellulose resulteth higher carbon monoxide yield, hemicellulose had higher carbon
dioxide yield, and lignin higher hydrogen and methane ytémolecular structure

of biomass components resulted in various trends for the release of product gas during
the pyrolysis of each biomass component. During this prptesabundance of-O
chemical groups in cellulose might promote the production ofocanonoxide. The
numerous C=0 chemical groups in hemicellulose mostly likely favours the production
of carbon dioxide. The high lignin content in methoxyt@®ls) might promote the

production of methanéYang et al., 2007)

Yu et al.(Yu et al., 2014rompared the tar formation characteristics of the gasification
process of cellulose, herpellulose an lignin. They observed that more tar
compounds were obtained from experiments using lignin than cellulose, with
cellulo= resulting in the lowest tar content out of the three biomass components. At
higher temperature, tar content consisted of higher molecular weight compounds, such
as polycyclic aromatic hydrocarbons (PAHs). PAHSs from lignin gasification process
originated from phenol and its derivatives. From cellulose and hsetulose
gasification processes, PAHs derived mainly from benzene, toluene, ethylbenzene and
xylene isomers and miscellaneous hydrocarb@¥s. et al., 2014)This can be
explained by the molecular structures of biomass components. Liu et al described
lignin as a phenolic macromolecule, containing eleetrom methoxy groups, which

can easily form oxygenated compounds such as phenol and its alkyl deri\atives
2008)Nada and Hassan described cellulose and gethilose as polymers rich in
glycosidic bonds, reactive bonds which are more likely to break and dehyalrate t
generate small carbonyl derivatives among others. These intermediary compounds
can then separate to produce benzene and its derivatives, furan and {dladaet

al., 2000)To generate PAH from these derivatives, two main paths were considered

by Yu et al: benzene use as a precursor, with benzene generated by diene synthesis
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reaction of propylene and butadiene in decomposition products of cellulose anrd hemi
cellulose; or the use of phenol as a precursor, by breaking of the ether bond in lignin
structure, to produce phenol under acidic conditions, and by losing a CO tadical
phenolic compounds to form cyclopentadief¥ai etal., 2014)

Wu et al studied the pyrolysis/gasification of cellulose, hestiulose and lignin with

the use of nickebased catalysts. They observed that the catalyst addition onto the
process promoted steam reforming of hydrocarbon oils, such as Esynaatd
reforming of oxygen compounds, such as alcohols. Therefore, Wu et al. suggested the
dominance of derived hydrocarbons from lignin pyrolysis, compared to cellulose and
hemicellulose pyrolysis, at the first reaction stage. The amount of coke tipoasi

the surface of the catalyst was quite negligible. Finally, Wu et al observed that the
presence of nickdbased alumina catalyst promoted reforming of oxygenated
compounds, enhancing the hydrogen generation for lignin pyrolysis/gasification.
High hydogen yield was also observed for the use of cellulose in catalytic steam

pyrolysis/gasification(Wu et al., 2013)
2.14 Biomass pyrolysis

Biomass pyrolysis is a complex process, which products vary depending on the
experimental conditions and biomass in use. For exaifitilett (1986) demonstrated

a relation between pyrolysisrmperature and chemical compounds withindiidrom
various biomass pyrolysis. As the temperature increased, alkyl chemical groups
cleaved from aromatics, which condensed into polycyclic aromatics hydrocarbons
(PAHSs) at higher temperatures. At 480, product liquid fraction consisted mainly

of oxygenated compounds; at 5@ it was mainly composed of phenolic ethers; and

at 600°C, it comprised mostly alkyl phenolic compoun¢Elliott, 1986) Optimum
pyrolysis temperatures have been reported for different biomasses. Betwe¥h 500
and 600°C enhanced the production of bad (Uzun et al., 2009; Guo et al., 2015)
whereas 578C was proved ideal for coconut shell pyroly@out et al., 2016)

Considering the wide range of studies in biomass pyrolysis, this section of the
literature review is focusing on the pyrolysis of woody biomass and the pyrolysis of

agricultural waste.
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2.14.1 Woody biomass pyrolysis
The pyrolysis of woody biomass can be carried out on different types of wood. This
section reviews the pyrolysis of selected beech wood, paulownia wood, wood pellets

and pine wood to review pyrolysis of wooldipmass.

Boot-Handford et al. investigated the pyrolysis of beech wood, two rice husks and a
solid wastewater treatment in astage fixebed reactor a 50C. With increasing ash
content in biomass, char yields increased whereas volatile yields decrBaset

wood was producing around 22 wt.% of char, 35.5 wt. % of tars, 4 wt.% §fZ00

wt.% of CO and 0.3 wt.% of methane. The tar produced by beech wood contained
about 55 wt.% of carbon, 38 wt.% of oxygen and 6 wt.% of hydrogen. When volatile
productswere exposed to high temperature (BOOC) and calcined limestone or
dolomite, tar yield decreased. This tar cracking enhanced the production of carbon
monoxide, with yield of around 23 wt.% at 9@0 (Boot-Handford et al., 2018)
Pyrolysis of paulownia wood was studied by Yorgun et al. in a fixed bed reactor
studying the effect of pyro$js temperature, heating rate, particle size and sweep gas
flow rate. The maximum pyrolysis conversion was obtained for a pyrolysis
temperature of 50C, at 77.4% conversion. The highest yield of produced liquid,
54wt.%, was obtained for atyrolysis temperature of 500, heating rate of 50
°C.min%, nitrogen flow rate of 100 mL.mihand particle size in the range of 0.425
and 1 mm. the bioil obtained in these experimental conditions was analyséH by
NMR to determine the type of hydrogand thus, type of chemical groups within the
bio-oil. Aliphatic hydrogens represented more than 66 mol% of total hydrogen,
aromatic hydrogens 19 mol% and phenolic or olefinic proton represented 14.5 mol.%

of total hydrogen(Yorgunet al, 2015)

I n Kim et al.ods (2019) study, pyrolysis
to identify kinetic parameters for a heating rate GiClthin. Such parameters could

be identifed when separating the pyrolysis into 3 stages and following a first order
reaction model: 15310°C, 310360°C and 366875°C. (Kim et al., 2019)Other
parameters have been studied to improve the predictability of wood biomass
pyrolysis. Rezaei et al. studied the effect of particle size {B.2fn) and density of
pyrolysis of pine chips and ground pellets (five tirheavier than chips). Pellets took

longer to dry than chips, between 25 and 88 % more time, depending on the heating
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rate (in the range of 380°C.min%). Pyrolysis weight loss was about 80 wt.% for both
chips and pellets. Cracks appeared on chipped martittiring drying. Pyrolysis led

to enlarged pores and cracked cell walls in chips. Drying of pellet particles did not
modify the particle topography and no such damage was observed during pellet

pyrolysis.(Rezaei et al., 2016)

Hu et al. (2019) investigated the impact of C/H ratio in woody biomass on pyrolysis
products, showing its strong effect on the products distribution. With a higher C/H
content, poplar pyrolysis resulted in yield char and lower tar yield. On the other hand,
pine wood pyrolysis, with its lower C/H ratio, resulted in lower char yield but higher
tar and gas yields. C/H ratio also affected the tar composition and stability, as well as
aromatic formation in tars. Lower C/H ratio led to lower tar stability. Higb#t
content resulted in more aromatic compounds with smaller ring size within tar,
whereas lower C/H content led to more aromatic with bigger ring size. Tar produced
by biomass pyrolysis had similar functionalities, their intensity varying depending on
the C/H ratio of the original raw biomass. These tar compounds could also continue
to decompose to generate CO via decarbonylation tiid@ugh decarboxylation and

H> via dehydrogenatior{Hu et al., 2019)

2.14.2 Pyrolysis of agricultural waste biomass

The agricultural waste biomasses studied in this sectionoamnestalk peanut shell

and oconut shellThe pyrolysis of corn stalk and rice husk was studied by Yu et al.
(2016) in an auger pyrolysis reacadrdifferent temperatures, between 350 and 600
°C. They found that, for increasing temperatures, molar fractions of combustible
gases, CO and CHincreased, whereas molar fraction of Q{@creased. Cracking
and reforming of heavy hydrocarbons presenpyrolysis vapours resulted in the
release of lighter hydrocarbons. Hydrogen became detectable for pyrolysis
temperature higher than 5@) and its molar fraction increased with increasing
temperature, resulting in a higher heating value of producefgas al., 2016)Bio-

oil content from corn stalk pyrolysis was studied by Guo et al. for different pyrolysis
temperature. Higher temperature led to more intens®ibicracking, resulting in
lower bio-oil yield and higher syngas yield. Oxygen content of the original feekls

was higher than the one of the {mib. As pyrolysis temperature increased, heavy
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product oil content (asphaltene) increased, most likely as a result of higher energy for

pyrolysing macromolecules from bioma@Suo et al., 2015)

Pyrolysis of peanut shell for bl production in a fluidised bed was studied by
Zhang et al. They observed that the maximum yiebi@bil (60%) was obtained at

a pyrolysis temperature of 58D and a nitrogen flow rate of 3.2 Nivl. Phenols,
ketones and acids were the main components ebibjoroduced, with percentages
higher than 48%, 19% and 12% respectively, depending whemalteemple was
taken out. Other chemical species present within the@ibivere aldehydes, esters
and other chemicals. The product gas had a small hydrogen content with a CO:H
ratio of 12:1 and a high production of carbon oxides, about 40 vol.%, Wid:@Q

ratio of 1:1.(Zhang et al., 2011Messina et al. (2017) studied-situ catalytic
pyrolysis of peanut shells using modified natural zeolite in a fixed bed reactor at
500°C, and comparing its products with conventional pyrolysis.dSgields were
similar with or without catalyst, whereas the yield of-bibreduced when catalyst
was introduced to increase the yield of produced gas. Theillpgrolysis of peanut

shell presented about 50 wt.% of carbon, 40 wt.% of oxygen and 8 whydrogen.

This bic-oil also consisted of 51 wt.% of water, 16.5 wt.% f phenols, 6.2 wt.% f sugars
and had a pH of 3.1. The addition of catalyst increased the water content, phenol
content but reduced the sugar content, while keeping a stabl@vigdsina et al.,
2017)

Pyrolysis of coconut shell alifferent temperature was investigated by Wang et al.
They observed CO and G@eneration trends as a function of temperature were
similar, with a higher production of G@han CO. This was attributed to biomass
content in higher carbonyl and carboxyl gosu for CO and C® generation
respectively. Maximum methane production was reached aCs6@ was attributed

to higher biomass content of aromatic ring an€i functional groups(Wang et

al., 2018) Pyrolysis bieoil from coconut shell pyrolysis has been studied by
Fardhyanti et al., for a low pyrolysis temperature, between 300 antC33Wis low
tempeature range resulted in high phenolic content within pyrolysisolbio
(Fardhyanti et al., 2017Thiswas also demonstrated at higher pyrolysis temperature
by Rout et al. Aliphatic and phenolic content within-bibwere about 6% and 69%
respectively, for a pyrolysis temperatures@b °C. (Rout et al., 2016)
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2.2. Gasification sytems

2.2.1. Basic principle

Gasification is a thermal process that can be described as an incomplete oxidation of
organic matter to produce syngas by the mean of gasifying agents like oxygen, air,
steam water or carbon dioxid@=abry et al., 2013pyngas, the main product of
gasification, is mainly a mixre of carbon monoxide and hydrogen, with some
impurities such as water, carbon dioxide, hydrocarbons or tars. The whole reaction
can be simplified in a foestep process: drying, pyrolysis, oxidation, followed by
reduction(Kumar et al., 2014)

Gasification includes a group of chemical reactions happening at once. Those
reactions are described in the literatureéra3able 2.2-1. (Fabry et al., 2013As
indicated by the endothermic reaction enthalpgry and steam reforming reactions
(number 2 and 3), higher temperatdazoured hydrogen and carbon monoxide
formation while reducing the bgroducts production, carbon dioxide, methane and
hydrocarbon. It alsdavouredthe syngas generation by carboansumption as

predicted by the Boudouard and Wagers reaction enthalpy (reactions 6 and 7).

2.2.2. Available technologies: types of gasification, state of art and current

plants

A whole gasification system is composed of five main components: a Systamdle

the feedstock (about 12% of the total cost of construction); a gasifier, syngas cooling
and air separation unit (about 30% of the cost); pipping and gas clean up (about 7%
of the cost); a combined cycle power block (about 33% of the cost) aminreg
components and controls (about 18% of the cost). The gasifier and associated units as
well as the combined cycle power block represent around two third of the total cost
of a gasification unitfMondal et al., 2011This can be increased by using a higher
syngas upgrade technology or different type of gasifier. In fact, many gasifiers have
been under demonstration and/or commercialisation such as fixed bed, entrained bed
or fluidised bed. The main gasifier used inustty and their characteristics, under
oxygen blow, are shown ihable 2.21. This table does not differentiate the updraft
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and downdraft technologies, which are when the feedstock and gasifying agent are

counter and caurrent respectively.

Table 2.2-1: Main chemical reactions during gasification (aT=298K, P=Patm,
carbon as solid and water as vapor{Fabry et al., 2013)

N.o Reaction name Chemical reaction Reaction enthalpy
pH
1 | CpHmOx partial oxidation | 6 'O ¢ CL") p O £6 0 Exothermic
2 Steam reforming 6’0 ¢opP ¢ O C O Endothermic
€00
3 Dry reforming 60 ¢£60P O C"O ceo6 0 Endothermic
Carbon oxidation 6 0 960 -393.65 kJ.mot
Carbon partial oxidation 5 P C 5 080 -110.56 kJ.mot
6 Watergas reaction 6 'O0P 60 O +131.2 kJ.mot
7 Boudouard reaction 0 O060P ¢60 +172.52 kJ.mot
8 Hydrogasification 6 ¢OP OO -74.87 kJ.mot
9 Carbon monoxide 60 P 5 0860 -283.01 kJ.mot
oxidation ¢
10 Hydrogen oxidation o P ¢ G 000 -241.09 kJ.mot
11 | Watergas shift reaction 60 O0P 60 O -41.18 kJ.mot
12 Methanation 60 dOP 60 OO0 -206.23 kJ.mot

The output ofthose gasification technologies for biomass can be linked to the
efficiency and the type of technologies. This relation is summarisejime 2.21.
(Bridgwater, 2006)Downdraft gasifies have the lowest efficiency and output
whereas entrained bed and CFB have the highest output and efficiency. The fact that
those technologies have many companies utilising them can thus be explained by the
high output and efficiency of the CFB and entrained bed.
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Table 2.2-2: Type of gasifier and their characteristics with T Temperature,
R.T. Residence Time, P PressuréMondal et al., 2011)

Technology Typical process conditions

Comments

Gasifier
Fixed bed  Lurgy Dry
ash, BGL
Entrained Hitachi,
bed MHI,
BBP,
PRENFLO,
E-Gas,
SCGP,
Texaco
Fluidized IDGCC,
bed (CFB) KRW,
HTW,
Mitsui
Babcock
Transport KBR
reactor

Combustion T: 1300 and
15001800 °C
P: 0.152.45 MPa
R.T.: 1530 min
Gas outlet T: 40300 °C
OJ/Feed: 0.64 Nrilkg
Feed particle size:-20 mm
Gas heat value (MJ/Nin
10.04
Cold gas efficiency: high
Combustion T: 1500 °C
P: 2.943.43 MPa
R.T.: :10s
Gas outlet T900-1400 °C
Oo/Feed: 1.17 Nritkg
Feed particle size: <200
mesh
Gas heat value (MJ/Nin
9.58
Cold gas efficiency:
medium

Combustion T: 901200 °C
P: 0.22.94 MPa
R.T.: 1:100 s
Gas outlet T: 70®00 °C
Oo/Feed: 0.37 Nritkg
Feed particle size: 0:5.0
mm
Gas heat value (MJ/Nin
10.71
Cold gas efficiency:
medium
Combustion T: 9001050
°C
P: 0.291.47 MPa
R.T.:210s
Gas outlet T: 59®80 °C
OJ/Feed: 1.06 Nritkg

Feed particle size: <50 pr

Cold gas efficiency:
medium

a7

Good for coal containing
up to 35% of ash
No use of ligiid fuels
High steam required
Loss of fine particles
during feed preparation
High tar content (and
phenolic compounds)

Good for cegasification
for pet coke and coal
containing about 22% of
ash
Preference for low
reactivity fuels (up to
22% ash)

No tars or phenolic
compound
Moderate steam require

No fine loss and Hsitu
sulphur removal
Recommended for high
reactive feedstosksuch
as waste fuels or biomas
For high conversion, cha
to be recycled
Moderate stream require
No tars
Reduced loss of fines
Sulphur capture needed
sulphur content over 2
wt.%

Only char production ant
improved process
efficiency
High conversion and
throughput
To prevent combustion ¢
volatile products, no
feedstockexposure to
oxidant
Not well studied
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Figure 2.2-1: Relation between scale, efficiency and technology for electricity

production in the case of biomass gasifier@ridgwater, 2006)

Some commerlal biomass gasification plants have been reported from different
companies. For example, 100 km north from Helsinki (Finland), the @dddrth

biggest biomass power plant from Lahti Energy has been used commercially from
2012. Unclean plastic, cardbdampaper or wood can be used as feedstock for this
plant with a 160 MW capacity. The feedstock is then sent to a circulated fluidised bed
gasifier of 5meter wide and 2Beter height, connected to a steam boiler, itself
connected to a gas turbine and aegator to produce electricity and he@ower
technology.com, 2014)nother example is the Hitachi Metals plant, started in 2003

in Hokkaido Island (Japan), which is using a plasma technology to process shredded
municipal solid waste and auto shredder residue (up to 220 tonnes a day). T
technology in used is a DC plasma from Westinghouse. The syngas produced goes
into an afterburner followed by a steam boiler connected to a steam turbine generator.
After recovering the heat from the exit gas, it is cleaned and sent into the atmosphere.
(Willis et al., 2010)n the U.K., the first plasma gasification plant for commercial use,
BioSNG, has started construction in November 2016 and should be compléted by
end of 2017. This commercial plant was made possible by the success of a
demonstration plant using a fluidised bed gasifier and an arc plasma converter. This

collaboration between Advanced Plasma Power, National Grid and Progressive

48



Energy will converten thousand tonnes per annum of household waste to produce 22
GWh of gas(Advanced Plasma Power et al., 2017)

Although this gasification technology is of high interest nowadays, some issues limit
the development to large scale gasification plant. Firsienable different fuel
compositions for a same gasifier, process control and automation are the key
challengsto overcome. Managing the highest thermal conductivity while keeping the
gas temperature downstream of the gasifier within a given range is ¢ime st
difficult step to overcome to be attractive for the technology to be interesting for large
scale industrieqCrocker, 20105econd, the impurities found in the exit gas need to
be treated before a cleaner syngaseist to enduse applications. Those impurities

and their appropriate cleaning method will be presented in the next section.
2.2.3. Technical issue of syngas

Various impurities can be found from the produced gas: tars, ammonia, hydrogen
sulphide, sulphuoxides, nitrogen oxides, particulates or alkalis, potentially harmful
for the downstream application of this produced ¢&gmar et al., 2014\ summary

of the contaminants, their issues and their clgatechniquesis presented ifable

2.2-3.

For industrial gasification processes, the presence of tar in syngas is the highest
concern. Appropriate design and operation of gasifier is usually implied to control the
reaction conditions as tar content can indicate the overall level of reactor @aréerm

and design(Brage et al., 1997)ars have been defined during the introduction of the
protocol measurement of tar at the IEA {Heation Task meeting in 1998 at Brussels
(Neeft & al., 1999)as a complex mixture of condensable organic compounds or
hydrocarbons with a molecular weight higher than the one of benzeHe).(Car
classification based on molecular weight of tar compounds has been repdidétein

2.2- 4. Five group have a different reaction to temperature increase: class 1 and 2 are
more decomposed whereas class 3 and 5 concentration in tars incfidased.al,
2008)Thus, tars havewide molecular weight range with the composition depending
on the type of biomass feedstock, gasification process and operational conditions
(Abu EFRub et al., 2004)

49



Table 2.2-3: Overview of issues caused due to producer gas contaminants and

popular clean-up technologiegdKumar et al., 2014)

Gas H.S NH3 Alkalis Particulates | Tars
contaminant
Issues Poison Precursor | Vapor Alteration of | Plugging and
catalysts for NO deposition valve fouling
aEdt Deactivation functioning Disposal and
pho 0_ | of catalysts Fouling of handling
chemica . e
smog Slagging, zjgg)crzznt difficulties
Poi fouling and Forming char
0|s|on corrosivity Clog fuel and coke by
catalysts lines dehydration
Corrosion
enhanced
Cleanup Adsorption | Mixed Condensation ' Cyclonic or | Wet
technics on metal metal of products barrier filters | electrostatic
oxides OX'tdF ) Electrostatic | Electrostatic separation
Wet catalysts separation separation Ni/dolomite/
scrubbers | Dolomite biochar
or Ni/Fe catalyst
baseld Thermal
catalyst treatment

The tar content represents the quantity of tars mixed with syngas downstream of the

gasifier. It varies, depending on the feedstock in(ligein content etc.), but also on

the gasifier used. It has been summarised for the most common gasifiers and presented
in Table 2.25. (Morf, 2001)Mo r f 6 s

resul

t s

showed

t hat

the outlet gas t@ minimum, a concurrent fixed bed should be used. The same

conclusion was drawn by Milnet al. (Milne et al, 1998) the main inpurities in

syngas (tar, particulates, fly ash) depend on the gasifier type as the more air circulation

there is, the more particles are generated.
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Table 2.2-4: Classification of tar componentgHanet al, 2008; Woolcoclet al,

2013)
Group Name Compositia Properties
Class GC- Determination by subtractio Very heavy tars
1 undetectable of the GC detectable tar
fraction from the total
gravimetric tar
Class | Heterocyclic Phenol, pyridine, cresol, Soluble in water
2 aromatics quinoline Containing ateast
one hetero atom
Class | Aromatics (1 Toluene, styrene, xylene No solubility or
3 rng) condensation issue
Usually light aromatic
with a single ring
Class Light PAH Biphenyl, naphthalene, | Condensation at low
4 compounds (B acenaphtylene, fluorine, temperatures from
rings) anthracene, phenanthrene low concentration
2-3 ring compounds
Class Heavy PAH Pyrene, fluoranthene, Condensation at higk
5 compounds (4 chrysene, benzpyrene, temperatures from
rings) benzefluoranthene, perylent  low concentration
Compounds
containing more thar
3 rings

Table 2.2-5: Tar content in most common gasifiergMorf, 2001)

Fixed bed Fluidised bed

Countercurrent | concurrent | bubbling | circulating

Mean tar content 50 0.5 12 8
(9/NnY)
Range of tar (g/NR) 107 150 0.017 6 17 23 17 30
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However, no matter which gasifier is used in a process, the tar content in the syngas
is too high for the most common downstream applications. For engines, Stirling
engines do not require any treatment for the outlet gas, although they will have a low
enegetic efficiency, internal combustion engine are more restricted: they can be used
for a tar concentration betwe&f and100 mg.Nm? and a maximum of 30 mg.Nm

for solid particles. Usual turbines can be directly downstream of the gasifier but not
gas tubine as they require a tar concentration lower than 0.5 nigaseh can tolerate

a solid particle concentration within an interval 0.1 and 120 mg.bontaining less

than 0.1 mg.Nni alkali. To prevent tar condensation in the pipes connecting the
gasifierto a furnace, for closeoupled combustion for example, the tar concentration

is limited from 60 to 600 mg.Nrf Furnaces themselves do not have a requirement
for tar concentration although their emissions are regulated. Compressors to store
syngas requé a tar concentration between 50 and 500 mgNaAowever, only the
cleanest gas will be used for further application such as the Fisob@sch process

in which the solid particle concentration is lower than 0.02 mgNmd the tar
concentration is inferior to 0.1 mg.Nin(Milne et al, 1998)Thus, the need of clean
processes to remove the taolig particle, or other contaminants is essential in the

development and globalisation of biomass gasification.
2.2.4. Gas cleaning processes

To remove impurities such as particulate dust and tar removal, two types of
technologies can be drawn: primarythals which take place during gasification and
secondary methods which are gas cleaning technics downstream of the gasifier.
(Wang et al., 2008)able 2.23 summarised the most used methods for different kind

of contaminants. To clean the product gas downstrefthe gasifier, two methods

can be used: hot and cold gas cleaning. Cold gas cleaning, mainly physical separation
such as cyclones or filters, can remove chlorine, tars, particulates and alkali all
together, even though they are most common for HCI vaimélot gas cleaning can

be used with specific sorbent such as carbon, alumina or common alkali sorbents, to
remove chlorineTo remove particulates, hot gas cleaning can be used through inertial
separation, electrostatic separation (also called EES#yoer filtration among others.

To remove sulphur compounds (sulphur dioxide or hydrogen sulphur), adsorption on

metal oxides using sorbents such as lime or zinc sorbents are mainly used as a hot gas
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cleaning method. Ammonia can be removed by therntalytee decomposition and
the removal of alkali contaminants can be done via condensation or hot adsorption on
sorbent such as water or acid washing. Tars are reduced via thermal cracking, catalytic
cracking, northermal plasma or physical separatifitianet al, 2008)The methods

for tar reduction are reviewed in detail in thegent section.
2.2.4.1. Primary methods

The primary methods to reduce tars consist of controlling the parameters inside the
gasifier to optimise and limit the production of tar. Their production is dependent on
temperature, gasifying agent, equivalent aatiesidence time, size of biomass
particles and the catalysts used. The most effective reduction of tar can be obtained
by combining gasifier configuration with the right catalyst nfRuiz et al., 2013)

The modification of each parameter is reviewed in this section.

It has been intensively reported in the literature that a higher temperature lead to lower
tar content in the produced géi€inoshita et al., 1994; Narvaez al., 1996; Lucas et

al., 2004)Narvaez et al. reported for bubbling fluidised bed gasification of biomass a
tar content decrease from 19.g&¢ at 700°C down to 5 g at 800°C (Narvaez et

al., 1996)Kinoshita et al. showed that tar yield decreased when the temperature
increased. Lower temperat&u favoured aromatic tar species formation with
diversified groups of substituents whereas higher temperature favoured the formation
of polyaromatic groups, fewer aromatic tar species without substituent groups.
(Kinoshita et al., 1994Nevertheless, too high temperature inside the gasifier may
lead to ash agglomeration and sintering as well as a decrease of energy efficiency.
(Wang et al., 2008)

Pressurised biomass gasification has hardly been investigated but can be
advantageous as no additional downstream compression of syngas will be required
for upgrading syntheses of fuels and chemicals. The research conducted by Knight
showed that an increasémessure from 8 to 21.4 bar reduced the tar content from
4.4 wt.% to 3.4 wt.% with a significant influence on the species found in tars:
polyaromatic hydrocarbons content increased while aqueous and phenols content
decreased. Operating at high pressurabted a drastic decrease of the oxygenated
compounds that could be found in tgksnight, 2000)
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Being the most economical, air is the most common gasifying agent used for
gasificaion. However, the high concentration of nitrogen lead to a low calorific value

of the produced syngas. Steam can also be used as gasifying agent with a moderate
cost and calorific value of syngg¥®Vang et al., 2008pxygen is the most expensive
gasifying agat, required for advanced applications and mainly used in coal
gasification.(Kirkels et al, 2011)CO; or a mixture of gasifying agents can also be
used.(Wang et al., 2008)Vang et al. summarised the effect of each gasifying agent

on tar content. The use of carbon dioxide or steam required catalytic tar reforming to
reduce the tar content in the outlet gas. Using steam as a gasifying agent lead to
particularly high tar contenhithe syngas. Air seemed the most appropriate gasifying
agent when looking at the tar content as a moderate tar content can be found in the
outlet gas(Wang et al., 2008)

The equivalent ratio is the ratio between thefadl ratio for the current process and
the one for complete combustion. An-iel ratio is defined by moles of air divided

by moles of fuel used during the process. The equivalent ratio is inferior to the value
1, corresponding to complete combustion, and has a great influence on thecalorif
value of produced synga$Ruiz et al., 2013)increasing the equivalence ratio
decreased the calorific value of the produced sybgasnabled low char and tar
content(Kinoshita et al., 1994; Wang et al., 2008)

The residence time considered critical here is the duration of bsomisisin the
gasifier.(Schaschke, 2014or each type of reactor, the residence time should be long
enough to enable the complete gasification of the feedstocks for syngas generation.
The higher the degree of fluidisation of the beds, the shibieresidence time is as
there is more stirring inside the bgRuiz et al., 2013Kinoshita et al. showed that

tar yield was littleaffected by the residence time variation but the tar composition was
as oxygercontaining compounds decreased with residence {idiroshita et &,

1994)

The biomass preparation and its particle size are factors that should be considered to
optimise a gasifier. Moisture is an important parameter for the fuel as the higher the
moisture content of the biomass, the higher the tar content inatieqad gas and the

lower the temperature inside the gasifier is. However, the moisture limit is dependent

of the type of gasifier: for example, updraft and fluidised bed gasifiers required less
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drying than other gasifier@Crodker, 2010)Another key parameter is the fuel particle
size. Too large fuel particles are more likely to produce agoality gas. Besides, to
avoid an irregular gasifier temperature profile due to an irregular gas circulation
leading to a pressure drayside the gasifier, homogeneous feedstock should be used
inside the gasifientCrocker, 2010)hus, a preareatment of the biomass would lead

to a more homogeneous fuel, reducing the gasifier instability. This could bectedd
through torrefaction or pelletisatiofRuiz et al., 2013ptudies have been conducted

on specific gasifier and for specificdmnasses to optimise them. For example, for a
downdraft reactor fed on pine bark, increasing the particle size led to lower flame
front velocities due to maximum process temperatures, lower consumption rates of
biomass and fuel/air equivalent ratios. Fattsa process, the optimum particle size
was found to be between 2 and 6 nfRérez et al., 2012)

The different types of catalyst can be used for tar reforming: naturally occurring
catdysts (Dolomite, Olivine, Clay or Zeolite) which are cheap with moderate
reforming efficiency. Alkali and salts (KOH, KHG@r K>COz) act as catalysts with

high reforming efficiency and leading to higher hydrogen comtgmioduced syngas.
However, othemetal catalysts may be deactivated at high temperature and plugging
may increase. Stable metal with oxide support (NigDal Ni/CeQ/AlOs,
RhCeQSiO; or LaNip.3Fen.703) are also catalysts with high reforming efficiency and
leading to higher hydrogen cemtin produced syngas. Those metals are expensive
and require support materials that are hot water resistant. They can be easily
contaminated by 8, sintered by ash melting or deactivated by cOR&ang et al.,
2008)In the following section, the most studied catalysts are presented in more details

and reviewed.
2.2.4.2. Catalysts

The simplified mechanism for tar reforming using an appropriate catalyst is described
by Dayton as follow: First, metalatalysed dehydrogemam occurs on metal site
where hydrocarbons are adsorbed. Water is hydroxylating the surface by being
adsorbed onto the ceramic support. The OH radicals migrate to the metal sites at
appropriate temperature, inducing oxidation of the intermediate hydoocarb
fragments and surface carbon to syngas (carbon monoxide and hyd(Dgsmon,

2002)
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To find appropriate catalyst for tar reforming, Sutton summarised the main criteria for

catalysts used in gasification procesg¢8sitton et al., 2001)
- Efficient tar removal.
- Methane reforming if the desired product is syngas.
- Provides a syngas ratio suitable for the-ard process.
- Resists deactivation due to carbon fouling and sintering.
- Easy regeneration.

- Strong and inexpensive catalysts.
Sutton also reviewed tar cracking and separated the catalysts into three groups as

mentioned in the previous section and studied below.

2.2.4.2.1. Dolomite catalysts

Dolomite catalysts are composed of magnesium orethétgeneral chemical formula
MgCGs.CaCQ. Their chemical composition varies but contains about 30 wt.% CaO,
21 wt.% MgO and 45 wt.% COn general. Cheap and disposable, dolomite can also
reduce the tar content in the syngas;miiyed with the biomass @s a guard bed,
downstream to the main reactfyYanget al, 2015)To improve this type of catalyst,
Simell and ceworkers studied different types of lesost materials and concluded
that an increase of activity for dolomite catalysts cdaigchchieved by increasing the
ratio of Ca/Mg, a reduction of the grain size and an increase of active metal content
such as iron(Simell et al., 1992T he catalytic actiity of calcined dolomite has been
extensively studied and has been proven to have a higher activity teaicuned
dolomite for tar reduction due to its high surface oxide content and large inner surface
area.(Shenet al, 2013)Comparing a calcined and+ealcined dolomite, as well as a
calcined and raw olivine, used downstream of the steam gasification of apricot stone,
Hu et al. observed that calcined dolomite was the most effective catalyst to increase
hydrogen production(Hu et al., 2006)Gusta et al. studied dolomite effect on tar
reduction to gaseous macts. Using an isothermal catalyst bed of 750°C, the use of
dolomite catalyst (1.6 cffy of biomass) improved the conversion of tar to gaseous
products of 21% compared to a roatalytic experiment. The maximum carbon
conversion was obtained when usin@anadian dolomite with 0.9 wt.% of iron.

(Gusta et al., 2009)
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2.2.42.2. Alkali metal and alkalinearth metal catalysts

Alkali metal and alkalinearth metal catalysts have been demonstrated to catalyse the
gasification of carbonaceous materials by steam, oxygen and carbon diEikiee,
1983)Added to biomass by direct drgixing or wetimpregnation, they catalyse the
reduction of tar and upgrade the produced syngas. However such incorporation makes
the recovery difficult and this technic hardly cost effective as the ash content is
increased rad should be disposed diranget al, 2015)l n Demi r bads exp:
(Demirba, 2002)he effect of alkali metal catalysts on hydrogen yield was studied
through the gaseous products obtained from the pyrolysis and gasification of three
different feedstocks: cotton cocoon shell, tea factory waste and olive husk: ZnCl
catalyst demonstrated an increase of the hydrogen yield production in the pyrolysis of
biomass, even if the total gas yield was reduced to increase the charcoal and liquid
productyield. The catalytic effect of N&Os was found to be greater than the one of
K2COs for cotton cocoon shell and tea factory waste. The opposite catalytic effect was
observed for olive husk. Besides, their effect on the pyrolysis products is irregular. A
study of the pyrolysis of xylan polysaccharides and related compounds showed that
alkalis weakened the intermolecular interaction of the polymeric chains and promoted
intraclink dehydration, thermal cleavage process and product condensation.
(Shafizadeh et al., 1978) fact, alkali metal catalysts prevahe formation of stable
chemical structures:-C bounds are weaken and their activation energy decreased by

an oxygen transfer mechanis(franet al, 1978)

2.2.4.2.3. Nickebased catalysts

Ni-based catalysts are widely used in industry to catalyse steam and dry reforming.
Steam reforming of hydrocarbons and methane for an increase of hydrogen and
carlomn monoxide content can be achieved by usingdtialysts at high temperature,
above 740°C. Such catalysts can be used after use of dolomite or alkali catalyst for a
higher efficiency with a first cracking of tar with a cheaper catalyst such as dolomite
followed by methane reforming with a Ni catalyStang et al, 2015)Simell et al.
studied the reforming of toluene at 900 °C, pressures between 0.5 and 20 MPa, and
use of Ni alumina catalyst. At 5 bars and a residence time of one secongjlateo

tar reduction and 80% conversion of ammonia were observed downstream a pilot

scale bed gasifie(Simell et al., 1996Yhese high temperatures for the catalyst bed
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are common in gasification. However, Zhaigl.described the activation of Nickel
catalyst supprted on silica, used for tar conversion, at a low temperature, 823 K.
Their disadvantages are a short active time for the catalysts as high amount of coke
deposited on the catalyst surfa@ghanget al, 1998)The cracking of different model

tar compounds$ benzene, toluene, naphthalene, anthracene and pyveaestudied

by Coll for two Nickel catalysts ithe commerce(Coll et al., 2001) The oder of
reactivity of these different tar model compounds on Nickel catalysts was benzene >
toluene >> anthracene >> pyrene > naphthalene. This made naphthalene a very
appropriate compound to use for studying tar from biomass gasification. Looking
more intothe catalytic tar reduction and the hydrogen vyield, Zhang identified the
efficiency of three commercial Nickel catalysts: more than 99% of tars where cracked
and the hydrogen yield improved slightly-16%). (Zhang et al., 2004Recently,
additive modification methods have been studied by researchers to improve the
efficiency of Nickel catalysts and reach an optimum for tar conversion and hydrogen
production.(Shenet al, 2013)

2.2.4.2.4. Zeolite catalysts

Zeolite catalysts have been used first in oil refining and are now widely used in
chemical industry for various applications such a-e@nhangers, size selective
catalysts or encapsulators, Their chemical and physical stability, surface properties,
like their acidity, and tunability of pore size make the zeolite use economically very
relevant. (Moller et al, 2013) In thermal processes applied to biomass, Zeolites
catalysts have been mostly used for catalytic cracking of theibio pyrolysis
processes. ZSNs or HZSM5 catalysts have mainly been studied as it has been
reported that they lead to a higher liquiaguction yield, even though they coked
easily and lead to unwanted products such as carbon dioxide or (Baiggwater,

2012) Zeolites catalysts also studied to upgradediicare HY zeolite and Hb
zeolite. Kotrel et al(Kotrel et al., 1999studied them three in the case of hexane
cracking and proved that the activity betweeZ&M-5andHb have simil ar
on the adsorption rate.

However, due to their traditionally very small pore size, arouma @r smaller bulky
molecules are not in contact with the internal surface of the zeolite. To maximise the

external surface of the zeolite to increase the conversion efficiency can be achieved

58



by two methods: to reduce the individual size of a crystal #us promote
intercrystalline mesopores, or to implement a secondary network of mesopores into
single crystals of zeolitdMoller et al, 2013)Such surface treatment is necessary to
enable theeduction of tars by zeolite catalysts. To catalyse a condensation reaction,
mesoporous materials are important as showed by Choi et al. when the use of
mesoporous catalyst enabled to critically improve the catalytic activity to form
jasminaldehyde from 9% with microporous zeolites to 98% with mesoporous
zeolites.(Choi et al., 2006FEscola et al. comparedup catalysts (two mesoporous
catalysts, also called hierarchical catalysts, and two mesostructured materials) for
hydroreforming of the polyethylene thermal cracking oil: Nd®M-5, Ni/hkb ,  Ni / Al
MCM-41 and Ni/AFSBA-15. The mesostructured materials anth e hi er ar c hi
zeolite lead to complete hydrogenation of olefins. The zeolite catalyst use lead to an
intensive promotion of hydrocracking reactions with a 54% of gasoline production.
Hydroisomerisation and aromatisation reactions were promoted thlevgaynusing

all four catalysts(Escola et al., 2011Jhus, the use of mesoporous zeolite can be
applied to tar reduction for a more efficient catalytic cracking of the tars.

2.2.4.3. Secondary methods

Primary methods for tar cleaning are the most combubmownstream cleaning unit
might be necessary to reach the tar level acceptance farserapplication. Cold gas
cleaning, or physical separation, can be used for tar removal with methods such as
cyclones, filters, rotating particles separators, watemubbers or electrostatic
precipitators (ESP). Hasler et al. reported the tar and particle reduction efficiency by
various secondary methods. Results are present&dhbie 2.26 showing a better
reduction of particles than tar by using the methods meedioSand bed filter was

the most efficient method for both tar and particles with respectively more than 50
and 70 percent reduction. The less efficient method was fabric (Htasleret al,
1999)However, one of the drawback of such method is the temyserased for the

sand bed filter to be efficient: the syngas need to be significantly cooled down to be

efficient.
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Table 2.2-6: Reduction of particles and tars in various producer gas cleaning
systemg(Hasleret al, 1999)

Reduction method Temperature Particle Tar reduction
(°C) reduction (%) (%)
Sand bed filter 107 20 707 99 5071 97
Wash tower 5071 60 6071 98 107 25
Fabric filter 130 7071 95 07 50
Rotational particle 130 851 90 3071 70
separator
Fixed bed tar 80 - 50
adsorber

The most common secondary methods for-gad tar reduction are: catalytic
cracking, thermal cracking, mechanical methods,-reelflifications of operating
parameters and plasma treatmgfabry et al., 2013)'he modification of the
operating parameters has been described in the section 2.4.1 and tisésaadaly for
catalytic cracking are reviewed in the section 2.4.2, both having the effect than in the
previous sections. However, tar cracking is mostly happening at very high
temperature, higher than the gasifier temperature (1930 °C), making thermal
cracking without catalyst hardly efficient on usual gasifiers. For a higher reactor
temperature, an efficient gas purification, a higher production of hydrogen and an easy
retrofitting to current design, plasma gasification can be consid@fatry et al.,

2013) This type of plasma gasification, used witlermal plasmas, is not the only
type of plasma that can be used for tar reduction-thermal plasmas such as pulsed
corona or corona discharge, have also proven to be effective. However, the cost,
device lifetime, operational complexities and the epedgmand limit the wide
application to such technologffVoolcocket al, 2013)

To better understand the treatment by -ttiermal plasma and the possibility to
combine plasma with a catalyst to improve the technologlyguide it to the large
scale gasification technology, the following section will describe what plasma is, the
different type of plasma, to then focus on sibarmal plasmas and finally review the
plasmacatalysis technology.
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2.3. Plasma systems

2.3.1. Rinciple and classification of plasma technologies

Plasma is, according t& Dictionary of Chemical EngineeringA state of matter
resulting from the ionization of gases in which the number of positive and negative
i ons s appr oxi maas firdt igentifidd én 1879 ane the[ nétgre of | t
the matter was then identified by British scientist Sir Joseph John Thomsori (1856
1940) in 1897. Irving Langmuir first used the term plasma in 19Z8chaschke,
2014) Plasma conducts electricity thanko its free electric charges. Those make
plasma internally interactive and highly sensitive to electromagnetic fldismas

are electrically neutral and contain enowiflarged particles tgive tothe plasma a
ionized gasbehaviour and electrical pregies. Plasmas happen naturally as they
represent 99% of the visible universe. Closer to us, lightning and auroras are natural
plasmas. They also happen in laboratories or industries for applications such as
electronics, thermonuclear synthesis, étcidman, 2008)Generating a plasma can

be used through different kindf energy: thermal energy, electric fields or magnetic

fields. For example, adiabatic compression of a gas orgsheoficharged particle

beams can lead to plasma generation. Those are represdfitgpd@2.31. (Conrads
et al, 2000)

Figure2.3-1:Sunspot, taken by NASA6s TRACE (Tr
Coronal Explorer) in September 2000, and showing in bright red the gas
emissions (about 1 million degrees) and in dark the absorbing structures
(about 10,000 degreesfNASA, 2015)
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Figure 2.3-2: Principles of plasma geeration. (Conradset al., 2000)

The plasma is commonly generated and sustalmedpplying an external electric

field resulting in new species formation highly reactive. Those reactive species are
electrons, ions, excited molecules, radicalplmtons at different wavelength. Those

free charged particles are accelerated by the electric field until they collide with atoms,
molecules and/or the surface of the electrodes, creating new charged patrticles. This
phenomenon is often referred to as aalawche of charged particles and the plasma
reaches its steady state when the charge carrier losses balanced the creation of new
charged species. Those plasmas afeafled plasma discharges and can be classified
depending on the current and voltage agapliThe shape of the curve is independent

to the gas used in the plasma system and represeriigdiie 2.32. At low discharge
current, a setustained discharge is produced, also called Townsend discharge. The
normal glow discharge is characterisedablow voltage for a moderate current. At
very high currents, the discharge undergoes from a glow to an arc state. This transition
is irreversible.(Conradset al, 2000; Roth, 2001Plasmas are quaseutral with a
well-balanced concentration of negatively and positively charged particles. In plasma
considered for chemical systems, not all particles have to be ionised: the ionisation

degree, or ratio of density of main charged species to that of neutral gas, is considered
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between 13 i 10* Completely ionised plasmas (density of main charged species
very close to that of neutral gas) are mainly thermonuclear plasma sy@$tgdman,
2008)
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Figure 2.3-3: Voltage-current characteristic in a DC atmospheric pressure
electrical discharge tube(Roth, 2001)

Plasmas have various characteristics and configurations, dependent of the plasma
generation. For exaple, various plasma configurations can be used in laboratory:
Microwave plasma (MW), direct current (DC) torch, dielectric barrier discharge
(DBD), pulsed corona discharge (PCD), rotating gliding arc (RGA) or spark
discharge. They are representedrigure 2.34. (Lee et al., 2013)
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2 (c)

1

Figure 2.3-4. Diverse plasma configurations with different appearance and

chemical characteristics (a) Microwave (MW), (b) DC torch, (c) dielectric
barrier discharge (DBD), (d) Pulse corona discharge (PCD), (e) Rotating
arc (RA), (f) Spark. (Lee et al., 2013)

Their differert characteristics such as gas temperature, charged gas species and degree
of ionisation mainly results in the appearance differences between the plasma in
Figure 2.34. Those characteristics may be related to parameters such as ion
temperature, elean temperature and density, which can be modified by pressure,
discharges types, power supply and/or operating temperatures. Different electrical
fields can be used to obtain direct current (DC) or alternative current (AC) discharges.
The first dischargesan be sustained by a pulseeriodic current or maintained by a
constant current. To limit the heat increase by electrons and thus the electron density,
the current is restricted through the circuit by application of an external ballast. AC
discharges cabe generated at high and low frequencies, whereas radiofrequency
(RF) discharges operates between 1 and 100 MHz and microwave (MW) discharges
around 25 GHz, as high as high frequency AC discha(lyts, 2016)

A wide range of electron densities, electron tempegatand pressures are available

for plasma generation. A wide range of examples are represenkguire 2.35

where plasmas can be categorised by their electron temperature and electron densities
only. (Fridman, 2008 he ionosphere plasma can be characterised by a low electron
density and a small electron temperature. On the opposite side of the spectrum,
thermonuclear fusion is a plasma with high electron density and temperatuge. Ot
plasmas can be described with a high electron temperature and low electron density

like solar corona, with a high electron density and a low electron temperature such as
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MHD (magnetohydrodynamic) plasma or with a median electron density and

temperaturas the glow discharges.
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Figure 2.3-5: Plasma temperatures and densities (Fridman, 2008)

The gas pressure is an important parameter, defining the gas particle density and thus
the probability of collisions between particles known as the collision frexyué\t

low pressure (between 0.1 and 10 Pa), inelastic collisions between heavy particles and
electrons are ionising or exciting and do not raise the heavy particle temperature,
which is lower than the electronic particle temperature. As the presswrasasy the
collision frequency increases, and the energy transfer becomes more efficient.
Therefore, heavy particle temperature is increasing and an equilibrium is reached in
the plasma(Tendero et al., 2006)emperature is another very important parameter,
enabling the categorisation of plasma into-tleermal and thermal plasmas via the
relationship between particle temperatures. The temperatures ptesdeand their

categorisation will be presented in the next section.
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2.3.2. Thermal and nonthermal plasmas.
2.3.2.1. Plasma temperatures and plasma categorisation

Plasma temperatures are determined by the characterigpiesofa particles, neutral

and charged their average energy and their degree of freedom such as vibrational,
rotational or translational or those linked to electronic excitation. Therefore, plasma
temperatures can vary greatly representing the fact that plasmas areamganent
sysems. For electric discharges to be generated in plasma laboratories, energy is first
accumulated from the electric field by the electrons during their mean free path and
is then transferred to heavy particles by collision between an electron and a heavy
paticle. The energy transferred between them via collision is a very small part of the
energy accumulated by the electron as electrons are much lighter than heavy particles.
This explains the difference of temperature between the electrons and heawyarticl
the electron temperature being initially higher than the heavy patrticle temperature.
(Fridman, 2008 here are two types of collisions: the elastic collisions changing the
internd energy of neutrals but rise their kinetic energy (temperature) and the inelastic
collisions modifying the electronic structure of neutrals, with a high enough electric
energy, via excitation or ionisation or higher enerdgiésndero et al., 200G)hrough

those collisions, the temperature of electrons and heavy particles can equilibrate, a
phenomenon called Joule heating. This equilibrium can be preventaduffycient

time or energy, such as in pulsed discharges or coronas, or by an intensive cooling
mechanism on the entire gas, such as in-eadled lowpressure discharges.
(Fridman, D08)

Due to Joule heating, the difference of temperatures between heavy neutral particles
and electrons in a collisional, weakly ionised plasmas is defined as proportional to the
square of the electric field E to the pressure p ratio. Only if the gadp is small

both temperatures can equilibrate. This small ratio is one of the basic requirement for
local thermodynamic equilibrium (LTE) in plasma. Other conditions for a local
thermodynamic equilibrium are chemical equilibrium and restrictions on the
gradients. Thus, an LTE plasma is subject to the main laws of thermodynamic
equilibrium and can be described by a single temperature wherever in space.

Temperature, and indirectly the electric field via Joule heating, is the key parameter
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to determine chaical processes and ionization in this type of plasma. Those plasmas,
almost in equilibrium, are commonly called thermal plasmas and can be found in

nature as solar plasmdBridman, 208)

Numerous other plasmas, which cannot be described by thermodynamic equilibrium,
are defined by their range of different temperatures linked to different plasma particles
and degrees of freedom. Because of the collision mechanism degurévézlisly,

the electron temperature is often drastically bigger than the heavy particle temperature
(Te>>>To). In this kind of norequilibrium plasma, electron temperature determines
directly ionisation and chemical processes. Thus, ionisation and chemucasses

are hardly sensitive to the gas temperature and thermal processes. Those non
equilibrium plasma are commonly called rttvermal plasma and can be found in
nature as aurora boreal{gridman, 2008)

In nonthermal plasmas, the different temperatures are usually presented as follow in
the collisional weakly ionised plasma>TT,> T; ~ Ti ~ To. The highest temperature

in the system is the electron temperatuee féllowed by T the temperature of
vibrational excitation of molecules. The temperature of iofs {fle temperature of
rotational degrees of freedom of moleculeg @hd the temperature of heavy particles
(To, through transitional degrees of freedom or gas temperature) are the lowest
tempergures, usually with very close values. For example, in numeroutheomal
plasma systems, the gas temperature is around room temperature whereas the electron
temperature is close to 1 eV or 10,000K. Mbarmal plasmas can be generated at
low power levet or low pressures or in different kinds of pulsed discharge systems.
(Fridman, 2008)

2.3.2.2. Thermal and northermal plasma: comparison

Characteristics of both thermal and rtbermal plasmas are presentedTiable 2.3
1. The gas and electron temperatures presented in the table have been detailed
previously: with single temperature for the whole system, the gas, or heavy patrticles,
temperature and the electron temperature are sifiéano) for thermal plasmas; the
electron temperature is much greater than the one of heavy particlesTd) in the
case of nofthermal plasmas. In a thermal plasma, the collisions between electrons
and heavy patrticles increase the temperature of éagyhparticles through elastic
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collisions and create reactive species via inelastic collisions. On the other hand, in a
nontthermal plasma, the electron energy stays very high as plasma chemistry is
induced by inelastic collisions between heavy particled @lectrons and heavy

particles are slightly heateendero et al., 2006)

The ionisation mechanism can be stépe or direct in plasmas. Direct ionisatis
the electron impact ionisation, when a neutral particle is collided by an electron to
create a positive ion and a second free electron. A step wise ionisation is typically an
ionisation following those steps: first the electron impact ionisation; thernon
impact ionisation, where the collision between an ion and a neutral lead to a free
electron and a second ion; finally the step (Penning) ionisation where an excited
particle (A*) collides with a neutral particle (B) to generate an ion and elefttnon
the neutral particle resumed@s " © ! 6 A .(Liebermaret al, 2005; Go,

2012)

Table 2.3-1: Main characteristics of thermal and nonthermal plasmas(Tendero
et al., 2006; Go, 2012; Mei, 2016)

Properties

Thermal plasma

Non-thermal plasma

Gas temperature
Electron temperature
lonisation mechanism

lonisationdegree (&n)

Inelastic collision effect

Elastic collision effect

Electron density

Cathode current density

10,0001 50,000 K
17 5eV (Te~To)
Stepwise
> 103

Creation of reactive
species

Great increase in
temperature of heavy
molecules

10717 10°°m’3

107 10" Alcm?
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3001000 K
17 10 eV (Te>>>To)
Direct
< 10°

Induction of plasma
chemistry

Slight increase in
temperature of heavy
particles

<10¥m?

107 1C% Alcm?



As expected with such differences in their collision and ionisation mechanisms
leading to less free electron generation, the ionisation degree, thereldetsity as

well as the cathode current density are higher for thermal plasmas than for non
thermal plasmagMei, 2016)

2.3.2.3. Thermal and northermal plasma: applications

Plasmas are widely used in industry with numerous applications. Plasmas used for
chemical processes are attractive for three reasons: their high selectivity, high specific
productivity (per reactor unit volume) and highergy efficiency (energy cost
compared to the minimum given by thermodynamic laws). For plasma technology to
be thisattractive, the key point is to find the appropriate regime for a specific plasma
chemical process and to optimise the plasma parameters as well as common
parameters optimised to reach thermodynamic equilibrium. Ideally, high selectivity
of energy input ad high operating power for the plasma reactor as well as sustaining

the nonequilibrium plasma conditions. (Fridman, 2008)

Due to their different properties presentedrable 2.31, thermal and nothermal
plasmas have also different application areas emgineering aspects: thermal and
nontthermal plasmas are respectively more powerful, with higher electron and
cathode current densities, and more selective by their direct ionisation mechanism.
Various industrial applications use thermal plasma generasorange between 1 kW

to 50 MW. Although presenting sufficient power levels, high efficiency and reactant
selectivity are difficult to reach and thus hardly convenient for plasma chemistry
processes. For plasma chemical applicatittmee main drawbackfdhermal plasmas

is the overheating of the reaction mediecurring through the uniform energy
consumption of all reagents in all degrees of freedom. A special and highly energetic
guenching is required for the reagents in thermal plasma technologiaagntad

selectivity and energy efficiency of those processes rather.gfradiman, 2008)

Microwave discharges have recently been used to provide powerful and -energy
efficient plasmachemical systems. A high level of electron density and a high electric
field simultaneously in Acol dodo gas (aroul
effect. Microwave plasma technology provides densesaguilibrium plasma at low
pressure and for a power in the order of MW. Arc discharges can also achieve these
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plasmaparameters. Such powerful, enemgfjective and nowequilibrium plasma
systems are optimal by their high productivity and minimum electricity energy cost
for hydrogen production and fuel conversion applications. (Fridman, 2008) For
example, Bromberg studleand compared the use of a fthermal plasmatron with

a thermal plasmatron for hydrogen manufacturing showing that both plasma reactors
could achieve similar hydrogen yieldBrombeg et al., 2001However, northermal
plasmas required much less energy than thermal plasma. With such advantages, non
thermal plasmas seem the most appropriate for hydrogen manufacturing.

2.3.3. Nonthermal plasma and different generation methods.
2.33.1. Nonthermal plasma: generation method

As mentioned in the previous section, ftbermal plasma is an attractive technology

for its high energy efficiency and selectivity while using quite low temperatures in
comparison with thermal plasma. Those l@mperatures are due to the fact that the
input power is mainly used to generate energetic electrons instead of heating heavy
particles. An external electric field is most commonly used to generate plasma. When
it is higher than a particular value, spectficthe formation of a conductive channel,
electrical breakdown occurs. Breakdown mechanisms intmernmal plasmas are
usually starting with an avalanche of electrons, a high increase of primary electron
guantity in cascade ionisation. With a relativadyvlionisation degree and electron
density (se€Table 2.32), the electron energy from the electric field is increasing
between collisions and the probability of electrautral collision is decreasing,
reducing their heating effect. In ndlnermal plasmathe gas temperatures are close

to room temperature. They can however be excited or store energy by energetic
electronneutral collisions, which generate electronic, rotational and vibrational
excitation of neutral particles, particle fragmentation, idiosa and lead to the
production of active species acting as powerful reducing or oxidising a@keleis.

2016) With a nonequilibrium property, a lower energy required and electrode
corrosion, much less cooling system required for the electrodes, as well as atcompa
and low weight, noithermal plasmas seem applicable to various processes, including

environmental application§Tatarova et al., 2014)
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As well as highlyenergeticelectrons, reactive species are generated irtimermal
plasma, such as radicals or excited atoms. Thus, plasma chemistry is quite complex.
The main reactions in plasma are summarised in the following tallele 2.32.
(Eliassonet al, 1991)Each component has a specific role in the kinetics of plasma
chemistry. Electrons are most of the time first to interact with an electric field and to
receive its energy, before distributing the energy between the aihgyonents of
plasma and the specific degree of freedom of the plasma system. Thus, controlling
and optimising a plasma process can be done by modifying key parameters of the
electron gas such as its density, temperature or the distribution functienetétkron
energy. The high energy of ions (such as in reactive ion etching or sputtering case) as
well as their ability to drastically modify the energy of activation of chemical
reactions, give ions a significant contribution to the kinetics of a plagstam. By

going up to supressing the activation barriers, ions are essentials in-oksiyais

and its many applications such as fuel conversion and hydrogen production.
Vibrational excitation is essential to plasma kinetics as it is the main trahsfegrgy

for electron with an energy around 1 eV to gases in the system and it enables higher
energy efficiency. Electronic excitation of particles can be significant, particularly
when those patrticle lifetimes are quite long as for metastable exciteduted. The

role of radicals is greatly significant and the contribution of photons can be essential
in specific applications such as plasma light source. Due to thequolibrium nature

of plasma, the active specie concentrations may be bigger byobrdagnitudes than

the quaskequilibrium system concentrations. Therefore, to control and optimise a
plasma system, deep understanding of the fundamentals of plasma as well as the
plasma kinetics are essential for a selective, directed and optimisedspfecdman,

2008)

2.3.3.2. Nonthermal plasma: type of discharges

Different types of discharges have been used for environmental applications such as
carbon dioxide utilisation, inatling microwave discharge, corona discharge,
dielectric barrier discharge (DBD), gliding arc and packed bed regeter,.2016)A

brief description of the different discharges will be presented in the follcseictgpn
Non-thermal plasmas can be generated at Imggure and at atmospheric pressure.
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Table 2.3-2: Main chemical reactions in plasma with e for electron, atoms A
and B, molecules Band Az, M for temporary collision partner and (*) for

the excited state(Eliasson and Kogelschatz, 1991)

Electron/Molecule Reactions

Excitation Q 000 Q
Dissociation Q 0 °9¢co Q
Attachment Q 0 ©°0

Dissociative attachmen Q 0 © 6 0

lonisation Q 0 90 cQ
Dissociative ionisation Q@ 0 ©0 0 Q

Recombination Q 0 °0
Detachment Q 0 %90 ¢Q
Atom/Molecule Reactions

Penning dissociation | 0° 0 © ¢d6 ©
Penningionisaton 0° 06 ©0 0 Q

Charge transfer 0 06006 0o

lon recombination 0 0 9060

Neutralrecombination 06 6 0 9006 0

Decomposition

Electronic Q 0690 06 Q

Atomic 0° 6 906 0
Synthesis

Electronic Q 6090 Q

©w Z

6 6006

Atomic 0O 000
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2.3.3.2.1. Corona discharges

Corona discharges are usually taking place at a pressure close to atmospheric pressure
using a relatively | ow power electrical
observation of discharges by mariners from the masts of their ships during electrical
storm. (Chang et al., 1991A nonthermal corona discharge can be generated in
regions of sharply neaniform dectric fields: the field in the gas should be weaker

than the one around one or both electrodes. This happens near edges, sharp points or
smalldiameter wires, which are mainly lepower plasma sources, limited by the
onset of the gas electrical breakdovim corona discharges, the gas stays at room
temperature whereas the electron temperature is higher than(Erevhan, 2008)

This type of plasma is the most common example of giheyg pressure nen
thermal discharge and can be observed at high voltage transmission lines or lightning
rods.(Chang et al., 1991Corona discharges are also used in industry to treat polymer
materials, such as to improve adhesion of synthetic fabrics before dffeiidgnan,

2008)

Laboratory corona discharges are generated by pulsed or continuous DC voltage
between two electrodes. The different typé corona discharges are represented in
Figure 2.36. The electrode configuration as representeHigure 2.66 is the most
common wih a grounded cylindrical outer electrode with a rod inner electrode or a
concentric high voltage wire, or as petntplate or pointo-point electrode. Gas,
either static or with a continuous flow, is occupying the volume between the
electrodes. The elagw field, norruniform, is formed at the sharp end of the
electrodes, where the curvature radius is small. This region where the gas ionisation
occurs is called the ionisation zone. Between this zone and the cylindrical collecting
electrode, the ions cre=l in the ionisation zone drift to the collecting electrode. In

t his Adr i ft zoneo, the production of
attachment reactiorfMei, 2016) Thus, the electric current is transmitted from one
electrode to the other by the drift charged molecules in a low electric field. Close

to the electrode source of plasma, ionisation as well as luminosity and strong electric
field can be found(Fridman et al., 2005Pue tothe low electric field near the
collecting electrode leading to lower current and power discharge, a continuous

corona discharge can be achieved. A spark connecting both electrodes can be obtained
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by increasing the applied voltagghang et al., 1991Bffective and fast transfer of
power between electrodes da@ obtained by using pulsgeriodic voltage, without
spark forming which are instable and inappropriate for industrial applicatides.
2016)

Positive Corona
| I ' | T | |7 : J
U, rJ A 9
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! | |

Burst Streamer Glow Spark
Pulsa Corona Corona
Corona
Negatwve Corona
| | |
U J J

l_’l ) C___],___‘,‘ C .ﬂ___J

Tnchel Pulseless Spark
Pulse Corona
Corona

Figure 2.3-6: Types of corona discharge¢Chang et al., 1991)
2.3.3.2.2. Gliding arc discharges

With two diverging electrodes under a turbulent or fast laminar gas flow, an
oscillating phenomenon called gliding arc dischargebsagenerated. First, a plasma
arc column is created by an initiation of a breakdown at the shortest distance between

both electrodes (8 mm), under an appropriate electric field. The arc is then pushed
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downstream via the convective gas flow along thetrelde axis, elongated its length

until the supplied power cannot sustain its@¥ei, 2016)This can be separated into

two phases: the equilibrium heating phase, where the gas is under thermal plasma
conditions (with a temperature between 7,000 and 10,000K), ambtrequilibrium
reactionphase, where the heat losses by the plasma exceed the energy supplied and
the gas is under nethermal plasma conditions. A representation of the plasma cycle

is represented iRigure 2.37. (Fridman et al., 1999herefore, a gliding arc discharge

is a type of plasma presenting gtievel of norequilibrium, characteristic of nen
thermal plasmas, as well as high electron density and high electron temperature,
characteristics of thermal plasmas. Advantages of both plasma type can be combined
in this transient arc by the use of aipdic discharge, evolving from an arc to a highly
nonrequilibrium discharge and keeping a high electron density. Thus, this kind of
plasma is hothomogeneous in space and time, as well as transiting from thermal to

nortthermal ionisation mechanisn{gridman et al., 2005)
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Figure 2.3-7: Evolution of a gliding arc discharge: (A) reagent gas breaklown;
(B) equilibrium heating phase; (C) nonequilibrium reaction phase.
(Fridman et al., 1999)
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The traditional gliding arc discharge has been designed by Czernichowski tiealled
plate gliding arc discharge, has been used in fields of energwivoement such as

air depollution from volatile organic compounds, for its characteristics and simple
configuration. (Czernichowski, 1994) Generating powerful neaquilibrium
atmospheric pressure plasisagradually more popular through the increase use of
gliding arc discharges in chemical processes. The plasma stabilisation in reverse
vortex "tornado” rose interest by its combination of a high power, characteristic of arc
discharges, and a high level obnequilibrium, characteristic of nethermal

atmospheric pressure discharg@&sidman, 2008)
2.3.3.2.3. High frequency discharges: RF and MW discharges

The frequency used to exeithe gas to be plasmarised is essential as it influences the
electron and ion behaviouFigure 2.38 represents the frequency effect on which
component of the plasmé@l'endero et al., 2006)he first group at low frequencies

are the gliding arc, corona or dielectric barrier discharges. The second and third group

are respectively the radio frequency (RF) discharges and microwave (MW)

discharges.
Blectrons ond ions folow the The electrons are the only Enhancement of the
oscillations of the electric field anes 1o follow the ehovions observed

cscliations of the elacthic In 20ne (2).
field. The iors are
influenced by the average
temporal locol valseas of
fhe: fiekd,

IkHz ~ 10kHz 100kHz 1MHz 10MHz 100MHz | GHz 10GHz
T ——— | ———

Low frequency I Radio frequency W Microwave

fpi fpe

Figure 2.3-8: lons and electrons frequencies in notthermal plasmas(Tendero et
al., 2006)

Non-equilibrium, lowpressure RF discharges are commonly used in plasma

chemistry: for example in micrelectronic processes such as etching and deposition
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or in the treatment of polymer materiglBridman, 2008for such a discharge, the
electrodes are mainly kept outside the discharge volume, avoiding the usual
deterioration of the electrodes through erosion or plasma contamination with metal
vapours. The plasma can be consideraddgeneous as the electric field wavelength

is very large compared to the dimensions of the vessels. Howeveegnditrium

plasma are usually generated at low pressure whereas at atmospheric pressure, thermal
plasmas are generated. Three typical RF diggs configuration are shownfigure

2.39 with a and b using capacitive coupling and used at low pressure, and c used at
higher pressure (up to atmospheric) and using an inductive coupling where the

discharge take place in the magnetic field of andtida coil. (Eliassonet al, 1991)

—

i} (ch

Figure 2.3-9: Different types of RF discharges(Eliasson and Kogelschatz, 1991)

Microwave (MW) discharges are usually using frequencies below 3 GHz to generate
plasma as the electromagnetic field wavelength is similar to the discharge vessel
dimensions. Microwave induced plasmas are usually far from the local
thermodynamic equilibdm as the high frequencies allow only light electrons to
follow the electric field oscillations. They can also be generated at low and high
pressures (up to atmospheri@liassoret al, 1991)Microwave induced plasmas can

be separated in three categories since 1993: discharges produced in open structures,
closed swctures and in resonance structure in presence of a magneti(Miatdcet

al., 1993; Conradset al, 2000) Closed structures can be microplasmas (compact

microwave induced plasma source) whereas plasma in open air can be free expanding
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torches using different torches such as metallic torches, orrsetallic torch.
Resonant cavitplasmas amplify the wave sent to the system through the resonance
phenomena: waves bounce back and forth inside the cavity, combine together,
reinforcing and increasing their energy. This phenomena at the appropriate frequency
(the generator and the caviesonance frequency should be the same) will trigger the
discharge.(Tendero et al., 2006)

2.3.3.2.4. Dielectric barrier discharges

Dielectric barrier disharges, also known as DBD, were first introduced in 1857 by
Siemens to generate ozone, determining the direction for DBD investigations and
applications for many yearg¢kridmanet al., 2011) After their main use in ozone
generation, DBD plasmas can be used in carbon dioxide lasers, to produce methanol,
to deposit thidfilm or for plasma display(Conrad<et al, 2000)

A dielectric barrier discharge is composed of two electrodes, usually metal plates,
with at least one of the plates covered by a dielectric |1ayex.gap between both
electrodes, a space of few millimetres, is where the plasma takes place, ignited
through a pulsed or a sinusoidal power genergi@ndeo et al., 2006 Different

types of DBD configurations are presented Rigure 2.310 with planar and
cylindrical configurations. These discharges are usually sustained at frequencies
between 50 Hz and 1 MHz, along with voltages between 1 to 10Tikviradset al,
2000)The secalled silent discharge formed can be a glow or a filamentary discharge,
depending on the voltage and frequency in use, as well as the gas compaosition.
Filament discharges are formed on the surface of the dielectric layer by forming
streamers or moro-discharges(Tendero et al., 20068}low discharges appear to be
favour by the use of helium due to He metastable spet®yama et al., 199@nd

Penning effec{Massine<t al, 1998; Goossens et al., 2001)

The dielectric layer has an important role as it limits the discharge current as well as
avoids the transition to arc discharge, enabling the current to be contorymused.
Besides, it ensures a homogeneous treatment as the streamers will randomly appear
on the electrode surface, due to the accumulation of electrons on the dielectric layer.
(Tendero et al., 2006hhus, the whole DBD zone is composed of microdischarges
spread quite uniformly with a short lifetime-2D ns for a 1mm air gap), leading to

78



very little overheating of the DB¥Fridmanet al, 2011)The main advantage of DBD
plasmas compared to other discharges is the possibility to use atmospheric non

thermal and their relatively easiness to scgdg(Conradset al, 2000)

/ High Voltage Electrode
— Dielectric Barrier
High Voltage (~ (a)
AC Generator

T —— Ground Electrode

High Voltage Electrode
Discharge Gap
Dielectric Barrier

“—— Ground Electrode [d}

©

Figure 2.3-10:. Common configurations of dielectricbarrier discharges with
planar configuration (a, b, ¢) and cylindrical configuration (d).(Fridman,
2008)
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Figure 2.3-11: Schematic of a packeebed DBD discharge.(Fridman, 2008)

Other types of DBD such as surface discharges, paod@dorona discharges or ron
thermal, highvoltage, atmospherpressure, floatinglectrode dielectric barrier
discharge (FEDBD) can be of interest. For example,-BEBBD are interesting as they
use the human body as a second electrode to generate plasma, without damaging the
living tissue. They could be very interesting for medical and biological applications.
On the other hand the ace discharges are mainly of interest to reduce the
breakdown voltage for unification of the electric field and local overvoltage.
(Fridman, 2008packed bed corona discharges azerabination of DBD and sliding
surface discharge and represente#figure 2.311. A high voltage is applied to the
packed bed and anaquilibrium plasma will be created in the void space between
the dielectric pellets of catalyst. By refracting of tthectric field on the pellets, the
electric field becomes namiform and stronger with an intensity dependent of the

porosity, shape and dielectric constant of the pell[Etedmanet al, 2011)
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2.4. Plasmacatalysis systems

Plasma systems are of interest for some chemical applications as they involve greater
temperatures and higher energy density as well as very high concentration of active
species. The fact that plasmas ac¢ ruled by the thermodynamic equilibriums
whichever are the concentrations of reactive species and the reactor temperature,
make their use in chemical processes even more attra@fndman, 2008)To
combine the high selectivity of the catalysis reaction and the advantages of the plasma
technique, the combination of plasma and catalyst, also called ptagatgsis, have

been of interest for the scientific community. The interestplasmacatalysis
increased due to its possible application to environment such as destruction of
pollutant in the waste gas stream or minimisation of unwanted products like nitride
oxides or carbon dioxidéWhitehead, 2010Even thogh the mechanisms of these

kind of processes are hardly understood, plasatalysis presents many advantages
compared to thermal catalysis such as a lower temper@tiggset al, 2014)In this

section, the different types of plastoatalytic configurations and the synergetic effect

of plasmacatalysis will be presented, as well as the reported effect of plasma on the
catalyst and the reported effect of the catalyst on plasma. Finally, a way to choose a

catalyst for plasmaatalysis will be discussed.

2.4.1. Type of plasmecatalytic reactors

The classification of plasmeatalytic reactor can be foundhigure 2.41, dependent

of the position and the number of catalyst beds. A sisglge plasma system is a
plasma reactor containing the catalyst. In a-stage reactor, the plasma reactor
comedirst, followed by a catalyst reactor. This kind of configuration is used for ozone
production for example whereas the singilege reactor has been reported for
acetaldehyde removdKim et al., 2016)Singlestage plasma catalysis processes are
mostly suitable for nothermal plasmas whereas the tatage plasmaatalysis
system are suitable for both thermal and-tirmal plasmas(Neytset al, 20140
preventthe formation of arc, plasmezatalysis reactors are mainly operated in the
presence of one barrier minimum, dielectric barrier discharge being the most common
type of plasma. However, discharge charactessten be altered when barrier

discharge plasmayith or without catalyst, are operating at a temperature higher than
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100 °C or at high frequencies. As the temperature increases, the discharge can become

unstable, affecting the current and voltage ofdim et al., 2016)
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Figure 2.4-1: Types of plasmacatalyst reactors according to catalyst bed position
and number (Kim et al., 2016)

As the optimisation of the catalyst and the plasma can be done separately in a two
stage system, simplifying the process optimisation, most commerciatatppli use

this type of configuration. On the other hand, in sirgilge processes, the
interactions between the ndmermal plasmas and the catalyst are more complex and

their understanding is behind the understanding of thestage processes. Plasma
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catalysis performance are highly influenced by the position of the catalyst. In most
catalyst cases, a singdtage process is better than a-stage process, with some
exceptions such as Ma@nd BaCuO-Cr.O3 on alumina support. The use of multi

stage proesses for the industry can be interesting in future plastadysis work.

This will enable different combination of catalysts, each with a different function
depending on its position and expected reaction. Another process of interest is the
cycled systm consisting of two steps absorption and plasma decomposition of the
adsorbed pollutants. They are attractive as less energy is required than for continuous
processes and they presented higher performance than usual desorption technics.
(Kim et al., 2016)

2.4.2. Synergetic effect of plasmaatalytic systems

The characteristics for plasreatalysis such as product selectivity or energy
efficiency, result in an improvement by using plastagalysis compared to the sum

of the processes taken individually. This is defined as the synergetic effect of the
plasmacaalytic system.(Neyts et al, 2014) Mainly reported for volatile organic
compounds (VOCs), it has for example been reporteddoompositiorof toluene at

room temperature using TiOas catalyst by Whitehead and his-workers.
(Whitehead, 2010Figure 2.42 showed the syngetic effect for destruction of
toluene as using plasma only or thermal catalysis only lead to a 10% destruction
approximately. Their combination however led to, not the sum of the two destruction
percentages 20%, but a 65% destruction of toluene. Thaesgetic effect has thus
been demonstrated at 25°C for toluene destruction usingchialyst but was not
observed at high temperatué/hitehead, 2010)
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Figure 2.4-2: Synergetic effect of plasmeacatalysis for destruction of tolueneat
25°C. (Whitehead, 2010)

Synergetic effects in both hydrocarbon reforming and VOC abatement have been
reported in many papers and listed by Nettsl.in a review.(Neytset al, 2014)

This synergetic effect has been studied for phenol or toluene destruction, ammonia
reforming, methane reforming or carbon dioxide gplittIt is actually dependent on
specific conditions in which the plasmatalysis takes place. Besides, interactions
between catalyst surface conditions and plasma generation are interconnected: as the
plasma characteristics are affected by the catalgss,oplasma may alter the

conditions on the catalyst surfa¢kim et al., 2016)

2.4.3. Effect of the addition of catalyson a plasma discharge

After discussing theynergetic effect of plasmzatalysis the effect of catalyst on the
plasma will be presented in this section. Four main effeave been reported: an
electric field enhancement, microdischarges formation megp¢often put together
with the electric field), changes in discharge type and adsorption of pollutant on the

catalyst surface.

First, roughness and reactor distortion can result in an enhancement of the electric
field. Pellets, granulates or fibres imetdischarge volume as well as porosity, together

or not with roughness may be at the origin of the enhance(fiakiuma, 1991Yhe
Apacked bed effecto is not always rel at

material. This effect is usually considered as a physicateés the pellets can be
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dielectric material, such as glass beads, coated or not with catalyst material, or can be
combined with zeolite or catalytic pelle{dleytset al, 2014)Polarisation effects as

well as charge accumulation on the dielectric layer surface lead to an enhancement of
the eletric field. The contact angle, dielectric constant of the pellets and the curvature
are key to this enhancement: on a porous catalyst surface, a large surface curvature
enables a field enhanceme(@hang, 2000; Woo Seok et al., 2003)e modified

electric field is affecting the electron energy distribution and thus the electron
dissociation and ionisation rates, which are determining the plasma chemical
composition(Neytset al, 2014)Zeolites(Liu et al., 2002and ferroelectric materials
(Holzer et al., 2005)sed in a plasma system hdeen shown to lead to an enhanced
electric field, with values ten or more times bigger, modifying the energy distribution

of the electrons close to the surface. The oxidative power of the plasma have also been
demonstrated along with the enhanced elefigid for compounds such as toluene et
methyl tertbutyl ether(Holzer et al., 2005)However, an increase of oxidatiam

plasma environment was not found for all compounds: compounds like diethyl ether

and pcumene did not see their oxidation increag€tae et al., 1999)

Linked to the electric field enhancement, midischarges can appear inside the
catalyst poregHolzer et al., 2005; Hensel et al., 2005; Hensel, 2008 to a very

strong electric field inside the pores, the characteristics of the discharge inside the
pores are different to the bulk on&sis leads to different rates of production and loss

of plasma species and consequently in a change of chenfisayts et al, 2014)
Studying the formation of discharge as a function of the pore size in view of waste
gas treatment, Hensel et al studied the behaviour of the discharge under nitrogen,
oxygen or air flow(Hensel et al., 2005; Hensel, 200%)r a small pore size (smaller

than onemicrometre diameter), surface discharge could be observed on the porous
material but no discharge could be seen inside the pores. For bigger pore size (over
15 micrometres) however, stable microdischarges could also be observed inside the
pores along withthe surface discharge, resulting in a large stable volume of

atmospheric pressure plasma.

The presence of catalyst, considered as an insulating surface, results in an expansion
of the discharge region as streamers propagate on the surface, leadingr® a m

intensive discharge around points of contact than for volume stregMali et al.,
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2005; Van Durme et al.,, 2007)his surface disdrge increased the removal
efficiency for VOC destruction, consequence of higher concentration of reactive
species due to higher electron dissociation and ionisation rates. Tu(2914l)
reported the effect of the addition of Nickdlumina pellet catalt into the reactor:

the introduction of the catalyst lead to a discharge shift from a filamentary discharge
to a predominant surface discharge on the catalyst as wells as a combination of limited
microdischarges(Tu et al., 2011)7eolites have shown similar behaviour: those
zeolite supported metal nanoparticles promoted the plasma expansion over a wide
surface area(Kim et al., 2009)In the case of a honeycomb monolith, a surface
discharge can develop at the inner walladlehoneycomb hole, called a honeycomb
discharge. This discharge is able to fill the whole reactor with a surface discharge.
(Mizuno, 2013)

Finally, the presence ahtalyst may modify the degradation processes in the plasma
or pollutant concentration. As pollutants can be adsorbed on the catalyst surface, they
increase their retention time inside the reactor leading to a higher destruction rate for
plasmacatalytic pocesses compared to plasma only procegs@s Durme et al.,
2007)Considering the relative concentration of the pollutants in thet fldw, their
concentrations are unlikely to affect greatly the discharge. The adsorption of reactive
species and pollutants is increasing with the porosity of the ma{®waisseau et al.,
2004)Consequently, microporous zeolite, having a vast surface area, tend to adsorb a
large quantity of pollutants over time, reducing the abatement effici¢Neyis et

al., 2014)Therefore, the decomposition of VOCs is more influenced by the absorption

process than by the discharge chargsties.(Van Durme et al., 2007)

2.4.4. Effect of plasma on catalysis

2.4.4.1. Effect of plasma components to a catalytic stage

As mentoned previously, plasma can be described as a mixture of six key elements:
photons, electrons, neutrals, negative and positive ions and excited molecules. For any
type of application, plasma chemistry involves multiple interactions between all these
compaents. The role played by plasma components can explain the effect of plasma
on catalysts. The major components are representdeigome 2.43. (Kim et al.,
2016)A chemically active plasma system is highly reactive due to its high charged

particles concentration (ions and electrons), excited particles with a heavy
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contribution of vibrational and electric excitations, UVopims, active atoms and
radicals. Electrons first collect energy from the electric field and distribute this energy
via collision by generating new species. Excited particles by vibrational excitation are
able to transfer energy through gas heating, aatelg the reaction in the plasma.

lons and radicals can react in the plasma at much lower temperatures than required by

thermal processeand thus, are essential to plascadalysis processes

Heat :

w vIouv

Heat
&)
EHD flow Heat Heat

Figure 2.4-3: Major components of plasmawith electrons (e), photons (hv),
neutral molecule (N), excited molecule (E*), positive ion (Po) and negative
ion (Ne). (Kim et al., 2016)

Ultraviolet (UV) radiations have different effects on the system. The radiations from
photons in an atmospheric psese northermal plasma have been proven to be
smaller than the one of the outside light which is about several m% Amthe
velocity of the photocatalytic reactions is much smaller (2 to 3 orders of magnitude)
than the reactions in plasreatalysis, ctalytic reactions induced by UV radiations
are negligible. (Kim et al.,, 2016) However, the Joshi effect may affect plasma
generation through UV radiations on the surface of the reactor. microdischarge
number or plasma intensity are enhanced by externatddiation of the plasma
reactor.(Falkenstein, 1997The kind and bilateral interaction should be studied in

more cbtails to be better understood.
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Another secondary effect in the plasma from its key components is the generation of
electrohydrodynamic (EHD) flow, also mentioned as ionic wind or corona. lons
carried along the discharge channel collide with gas molecubassferring their
energy to the molecules and generating a gas fldygaard, 1965Yhe velocity of

the electrohydrodynamic flow esfunction of the square root of the discharge current
and isproportional toa constant K depending on the configuration of the electrodes
with atypical value of 10 m& The electrohydrodynamic flow may enhanced mass
transfer from the gaghase to the catalyst surface and lead to turbulent conditions
around the dalyst bed. Thus, it can affect the mass transfer of reactants and long

lifetime active species in the plasma system. (Kim et al., 2016)

The migration flow of charged species such as ions and electrons, will lead to a
temperature increase in the systemdielectric loss, joule heating and gas heating in

the plasma channel. A higher dielectric constant generates a higher dielectric loss: the
use of ferroelectric material may increase the temperature inside the reactor more
easily. This canfor examplebe observed on ozone generation on a Bap#eked

bed. (Jogan et al., 1993However, the reactor temperature increase is primarily
dependent on the reactor energy input and more care should be provided when the
reactor is operating at higiower input. This is also due to the high importance of the
temperature role in the chemical reactor designs. In fact, chemical reactions are
classified depending on their enthalpy changes into endothermic and exothermic
reactions. An endothermic reactisma reaction during which the system is absorbing
heat, resulting in a positive enthalpy change, whereas an exothermic reaction is
releasing heat and its enthalpy change is negative. As a temperature change leads to
an equilibrium change, Le Chateliegsinciple declares that endothermic and
exothermic reactions favour respectively high and low temperatures. Thus, the
enthalpy changes of the chemical reaction of interest are important to determine and
control properly the temperature of the plastataytic system. For example, gliding

arc and arc discharge have performed better thasthewmal plasma such as pulsed
discharge or DBD when used for endothermic reactions like dry or steam reforming.
(Kim et al., 2016)
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2.4.4.2. Effect of the addition of plasma to a catalytic stage

Catalytic reactions can be represented as a-gtegeprocess: adsorption, followed by
surfacereaction and desorption. The main role of the catalyst is to reduce the
activation energy of the intended reaction by providing to the chemical reaction new
pathways. Catalysts can also provide a higher reaction selectivity through the new
reaction pathway Instead of thermal catalysis, plasma can be used for heat
substitution with different consequences. The fact that adsorption is inversely
proportional to temperature makes the use oftiemvperature plasmeatalysis highly
beneficial for the process. Tvamlditional functions are provided by the plasma for
adsorption processes: the generation of highly reactive molecules and the production
of intermediates more easily adsorbed by the catalyst than the original molecules.
(Kim et al., 2016)

First, by generating excited molecules and reactive radicals through electron
collisions in plasmas, electrophilic atoms are createdhbyptesence of unpaired
electrons in them. Thus, adsorption of radicals is promoted on the eldctron
catalyst surfaces. The dissociation of excited molecules on the catalyst surface can
also be more easily obtained than the dissociation ofemoited molecules as
underlined by a threshold shift to lower energy and an increased cross q&ation.

et al., 2016)Second, e conversion of some reactants in the-gasse by radicals

into intermediates often leads to more easily adsorbed molecules. Adsorbed reactant
concentration on the catalyst surface can also modify the pleatalysis reaction.

This can be observed fooltene decomposition on zeolites in a plasratalytic
reactor, as described by Oh et(2D06)

Radicals induced by plasma may react directly with adsorbed molecules, as it can be

seen for CO oxidisation over Au/TiCcatalyst, fully deactivated, in presence of

plasma.(Kim et al., 2007)Those reactions seem to follow the ERgeal (ER)

mechanism where a molecule in the gas phasesredttt another molecule, adsorbed

on the catalyst, without being adsorbed itself. However, this radidated process

in gas phase is referred to as reverge ileaction in opposition to the traditionalRE

reaction where the active molecules are fixedtbe catalyst surface. Actually,

desorption processes are promoted by plasma through electron and ion bombardment,

as shown by Yoshida et al. for desorption of carbon dioxide induced by plasma for
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example. (Yoshida et al., 2007)\s plasmacatalysis temperature is mostly much
smaller than the one of a catalytic chamber, gagnr can become a limiting step of
plasmacatalysis. Thus, plasma interaction with the surface is happening at every
elementary step with different influences on the whole readtfom et al., 2016)

The characteristic timescales in catalytic and plasma reactions are compagenen

2.4-4. The plasma reaction can be separated in two types: the fast reaction were
radicals are created and reacting and, once those have disappeared, the slow reaction
where highly reactive molecules such as ozone are being involved. lon molecules are
reacting ®en faster than radicals but their contribution the overall plasataysis
reaction is considered negligibi@ozaki et al., 2004f-or thecatalytic reaction, the

initial step, chemisorption happens within®1§. Due to surface rearrangement via
surface diffusion and spillover as well as diffusion into micropores, a longer time is
needed for the whole adsorption process, about 1 s. Thal gktllytic reaction time

is usually between 1and 18 s, about two to three orders of magnitude bigger than
the fast reaction for radicals in plasma syste(Bemorpi, 1992)Thus, the rate
limiting step for plasmaatalytic systems in gas phase is surface reaction and not

plasma: the chemical reaction is more likely to go from the plasma to the catalyst.

——— Fast reaction (radicals)

—t Q —— Temperature
, (Te DTus > Tie> Tias)

Discharge / N
/‘ ‘"\\Slow reaction (O, H,0)
Adsorption
(adsorption > spillover/ surface diffusion > rearangement)
Excitation . ;
Deexcitation m;mm: | Surface reaction

Dissociation
’ ’ Heating of support
(size-dependent)

Figure 2.4-4: Characteristic timescales in plasma and catalytic reaction (Kim et
al., 2016)
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The contribution of plasma heating to plasoadalysis is still unclear. The increase

of temperature in a plasatatalytic system is dependent of the energy input. Besides,
trarsitions of a vibrationatranslational temperature and a vibratiewvidlrational
temperature take place within about*iafter the discharge period. In presence of
humidity, the vibrationatranslational rates of transition are accelerated for oxygen
ard nitrogen. It is unknown if those changes in transition temperature can affect the
catalytic reaction and the catalyst heating. Thus, those interactions in {patatysic
systems require further investigation. Such fundamental studies on thbemoral
plasmas and catalysts and their interactions are often restricted by the lack of
appropriate instruments available, particularly fositu measurements. Techniques
used for conventional thermal catalysis analyses such as electron spin resonance
(ESR), Fourier transform infraed (FTIR), Xray photon spectroscopy (XPS),
operando scanning tunnelling microscopy (STM) eraX diffraction (XRD), are
difficult to apply to plasmad catalytic processes due to the presence of electrical
insulation, electrical dcharge and electromagnetic noise. Nevertheless, those
analysis techniques have been implemented in different plasma systems, as has been
laserinduced fluorescence technique. With the development of plaatadysis, iR

situ monitoring techniques will beare and more implemented and perfec{&n

et al., 2016)

2.4.4.3. Effect of plasma on the catalyst

As well as modifyingthe mechanisms of catalysis reactions, plasma may induce
changes in catalyst properties as the discharge expand over the catalyst surface.
Different effects have been observed. First, a higher adsorption probability on the
catalyst surface is observedaase of plasmaatalysis. As presented in the previous
section, the adsorptietiesorption mechanisms and their equilibrium are affected by
the discharge. Neytst al.(2014)suggested that the electric surface properties of the
catalysts are modified by the dischargieaing the Keesom, Debys and London
dispersion (respectively dipetipole, dipoleinduced dipole and induced dipele
induced dipole) and thus the adsorptaesorption. Such modifications will modify

the surface reactions mechanisms such as Langtimshelwood (reactants adsorbed

on the surface), EleRideal (one reactant adsorbed and one in gas phase) or Mars

vanKrevelen mechanism (one reactant adsorbed, the other being the catalyst surface).
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The plasma influence on Eldideal mechanisms has been preaed in the previous
section. Second, a higher surface area of catalyst can be observed as plasma may lead
to form smaller nanoparticles, higher dispersion and thus, a larger surfagélanep.

et al., 2010)The increase of particle dispersion casodead to a stronger catalytic
activity, as it has been demonstrated for the conversion of methane and carbon dioxide
into valueadded chemicals using a nickel supported on alumina cat@ystng et

al., 2009) As those particles are less ordered surface, with vacancies, defects,
undercoordinated sites, corners and edges, this unpolished surface induced by plasma
will enhance the catalytic activityNeytset al, 2014)The whole morphology of th

catalyst can be changed by plasma as it has been shown on SEM images of manganese

oxide catalysts before and after being treated by plag@ao et al., 2006)

Even more, in this example, the oxidation state changed after plasma treatment, going
from a third oxidation of manganese to an oxidation state +2 and +3. This is another
effect of plasma on catalyst: change in oxidastage of catalyst. It has been found

that oxygen plasma could reduce metals and thus increasing their activity. For
example, this phenomena has also been observed for Ag, Cu and Au supported on
ZrO after oxygen plasma treatme(Rylininaet al, 2013)Whereas Guo presented a
decrease in manganese oxidation s{@ep et al., 2006pemidyukand Whitehead
observed an increase in oxidation state from Manganese +4 to +5 in a Manganese
oxide supported by alumin@emidyuket al, 2007)From those papers, the oxidation
state of the catalyst may change due under the influence of discharge or via
interactions with reactive oxygen species promoting electron transfer from those
reactive speies to Mn active sites. As presented before, plasma can induce the
reduction of metal oxide catalyst to metallic form for metals such as Ni or Fe. The
reduction of nickel oxide to nickel was reported under an atmospheric pressure for a
DBD plasma(Tu et al., 2011pr a glow discharg(Shang et al., 2009)sed for dry
reforming. Besides, a reduced coke formation on catalyst can be observed in presence
of plasma, preventing the catalykeactivation. This has been illustrated by Shang et

al for dry reforming(Shang et al., 2009nd can be attributed to a higher dispersion

of the catalgt in the plasmaNeytset al, 2014)Finally, a change in work function

can be observed, the work function being described as the required energy to remove
an electron form the catalyst (or ionisation energy for metal catalyst case). The work
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function of a catalyst is influenced by its surfa@mditions and can be changed
through contamination or surface reactiofNeyts et al, 2014) Under plasma
environment, the voltage and current applied to the catalyst surface may modify the
work function of the catalyst, resulting in a potential electron extraction from the
catalyst via plasm@nduced polarisation(Wu et al., 1997A higher work function
improves active metal reduction and promotes oxidatives reactions, resulting in a

modified catalytic activity of the surfac@oppe et al., 1999)

As suggested by van Durne al, (2007)the enhancement of catalytic activity in
plasmacatalysis might beelated to the formation of hot spots on the surface of the
catalyst. Hot spots can be described as region are locally higher than the mean
temperature, due to the formation of strong microdischarges in areas with high
curvature like pellets or the catatypores(Van Durme et al., 2007ljhose hot spots

are linked to the enhancement of the electric field described previously. They can
modify the local plasma chemist§Holzer et al., 2005pr thermally activate the
catalyst locally as demonstrated by Kim et al for benzene degradation osORt/Al
catalyst(Kim et al., 2006Y0n the other hand, it is argued that hot spotsatsmhave

a negative influence with catalyst deactivation and low selectivity for targeted

products, due to the catalyst damage induced by pldkifaerg et al., 2011)

Other components of plasma can activate the catalyst surface, like photdidoy p
irradiation. The use of a catalyst activated by photon is known as photocatalysis, TiO
being the most common catalyst used in this type of catalysis (anatase form). This
oxide, with a bandgap of 3.2 eV, can be activated for redox reactions by @ty ph

with a wavelength below 387 nm. This mechanism is most likely to be important in
socal |l ed-rophoét @ as mas. It i's however,
community. In some studies, the photons have been shown not to enhance catalytic
activity. (Kim et al., 2008)0n the other hand, studies have demonstrated to enhance
the catalytic activity, even if this enhancement was nepleg without using UV
lamps.(Guaitella et al., 2008)

In presence of plasma, a high proportion of the species are in vibrationally excited
states, which are more reactive than their-encitedcounter parts. This state may

lead to lower the activation barrier for surface reactions as the initial energy of the
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reactants is higher. This mostly happens in case where the lifetime of those excited
species is long enough for them to reach the suldafme returning to their ground
state. When dealing with excited molecules, the activation energpeesen more
reduced with a smaller energy of the metastable state, resulting in-adiatatic

barrier crossing. Thus, processes for which the prodtaies are close to the
transitional states (a.k.a. late transition barrier process) are the only ones affected by
the vibrational excitation, whereas early transition barrier processes (transition state
close to reactants) are hardly affected. Thisatabatic barrier crossing is probably

the main mechanism in the discharge as the higher state of excited molecules is limited
for the vibrationally excited reactan{dleytset al, 2014)Moreover, the treatment of
plasma on the catalyst, modifying its surface may lead to an even lower activation
barrier. This could be seen for example for toluene decomposition in Demidyuk and
Whi t e h e a {Demidygkat@le 2007)Arrhenius plot have been obtained for

di f f er en t-Al20:aMn@}AQGs tinsl AgO2AI203) before and after plasma
treatment to identify the mechanism of plasma activation. No energy activation
difference was found beferand after being introduced inside the discharge. Changes
could though be observed related to the oxidation state of the catalyst, leading to an
increase of active sites for Ma@\l.0s or a smaller activation energy for AQ-

Al20s.

As described in sedn 2.4.4.1, the numerous components of the plasma discharge
lead to a very different gas mixture than the one before the plasma, which results in a
different choice of reactants available for the catalysis reaction. Thus, in presence of
plasma, the reactiopathways are going to be different from the traditional catalysis
reaction. All components of the plasma may participate to the reaction pathways: not
only electrons and photons, but also ions and electronically excited species. Even if
most their lifetme in the plasma is very short, lowering their probability to bombard
the catalyst surface, electrons and photons may be in contact with adsorbed molecules
on the catalysts, creating ions and electronically excited species participating to the
reaction pdtways. Notorious excited species with longer lifetime, sucigsinglet
oxygen, are known to be very reactive and appear of importance in pathways such as
for VOCs oxidation(Neytset al, 2014)
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Effects on performance
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Figure 2.4-5: lllustration of the mechanisms to enhance the performance of a

single stage plasmaatalysis (Chen et al., 2009)

To conclude, the main mechanismsingprove the performance of a single stage
plasma catalysis can be summarised ddgare 2.45f r om Chends r evi
removal by single or twstage plasmaatalysis system(Chen et al., 2009The

effects are presented on the left with the effect of catalyst on plasma and on the right

with the effect of plasma on the catalyst, presented in the previous section.

2.4.5. Catalyst selection for plasma&atalytic systems

No rule has been yet determined to choose an appropriate catalyst for a specific
plasmacatalytic reaction. This can be explained by the extensive choice of available
catalysts and of their preparation. As the catalytic performance can be affected by the
type of precursors used, different catalysts are being studied, for different reactions
and under different conditions. Thus, the best approach to choose the right catalyst for
a specific plasmaatalytic reaction might be to use the information on the thermal
catalytic reaction associatedKim et al., 2016)Such an approach leads to a wide
range of possible combinations for plasoaalysis for which the best combination
might need to be demonstrated experimentally. Furthermore, plzsalgsis enables
theuse of different form of catalysts such as honeycomb monolith, foam, coating on
the electrodes or reactor walls or packed bed in form of granulates, pellets, powder or
coated fibre(Neytset al, 2014)
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Observation of the relation between the catalytic performance and the surface
streamer propagation has been conducted via intensified et@upgked device

(ICCD) camera imaging of plasma on catalygtsm et al., 2009; Kim et al., 2015)

Two different modes of discharge have been obselveéslusually around catalyst
contact points that partial discharge is observed. By increasing the voltage, plasma
can be observed on the catalyst surface as well as on the contact points, even if it does
not propagate to the surface. Necessary for strtiegaction and to obtain efficient
catalyst in plasma, the contact area should be the largest possible. Thus, the distance
between the plasma and the catalyst should be as small as possible for an efficient

utilisation of the sho+tived radicals on thewsface.(Kim et al., 2016)

A parameter K, dimensionlesg<im et al., 2014)has been created to describe the
interaction between plasma and catalysts, for any process requiring the transport from
plasma to target material of shdikted species. It is dependent of thggration length

of ionic species and the diffusion length of reactive specigsuid Lo respectively).

(Kim et al., 2016)As catalysts can be described by their electrical capacitance,
resistivity and dielectric constant, the overall equivalent cirdua packed bed is
modified by those values and the plasma generation itself is affected. This has been
experimented and three main changes could be drawn: first, it decreased the plasma
ignition voltage; second, the number of microdischarges increasetd];ttte loading

of metal nanoparticles on the catalyst surface extended the plasma area. The electrical
resistivity of the catalyst can be optimised and used in a specific range, yet to be

determined as studies are yet to be condu¢kaoh et al., 2016)

Using the tip of scanning tunnelling spectrosc@pse et al., 20119r a biasvoltage
(Deshlahra et al., 2011)he dissociation of absorbed species via external electron
injection has been reported as well as its enhancement. This may also be applicable to
plasmacatalysis where surfacesamers are propagating on the catalyst surface and
the relaxation and accumulation of charged molecules happens in the rangesof 10
(Kim et al., 2016ffor plasmecatalysis to be practical and used in lasgale
applications, durability is essential.lthough longterm testing (> thousardbour
experiment) and pilescale of plasmaatalysis processes have hardly been studied,
deactivation mechanisms are known: poisoning via S, Hg, P, Cl or Pb, carbon (coke)
deposition, nanoparticle accumulation and na@tal or thermal stress. To prevent
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the accumulation of nanoparticles, also called sintering, thedowerature used in
plasmacatalysis may have a positive effect. To reduce the size of active metals,

plasma treatment has proven to be effec{i¢en et al., 2016)

2.5 Hydrogen rich syngas generation and reduction of tar

compounds with plasmacatalysis systems

2.5.1 Generation of syngas using plasmaatalytic system

Production of syngalsy dry methane reforming and carbon dioxide conversion have
been the subject of many studies for their potential to alleviate global warming by
utilising methane and carbon dioxide to produce syngas for further use. These two

processes are described irstbection.
2.5.1.1 Dry methane reformingand biogas reforming

Dry methane reforming or biogas reforming have been the subject of studies recently
for its utilisation of greenhouse gases for produce adgdadce products. Aziznia et

al. compared the catalgtdry reforming of methane over Ni/&D; catalyst (9231023

K) to the low temperature plasreatalytic corona reforming. The effect of power
discharge, feed flow rate and catalysts were investigated. The use of catalyst in the
plasma reactor increased tbenversions of methane and carbon dioxide, resulting
into higher selectivity to CO, less {product formation, such as oxygenates and
hydrocarbons. Higher loadings of nickel on alumina catalyst and higher power
discharges led to higher G@nd CH conversons. These conversions decreased for

increasing feed flowrate§Aziznia et al., 2012)

Tu et alinvestigated dry reforming of methane in a coaxial dielectric barrier discharge
reactor(Tu et al., 2011and worked toward understanding the synergetic effect at low
temperaturéTu et al, 2012) These works wereonducted over Ni/ADs. In the work

from 2011, the catalyst is packed within the plasma discharge zone and the electrical
characteristics of the discharge are studied. A change of the discharge behaviour was

observed when pellets were introduced, frorfilanentary micredischarge to a
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combination of surface discharge on the catalyst surface and limited spatial micro
discharges. Moreover, when the catalyst is fully packed in the discharge zone, the
breakdown voltage of the mixture @B0, was shown to deease. The enhancement

of charge transfer and expansion of discharge was attributed to the presence of Ni
active site, conductive, and dispersed on the catalyst surface. When the catalyst was
added to the system, the molar product ratitC® raisedrom 0.84 to 2.53 and the

H> selectivity was increase(lu et al., 2011Yhe work from 2012 demonstrated the
presence of reactive species sucha<0, CH, CQ"and N*. The catalyst presence

was shown to have little effect on the discharge temperature. The synergetic effect
obtaned from the plasmaatalysis system was observed for 10wt.% NiTA)
partially packed in the discharge zone, showing a high €Hversion (56.4%) and

H> generation (17.5%). The synergy effect resulted in a significant improvement of
energy efficiency. fis effect could be the result of strong interactions between the

plasma and the catalyst and a high activity of the N@Atatalyst.(Tu et al, 2012)

Zeng et al. (2018) studied thawl temperaturdiogas reformingn a plasmecatalytic
system The wse of K, Mg and Ce promoted Ni catalyst supported on alumina led to
an enhancement of the conversion of4CHeld of hydrogen and energy efficiency of

the plasma processhis behaviour diffes than the one from thermal catalysis for
methane conversion and carbon deposition. Potassium showed the best performance
with best conversion of methane and carbon dioxide, hydrogen yield, carbon
monoxides and smaller carbons yields as aglthe energy efficiency of the plasma
processThe promoters enhanced the reforming in the following order, Mg < Ce < K.
Whereas all promoters promoted £ebnversion, K and Ce also improved £0
conversion.When the catalyst was placeith the plasma refoning system, the
conversion reached its highest with 22.8% for carbon dioxide and 31.6% for methane.
Magnesium increased the molar ratio between hydrogen and carbon monoxide in the
produced gas (up to 2.2) by a smaller carbon dioxide conve€zsng et al., 2018)
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2.5.1.2 Carbon dioxideconversion

CO, conversion in plasma systems has been reported to presuited CO and
O;'species.(Brock et al., 1999; Zheng et al., 200Bjock et al. described the
production of these reactive species in the case afde@@omposition in an AC arc

glow discharge reactor, for mixture of 2.5, 10 and 20 % of i@®le. Conversion of
COzinto CO and @was observed to decrease for increase €d@centration(Brock

et al., 1999 heng et al. studied the mutual conversion of CO2 and CO in dielectric
barrier discharge (DBD). The results demonstrated that CO conversion ratio increased
with higher voltage, whereas G©@onversion did no Moreover, high voltage and

high concentration of reactant led to lower energy efficie(flyeng et al., 2003)

Paulussen et a(2010) investigated the conversion of carbon dioxide to added value
chemicds in atmospheric pressure DBD reactor. Varying power input, discharge
frequency, feed flow rates and gas temperature were investigated. The most important
parameter was demonstrated to be feed flow rate, where a low flow resulted in a higher
CO, conversim and higher CO yield. Optimum frequency used was observed
dependent of power input. Increase in gas temperature and power input resulted in
increased conversion levels with a limited effect on CO generation yield. When the
power input increase, it incress electric field, electron temperature and discharge
temperature; which in turns created more energetic electrons and reactive species,

leading to an easier breakdown of moleculPaulussen et al., 2010)

Mei et al. (2015) studied plasrassisted conversion of carbon dioxide in a DBD
reactor and the effect of its packing materials through Ba#&i@glass beads. The
introduction of packing into the DBD plasma changed the physical characteristics of
the plasma discharge, switching from a filamentary discharge to a combination of
surface discharge and filamentary discharge. Higher energy efficiencyC@nd
conversion were reached when used BaTa® packing material. It also improved
average electric field and mean electron energy of diszharge, affecting plasma
chemical reactions and leading to an improvead Gfdversion, CO yield and plasma
energyefficiency; even though residence time is reduced through smaller discharge
volume with the same feed flow rates. Highly energetic electrons could activate
photocatalysis properties of BaTiOcreating electroimole pairs on the packing

surface which tookart in enhancing C£xonversion.(Mei et al., 2015)
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2.5.2 Tar reduction using plasmacatalytic systems

Plasma catalysis has been used to reduce model tar eodgbirst, studies have

been conducted on single tar compounds only, to be able to draw a mechanism in
different conditions.The most common tar model compound studied is toluene.
Toluene is a cheap and stable tar compound. ,Tihus considered as a gd
representative for tars in general and their ability to break down in plestalgtic
systems. Other compounds could be used such as naphthiabEreene

2.5.2.1 Toluene tar reduction

Confirming literature results of plasrtatalysis on model compnods such as toluene

(Liu et al., 2017; Wang et al., 2017; Whitehead, 20p8smacatalysis technology
enabled to reduce more toluetigan plasma or catalysis systems. Oh et al studied
toluene decomposition through surfadischarge reactor combined with zeolite
catalystsZeolite catalyst was put at the entrance of the plasma region, at the plasma
tail and downstream of the plasma reactor, in a separate reactor. When the zeolite at
the plasma react@ntrancavas not propeyl reducing toluene, toluene decomposition
happened at the tail, as well as downstream of the plasma reactor thanks to the
presence of ozone and radical oxygen spedMith increasing temperature, the
decomposition of toluene and CO selectivity increatesl|atter due to an improved
decomposition of HCOOH, resulting from a better adsorption of formaldehyde on the
zeolite catalys(Oh et al., 2006)

Wang et alinvestigated the destruction of toluene in a DBD reactor coupled with
CeQ-MnOx catalysts. Thenfluence of molar ratio Ce/Mn, gas flow rate, toluene
initial concentration and power input on the removal efficiency and CO selectivity
were studied. As power increased, removal efficiency of toluene and carbon dioxide
were improved in the plasr@talytic system using Ce&MnOy catalyst, compared

to plasma systems. The pathway of toluene removal was discussed. Wang et al
identified some degradation products, a range of aliphatic and aromatic hydrocarbons
including methyl and dimethybenzenes, benzaldatsy and methybutanol.(Wang

et al., 2017)

Toluene decomposition in a wimate DBD reactor with manganese

oxide/alumina/nickel foam catalyst have been studied by Guo et al. The influence of
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gas flow rate and oxygen content were investigated. Combining the DBD with the
foam catalyst resulted in pnoving the removal efficiency of toluene, CO2 selectivity
and limit by-product formation. Characterisation of the reacted catalyst showed that
DBD improved dispersion of active species, increased activity and stability of
catalyst, as well as reinforcedidation capability of the foam catalygGuo et al.,
2006)

2.5.2.2Steam reforming of toluene

As presented in previous sect®) plasma and plasmeatalysis systems produce
reactive species most likely responsible for the reduction in tar yield, such as high
energy electrons or free radical®H* O*and N'and excited N species reacting

with biomass vapourgLiu et al., 2017)This has been shown hyu et.al (Liu et al.,

2017) whostudied the conversion of toluene in an arc discharge plasma with nitrogen
as a gas carrier. The introduction of steam within the plasma system resulted to a
higher toluene conversion and energy efficiency: steam inside the discharge produced
OH radicaldeading to new pathways to convert toluene through a stepwise oxidation

of toluene and intermediates.

Other studies demonstrated the importance of hydroxyl radical in steam reforming of
toluene using plasmeatalytic systems. While using plasma systentg, ddunnally

et al. demonstrated the important role of hydroxyl radicals in steam reforming. OH
radicals were produced either with water interaction with electrically extifeahd

N2'or electron interaction with wateGenerated radicals readily reacttiwtar
compounds resulting in their reductiont Wgher steam input, tar content increased,
showing a lower tar reduction efficiencgNunnally et al., 2014)This was also
demonstrated in plasraatalysis systems as showed lg\Durme et alon toluene
removal by a plasmeatalytic system in humid air. An excess of water led to the
formation of mono or muliayers on catalyst surface, preventing access to active sites

of the catalyst(Van Durme et al., 2007)

Liu et al used a DBD reactor to study the steam reforming of toluene in plasma
catalytic systems, using Miased and Fbased catalysts on alumina wittiferent
molar ratio between metals and alumina. Theb&Bed catalyst with a molar ratio
M:Al of 1:3 showed the highest potential to convert biomass tars into hydrmipen

syngas, with a toluene conversion of 96% and a hydrogen yield of 2.18 mol per mol
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of toluene(Liu et al., 2017)Liu et al expanded their study with a similar experiment

on a DBD reactor with Nbased and Fbased catalysts, but with different supports.
The main products from toluene decomposition were benzene and ethylbenzene,
alongside lower concentrations of xylenéyrene, cumene, propylbenzene, -1,2
diphenylethane and@ethyl3-phenylbutane. Liu et al reported that Ni catalysts were
converting toluene to gas product more efficiently and that higher surface area of
catalyst support resulted in an increase of tolalsm®mposition. It was also showed,
when studying the place of the catalyst in the system, that toluene decomposition was
more efficient in the plasma zone. The highest conversion of toluene was obtained for
Ni/ZSM-5 catalyst, 86.5%, whereas the conversithout catalyst in the system was
around 64%(Liu et al., 2017)

Liu et al. used a DBD system and nickel supported on alumina catalyst to study steam
reforming of toluene as a tar model compound for biomass gasificBiifberent Ni
loading, from 520 wt.%, were analysednd compared to plasma reaction without
catalyst. In this experiment, plasroatalysis enhanced the conversion of toluene, the
yield of hydrogen and the energy efficiency of the process. The pleatalgtic
process was further improved by increasing thdasdding. With a 20 wt.% Ni
alumina catalyst, the conversion of toluene and the hydrogen yield were at their
highest, 52% and 32% respectively. The presence alUdnina catalysin the
process reduced significantly the formation of organigimducts.Moreover, its
presence shifted the toluene destruction pathway: instead of dehydrogenation or
oxygenation of a methyl group, the primary reaction pathway became a direct
cleavage of toluene ringdh wide range of hydrocarbons were detected, including
xylenes, styrene, propylbenzene, ethylbenzene, benzenes and oxygenated
hydrocarbonsThis was demonstrated by the increased yield of hydrogen zd C
However, this mechanism was conducted witmmargon environment as Ar is used

as a gas carrier. The mechanisould change in a different atmosphere, as it will
create different reactive species inside the plagonaet al., 2017)

2.5.23 Reduction of other single modetar compounds

Apart from toluene, removal of single tar compounds has been intensivegdstmd

alcohols, such as formaldehyde, or aromatic compounds, such as benzene, styrene or
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naphthalene. These examples are presented in this section féentpsrature

plasmacatalysis systems.

Activation of Cu/ZrQ catalysts for dehydrogenation of alcthby lowtemperature
oxygen and hydrogen plasma has been studied by Pylinina et al, tsitgnd| as a
model compound. The presence of Cu resulted in an increase in catalytic activity of
alcohol dehydrogenation when placed in a plasma, hydrogen or roplgema.
(Pylinina and Mikhalenko, 201%ormaldehyde removal in a plasioatalytic system

has also been investigated by Zhu et al using a DBD reactor aGe Catalysts. The
highest removal efficiency and G®electivity were obtained for GQe birary oxide
catalysts with 94.7% and 97.3% respectively. The plasaalysis enhanced the
reaction performance when a-Qe binary oxide catalyst was used and was shown to
have a negative effect on the formaldehyde removal when CuO or CeO were used.
The birary oxide catalyst resulted in a larger surface area, larger pore volume, and
greater formation of adsorbed oxygen on the catalyst surface, favouring formaldehyde
oxidation in plasmaatalysis systems. It also facilitated the formation of more active
oxygen atoms, contributing to oxidation reactions in plasratlysis systenfZhu et

al., 2015)

Kim et al. studied the decomposition of benzene in a plabiaan catalyst reactor
using Ag/TiQ and the influence of electrode configuration and Ag loading amount
on benzene decomposition. Modifying the ground electrode to reduce void between
dielectrics and the ground electrode improved the energy efficiency of the plasma by
reducing the irregulazorona discharges. Using silver paste instead of aluminium tape
or copper mesh electrodes resulted in the highest energy efficiency. The larger the
Ag-loading on TiQ catalyst, the better the benzene decomposition, leading to

improved carbon balance and g£€&lectivity.(Kim et al., 2004)

The destruction of styrene in air sam by packed DBD reactovgas studied by
Chang et al., comparing packed and-packed DBD reactors and using glassAl

or PtPd supported on ADs catalysts. C@was the major product of styrene removal
with higher concentration for packed bed reactmympared to nepacked reactors.
Increasing the styrene input quantity resulted in a decreasing removal efficiency and
increase in solid byroduct, containing carbon. With packedds, efficiency of

styrene removal was improved, a higher C&®lectivity and a lower ozone
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concentration were obtained with-Pd supported on ADs catalysts. Increasing the

bed length led to a decrease of carbompimducts. (Chang et al., 2005)

Wu et al. investigatethe oxidation of naphthalene in a DBD plasoadalytic system

over TiQJ/diatomite catalyst. Combining Tglliatomite catalyst with plasma resulted

to higher naphthalene conversion and Cflectivity compared to plaskhuely
processes, up to 40% and 92% respectively. It also reduced aerosol formation and
secondary volatile compounds, up to 90 and 100% respectively. Ptasatgsis was
suggested to intensify electron energy, from whichgised electrons activated TiO2
catalysts. Interaction between the plasma and the catalyst resulted in synergetic effect,
improving naphthalene oxidatiof\Wu et al., 2018)

2.5.24 Mixture of tar com pounds

To thebestoftheaut hor 6 s vemnfewplbkcatigns were accessible for the
removal ofcomplexmixture of tar model compounds in plasgetalytic systems.
Moreover, few scientific publications investigated the removal of mixture of tarimode
compounds in plasma systems. This section presents the steam reforming of mixture
of toluene and naphthalene in gliding arc discharge reactors. In a first example,
Nunnally et al. simulated a syngas containing toluene and naphthalene as vapours,
going through a gliding arc plasma to be reformed. At low tar concentration, 30 g/m
over 90% of conversion of naphthalene and toluene was reached; whereas for a higher
tar concentration, 75 gfin 70% of conversion was obtained. Higher energy
efficiencies for bdt tar model compounds at higher tar concentration were the result
of effective gas mixing and plasma chemistry, including fast reaction kinetics from
active species, radicals and iorfslunnally et al., 2014Recently, Zhang etla
investigated steam reforming of naphthalene and toluene as model tar compounds in
a gliding arc reactor, more specifically the effect of carbon dioxide and steam on the
performance of the reaction. Increasing the quantity of steam improved the canversio
of toluene and naphthalene, increasing the amount of hydroxyl radicals generated by
water dissociation which reacted with tar model compounds and their intermediary
products. Introducing carbon dioxide to the system resulted in a decrease of
conversion ad energy efficiency. Finally, the process showed traces of monocyclic
and bicyclic aromatic byroducts, alongside :1CH> and CO as major compounds.

The model tar compounds removal could be originating from collisions of tar model
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compounds with energetelectrons, nitrogen excited species or oxygen and hydroxyl
radicals.(Zhang et al., 2019Besides, as Zhang et al. underlined, due to complexity
of tar compounds, the use of nthrermal plasma on a prtcal gasifier for tar removal

will have a lower removal efficiency than the processes used for individual tar model

compound in laboratory research.
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Chapter 3: Materials and Methods

In this chapter, the studied biomass materials and experimentadprecused to
prepare the catalysts used in this study are described. The techniques used to analyse
the products obtained from the experiments and to characterise the materials in use
are presented. The procedures used to investigate the performaffieeaiplasma

catalytic systems for tar reduction and syngas production are also discussed. A fixed
bed reactor was used to analyse the pyrolysis products from different biomasses. A
two-stage fixed bed reactor, with different second stage plasadytc reactors, was

used to investigate tar reduction and syngas production fotheomal plasma

catalytic systems.

This chapter is divided in two parts: first the materials, then the methods. The
OMaterial s6 section des cremttesarchéditaalystsa w me
The O6Methodsdé section describes the exp
the different analytical techniqgues used to characterise the initial materials or
products. Additionally, the reproducibility of the analytical hwats and the

experimental techniques are presented.

3.1 Materials

In this section, the characteristics of the biomass samples used in this study, as well

as the catalyst preparation and catalyst characteristics are described.

3.1.1 Biomass samples

Different biomass compounds were used as feedstock for these experiments. First, to
analyse the different tar compounds present in biomass pyrolysis vapours, four
different biomasseks wood pellet, corn stalk, peanut shell and coconut $hetkre

used. Then, thevood pellet sample was used as the main feedstock to investigate tar
reduction and syngas production for two types of-ti@mrmal plasma catalytic
systems. In order to further understand the mechanisms in place in the-plasma
catalytic system, model compais) such as toluene, cellulose, hemllulose and

lignin, were used. All these materials are described in this section.
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3.1.1.1 Different biomasses used as feedstocks

Four different biomasséswood pellet, corn stalk, peanut shell and coconut $hell

were studied. The waste biomass used as the feedstock for pyrolysis was in the form
of waste wood sawdust which was compressed into wood pellets and was obtained
from Liverpool Wood Pellets Ltd, Liverpool, UK. Corn stalk and peanut shell were
obtained from Njeria whereas Coconut shell was from Ghana. The biomasses were
separately shredded and sieved to produce biomasses with a particle size in the range
of 17 2.8 mm.

Table 3.1-1: Feedstock analysis of different biomasses
Biomass type Wood pellet| Corn Peanut Coconut
stalk shell shell

Thermogravimetric Analysis (TGA)

Dehydration end (°C) 93 112 106 105
Pyrolysis start(°C) 350 320 298 323
Pyrolysis end (°C) 618 612 618 622

Proximate analysis

Moisture (%) 73 8.0 89 10.0
Volatile (%) 75.5 67.7 641 673
Fixed carbon (%) 15.2 16.7 21.6 21.2
Ash (%) 2.0 76 55 1.5

Sample characterisation was obtained through proximate and ultimate analysis,
methods presented in section 3.3.1. The results for the different feedstocks are
represented ifable 3.11. These results are close to those reported in the literature
(ECN Phyllis Classification, 2012pr proximate analysis and close to experimental
start and end of pyrolysis through TGA results.

The results, presented Trable 3.12, are very close to the reported literature values.
(ECN Phyllis Classification, 2012)/ood pellet had the highest carbon content. Corn

stalk was the feedstock with the highest oxygen content and the highest ash content.
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Coconut shell had the highest moisture contentoracbntent, hydrogen content and

the highest heating value.

Table 3.1-2: Ultimate analysis (as received) of different biomasses

Ultimate analysis Wood pellet Corn stalk Peanut shell|  Coconut
(wt. %) shell
Moisture 7.3 8.0 8.9 10.0
Carbon 46.1 347 405 47.6
Hydrogen 5.7 44 5.1 6.0
Nitrogen 0.1 11 12 0.6
Sulphur 0 0 0 0
Ash 2.0 7.6 55 1.5
Oxygen 388 443 389 342
Total 100 100 100 100

Heating value 184119.8(dry) 14.2 1% (dry) = 16.0]|176 19.3| 215
MJ/kg (Friedl et (dry) (dry)
al., 2005)

3.1.1.2 Components of biomass: cellulose, hexggllulose and lignin

In order to further understand the mechanisms in place in the ptagaigticsystem,

model compounds representative of the main biopolymer components of biomass, i.e.
cellulose, hemcellulose and lignin, were used. These compounds were obtained from
SigmaAldrich UK, (now Merck), for cellulose and lignin. Heroellulose was
obtaired from Macklin Ltd. UK in the form of Xylan from corncob. These compounds

were used in powder form.

Sample characterisation was obtained through proximate and ultimate analysis, the

analytical methods are presented in section 3.3.1. The results foffénerdimodel

biopolymer compounds are representedrable 3.13. These results are close to

literature (ECN Phyllis Classification, 201Zpr proximate analysisThe results of

ultimate analysis, prested inTable 3.14, are very close to the literature values.
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(ECN Phyllis Classification, 201ZJhese analyses showed the main differences
between the compounds: Lignin is a heavy carbonated compatimd high carbon
content and relatively low oxygen content. Cellulose had the highest volatile content
and hemicellulose had the highest carbon, hydrogen and oxygen content, linked to

its lowest moisture content.

Table 3.1-3: Feedstock analysis othe components of biomasévood pellet)

Biomass type Biomass | Cellulose Hemi-cellulose | Lignin

Thermogravimetric Analysis (TGA)

Dehydration end (°C] 93 103 115 90
Pyrolysis start(°C) 350 290 200 180
Pyrolysis end (°C) 618 605 622 722

Proximateanalysis

Moisture (%) 7.3 6.4 4.0 4.3
Volatile (%) 75.5 824 80.1 56.2
Fixed carbon (%) 15.2 10.0 15.1 357
Ash (%) 2.0 1.2 08 38

3.1.1.3 Toluene

In order to validate the plasrtatalytic system used in this study with the results from
theliterature, a widely used model compound, toluene, was @é#tdtehead, 2010)
Toluene was supplied in liquid form by SLS (Scientific Laboratory Supplies) from

Honeywell RiedeDe-Haen in a 2.5 L bottle.

3.1.2 Researched catalysts

Diff erent catalysts were used in these experiments. First, working orsteyeofixed

bed reactor using a Dielectric Barrier Discharge (DBD) plasatalytic reactor,
presented irsection 3.2.2, nickesupported on alumina catalysts were studied for
different particle sizes. Metal promoters were then added to the nickel supported

alumina catalyst. In addition, nickel supported catalyst supported on titanium oxide
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and Y-zeolite catalyst as an alternative support, was investigated in order to study the
effect d the catalyst properties on the plasoaalytic system. Finally, barium
titanate and alumina were used as packing in astage fixed bed reactor using a
packedbed Dielectric Barrier Discharge (DBD) plasioatalytic reactor, presented

in section 3.2.3These catalysts are all described in this section.

Table 3.1-4: Ultimate analysis (as received) of the components of biomass
(wood pellet)

Ultimate analysis (wt. Biomass Cellulose Hemi- Lignin
%) cellulose
Moisture 7.3 6.4 4.0 4.3
Carbon 46.1 418 42.6 605
Hydrogen 5.7 6.6 7.5 6.1
Nitrogen 0.1 0.1 0.1 1.0
Sulphur 0 0 0 05
Ash 2.0 1.2 08 38
Oxygen 388 439 45.0 239
Total 100 100 100 100
Heating valueM J/kg 184119.8  166|17.7 16.9|17.6 254|26.5
(Friedl et al., 2005) (dry) (dry) (dry) (dry)

3.1.2.1 NiAlumina with different particle diameter sizes

The alumina catalyst used, was in the form of beads, with a particle size of 1 mm
diameter. Nibased catalysts are widely used in industry to catalyse steam and dry
reforming. Steam reforming of hydrocarbons and methane for an increase of hydrogen
and carbon monoxide content can be achieved by usingathiysts at high
temperature, alve 740°C(Yanget al, 2015)

Different sizes of alumina support were used. From the original support size of 1 mm
diameter bead obtained from Nankai University, China, alumina beads were blended
and sieved to achieve size ranges betweemanlsieve, a 500 um sieve and a 212

pKm sieve. The supports were separated into 4 categories. 1 mm diameter support, 1
0.5 mm diameter support and 5@12 um diameter support were labelled and used
for nickel impregnation. The particles smaller than 212xere kept for future work

and not used in this study.
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Nickel supported on alumina was prepared by impregnation method. With 10%
weight of Ni, Ni(NQ)2.6H.O were dissolved in deionised water. Alumina support
was added to the mixture and heated up. The teatpe is then increased by 15 °C
increments up to 95 °C until the mixture became viscous. Itis then left to dry overnight
at 110 °C. Calcination at 750 °C was carried out the following day with a heating ramp
of 2 °C.min’. The catalyst is then reducesing a 5% hydrogen mixture in nitrogen.
With a gas flow of 200 mL.mihk temperature reached 800 °C, at a heating ramp of
20 °C.mint, and hold for an hour. The results for the characterisation of catalysts used
in this section are presented Tiable 3.15, using the method described in section
3.3.2.

Table 3.1-5: Alumina catalyst characteristics for different diameter sizes

Diameter size 1 mm 1-0.5 mm 500212 uym
Isotherm type (Sing, Type IV Type IV (IUPAC Type IV
1985; Donohue and | (IUPAC 1985 1985 (IUPAC 1985

Aranovich, 1998) Classification), | Classification), = Classification),
hysteresis type  hysteresis type = hysteress type
H2: highly H2: highly H2: highly
mesoporous mesoporous Mesoporous
BET surface area 154.96 m/g 143.83 Mg 152.79 Mg
(Rouquerol et al.,
1994)
BJH pore volume data 0.394 cclg 0.386 cclg 0.376 cclg
(adsorption) (Barrett
et al., 1951)
BJH pore volume data 0.415 cclg 0.406 cclg 0.398 cclg
(desorption) (Barrett
et al., 1951)

BJH pore size 3.234 nm 4.699 nm 3.848 nm

(adsorption) (Barrett
et al., 1951)

BJH pore size 3.963 nm 3.952 nm 3.310 nm

(desorption) (Barrett
etal., 1951)

An example of thesotherms obtained for the different catalyst sizes is presented in

Figure 3.11. All catalysts were very similar, as expected, with a surface area around
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150 nf/g and a pore size about 35 m. This also confirmed the isotherm type IV,

characteristic of mesoporous catalysts where pore size is between 1.5 and 100 nm.
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Figure.3.1-1: Ni/Alumina catalyst BET isotherm for different particle diameter

size
3.1.2.2 NiAlumina with promoters
To study the effect of different metal promoters on plasatalysis, different metals
were studied: Iron and copper have been intensively used for catalysing water gas
shift reactions and thus could lead to higher hydrogen pradu@®hodes et g
1995) Cerium and magnesium have been shown to enhance the stability of catalyst
performance in thermal catalytic proces@@gkaraAy d i neb &, 12Q10; Alipour
et al., 2014; Sengup&t al, 2015) Cobalt has demonstrated improved activity and
stability of the catalyst when ddd on NicatalystgXu et al., 2009; Sengupt al,
2015) and nickel, a traditional metal used in steam reforming processes for its good
catalytic effect on hydrogen production and its comparatively low (&t et al,
2010)
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Nickel supported on alumina was prepared by impregnation method. With 5% weight
of Ni and 5 wt.% of promoter, Ni(N§».6HO and the associated promoter
ammonium salt (Ce(N§».6H0, Cu(NQ)2.3H.0, Fe(NQ):.9H.O and
Ni(NO3)2.6H0) were dissolvedh deionised water. Alumina support was added to

the mixture and heated up. The temperature is then increased by 15 °C increments up
to 95 °C until the mixture became viscous. It is then left to dry overnight at 110 °C.
Calcination at 750 °C was carriedtahe following day with a heating ramp of 2
°C.mirn. The catalyst is then reduced using a 5% hydrogen mixture in nitrogen. With

a gas flow of 200 mL.mih temperature reached 800 °C, at a heating ramp of 20

oC.mirt, and hold for an hour.

3.1.2.3 Nickéon different catalytic supports

To study the effect of catalyst supports on plasatalysis, three different supports
were studied: Alumina, a traditional support for thermal procg3segyet al, 2015)
titanium oxide, a catalyst activated by UV stimulation used in many plaatalysis
studies(Tausteret al, 1978; Bartholomew et al., 198nd Y-zeolite, a catalyst
mainly used in oil refinees to crack tar and for gasoline producti@hoi et al, 2006;
Moller et al, 2013) Alumina and Yzeolite were obtained from Nankai University,

China and titanium oxide was obtained from Fischer Scientific Ltd., UK.

Nickel supported on alumina, -xeolite and titanium oxide were prepared by
impregnation méhod, as they were in the previous sections. With 5% weight of Ni,
Ni(NO3)2.6H.0O were dissolved in deionised water. Alumina support was added to the
mixture and heated up. The temperature is then increased by 15 °C increments up to
95 °C until the mixturdoecame viscous. It is then left to dry overnight at 110 °C.
Calcination at 750 °C was carried out the following day with a heating ramp of 2
°C.mirtt. The catalyst is then reduced using a 5% hydrogen mixture in nitrogen. With

a gas flow of 200 mL/min, tengpature reached 800 °C, at a heating ramp of 20

oC.mint, and hold for an hour.

The different catalyst supports were analysed by BET to obtain surface and pore size
characteristics. Their properties are reportetiahle 3.15 andthe BET isotherm for
ead support is presented Figure 3.12. Titanium oxide, Y-zeolite and alumina all
had a similar isotherm type. The BET surface was around 250 for both alumina

and titanium oxide, whereas2€olite had a surface area of 423gH. Y-zeolite had
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thebiggest pore size (13.4 nm), followed by titanium oxide (9.7 nm) and alumina had
the smallest pore size (3.2 nm). The properties -@aedlite has made the catalyst
commonly used in industry for oil cracking and refining because of its large surface
area ad structured pore size makes it a perfect candidate for heavy tar
breakdown(Choi et al., 2006; Moélleet al, 2013) Finally, TiO; had the highest
dielectric constant, followed by alumina anez&olite, which is expected as titanium
oxide is mainly used as a photocatalyst in industry and plasma che(hetisteret

al., 1978; Bartholomew et al., 1980)

Table 3.1-5: Characteristics of different catalyst supports

Diameter size TiO2 Y-zeolite Alumina
Isotherm type (Sing, = Type IV (IUPAC | Type IV (IUPAC Type IV
1985; Donohue and 1985 1985 (IUPAC 1985

Aranovich, 1998) Classification), Classification), = Classification),

hysteresis type | hysteresis type hyskresis type
H2: highly H3: mesopores&  H2: highly

mesoporous micropores mesoporous
BET surface area 150.9 n¥/g 423.3 ni/g 154.96 ni/g
(Rouquerol et al.,
1994)
BJH pore volume 0.454 cclg 0.252 cclg 0.394 cclg

data (adsorption)

(Barrett et al., 1951)
BJH pore volume 0.453 cclg 0.249 cclg 0.415 cclg
data (desorption)

(Barrett et al., 1951)

BJH pore size 9.688 nm 13.4( nm 3.234 nm
(adsorption) (Barrett
et al., 1951)
BJH pore size 9.293 nm 13.917 nm 3.963 nm
(desorption) (Barrett
et al., 1951)
Dielectric constant 107 85 1.57 5 (Kuronen 7.81 11.1
(AZOMaterials, | et al., 2000; Li et (AZOMaterials,
n.d.) al., 2006) n.d.)
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Figure 3.1-2: BET isotherm for different supports i titanium oxide, Y-zeolite
and alumina

The SEM images of these supports are representedyume 3.13. Theseimages
showed the differences between the structures of the three catalysts supports studied.
They further confirmed the results from BET isotherms determining the mesoporous
or meso and microporous surface of the catalyst supddwsstructure of Yzedite

was less homogeneous than the structure of Witich is to be expected considering

the complexity of ¥zeolite compared to Ti®DThe shown roughness of alumina can

be explained by the fact that alumina was manually grounded before being studied.
The XRD of the different supports, alongside the nickel supported catalysts before
and after reduction, are shownkigure 3.14. Figure3.1-4(a) represented the three
catalystsupportsvheread-igure 3.1-4(b) represented the effect of reduction, seen in
an alditional peak at 50F representing the presence of Nickel on the catahtst

most intense peaks of Nid  a t°, 54.8and76.4 (JCPDS 652865)i for Alumina

and Y-zeolite catalystEach peak represents either a specific elementspeaific

phase of a given compound. As expectedg¥lite structure is very complas such

support is a silicate mineradainly containing Al, Si, O, Na, Ca and Muyis however
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very similar to what can be found in the literature as showed by Wand\&tzalg et

al., 2016)U-Alumina is shown on Figer3.14 with its main peaks: 25.6, 35.1, 43.2,

52, 58, 62, 66 and 88Li et al., 2017) The reduction of titanium oxide leads to a
different reduction graph, indicating a possible change of configuration for titanium
oxide, going from the anatase phés®in peaks at 25, 38, 49, 54,55, 68 ant) #®

the rutile phasémain peaks at 27, 36, 4hd 63) after reduction, as shown by the
disappearance of a peak at around 38°, characteristic to the anatase phase, and the
appearance of a large peak around 54° and 37°, characteristic of the rutile phase.
(White etal., 2013; ljadpanaBaravy et al., 2014)

3.1.2.4 Barium Titanate for packedbed Dielectric Barrier Discharge plasma
catalytic reactor

Barium titanate was used as packing material in the pdo&edielectric Barrier
Discharge (DBD) plasmaatalytic reator. Barium titanate is the packing that is the
most commonly used for packéed dielectric barrier discharges (DBD) as described
in the literature review(Mei et al., 2015)It was also the packing which allowed a
better study of the packedmkd Dielectric Barrier Discharge (DBD) plastoatalytic
reactor, enabling the study of different parameters in simgarating conditions than
for the Dielectric Barrier Discharge (DBD) plastoatalytic reactor. Barium titanate

was obtained from CATAL UK in the form of bead of a 2 mm diameter size.

Barium titanate packing was characterised using the analytic methamtgeésn
section 3.3.2. The results are reportedTable 3.16 and the BET isotherm is
represented ifrigure 3.15. Table 3.16 indicated that BaTi@was a microporous
support with a very small surface area. This was further suppbytettie BET
isotherm showing a very irregular isotherm, without much absorption nor desorption
onto the supportXRD and SEM were used to identify the topography of Barium
titanate and are represented Figure 3.16 SEM pictures support the analysis
conduded fromTable 3.16 whereas the XRD plot oRigure 3.16 highlighted the

XRD structure for further studies in Chapter 7.
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Table 3.1-6: Characteristics of different packings for DBD plasmacatalytic

reactor
BaTiOs3
Bead size (mm) ~2
Isotherm type (Sing, 1985; Type | (IUPAC 1985 Classification),
Donohue and Aranovich, 1998) hysteresis type H4: microporous
BET surface area(Rouquerol et 0.496 nt/g
al., 1994)
BJH pore volume data 0.387.1C% cc/g
(adsorption) (Barrett et al., 1951)
BJH pore volume data N.A.
(desorption) (Barrett et al., 1951)
BJH pore size (adsorption) 11.636 nm
(Barrett et al., 1951)
BJH pore size (desorption) N.A.

(Barrett et al., 1951)
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Figure 3.1-5: Barium titanate support 1 BET isotherm
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3.2 Experimental methods

In this section, the different reactors used in this research are described. The reactor
setup, experimental procedure and reproducibdity detailed, along with the design

choices and commissioning of the reactors, when applicable.
3.2.1 Pyrolysis system

Four different biomasséswood pellet, corn stalk, peanut shell and coconut $hell
were used to study the yield and composition oblygis oils in a pyrolysis system
described below.

3.2.1.1 Reactor setip and procedure

Pyrolysis of biomasses was carried out in a fixed bed reactor, 550 mm in length by 40
mm internal diameter, made from stainless steel. A schematic diagram of thysigyrol
system is shown ifrigure 3.21 and a picture of the pyrolysis system is shown in
Figure 3.22. Furnace temperature control and biomass temperature was monitored
throughout the experiments using thermocouples. Gas flow and gas control used mass
flow meters enabling the control and monitoring of process parameters during the
experiments. A stainless steel crucible was used to hold the biomass feedstock (4 g)
in the reactor, which was heated up to 600 °C via a furnace, at a heating rate of 20 °C
min?, and held at the final temperature of 600 °C for 30 minutes. A flow rate of
Nitrogen of 200 mL.mirt was used as a gas carrier, in order to provide an inert
atmosphere, to guide the pyrolysis vapours out of the hot reactor as well as to
minimise seconary reactions such as thermal cracking, repolymerisation or
condensation of pyrolysis vapoysatyal et al., 2003)Totrap the pyrolysis vapours

as the condensable liquid fraction, a condenser system consisting ofcaolad
condenser, followed by two diige cooled condensers was used. fdondensable
gasesvere passed through the condenser system and intoa2%laTedE gas sam
bag.The furnace was then switched off and the gas kept being collected for a further
20 minutes. After closing the gas bag, the gas and liquid fractions were collected to
be analysed. The liquid products were diluted into 10 mL of Methfandlurther

analysis.
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Figure 3.2-1: Schematic diagram of the experimental setup for pyrolysis
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Figure 3.2-2: Photograph of the pyrolysis system

3.2.1.2 Tar sampling

Tar sampling was conducted by following the SPA (Solid Phase Absorption) method
develod by Brage et al(Brage et al., 1997Yhis consists of two minute gas
sampling at 50 mL/min. A needle of 5 cm long from Henke Sass Wolf and a filter in

a 1 mL tube of polypropylene from Supelco were used to collect the tars. Three
samples were taken for this experiment: at the beginning, ittdierand the end of

the experiment, at different temperatures. The beginning of the experiment was when
pyrolysis started and vapours could be seen through the first condenser. The second
sample was taken when the reactor temperature reached 600 °Qird karhple was

taken when the furnace was switch off. To collect the tars, the pump was activated for
two minutes, pumping the product gas at the bottom of the second stage of the reactor
at 50 mL/min. As the pumped gas went through the needle and tibe fdr
compounds were accumulated in the filter, whereas smaller particles went through the
filter and pumped out. After two minutes of pumping, the filter is recovered and 2 mL
of DCM (Dichloromethane) were passed through, to dilute and collect the tars
accumulated into the filter. The recovered tars were then analysed by gas

chromatographynass spectroscopy.
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3.2.1.3 Experiment reproducibility

Before running optimisation experiments and modifying parameters to understand
their impact on an experiment) axperiment has been repeated at legiset These

repeat experiments helped to identify the repeatability of a particular setup and the
errors which could be generated in an experiment when using the experimental setup.
For example, three experiments reveconducted with the pyrolysis reactor using
woody biomass to analyse the mass balance product results and detailed gas
composition in the gas outlet. These results were quite homogeneous, as shown in
Table 3.22. The repeatability of the experiment coble estimated via the relative
standard deviation. An excellent reproducibility with minimal errors is indicated by a
relative standard deviation of less than 10%. The relative standard deviation was in

the range of 0 9.12%, showing excellent reprodudityi of this gas analysis method.

Table 3.2-1: General and gas analysis summary for validation of the pyrolysis

reactor
Experiment 1 2 3 Average Standard Relative
concentration | Deviation | Standard
Deviation
Gas (9) 0.57 0.64 0.57 0.59 0.03 6.81
Liquid (g) 2.39 2.39 2.39 2.39 0 0
Char (g) 0.85 0.85 0.85 0.85 0 0
MassBalance | 95.55 97.31 95.41 96.09 0.87 1.10
(%)
Composition in mmol/g of feedstock
(6{0) 1.73 1.69 1.68 1.7 0.02 1.56
H2 0.42 0.49 0.42 0.44 0.03 9.12
CO: 1.65 1.69 1.65 1.66 0.02 1.39
CHa4 0.82 0.82 0.82 0.82 0 0

3.2.1.4 SPA reproducibility

For the oil analysis, thremmples have been analystudiceand are presentedTiable

3.2-2. The repeatability of the experiment could be estimated via the relative standard
deviation. The relative standard deviation of oxygenated compounds was in the range

of 07 17%, showing good reproducibility of this SPA analysis method.
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Table 3.2-2: SPA analysis summary for validation of the pyrolysis reactowith A.C. Average Concentration, Std. Dev. Standard
Deviation and Re.Std.Dev. Relative Standard Deviation

Experiment Sample 1 (% of peak area) Sample 2 (% of peak area) Sample 3 (% of peak area)
1 2 A.C. Std Re 1 2 A.C. Std Re Std 1 2 A.C. Std Re
Dev. Std Dev. Dev. Dev. Std
Dev. Dev.

Oxygenated chains | 52.25| 52.74 | 5250 | 0.25 | 0.66 | 28.55| 36.38 | 32.47 | 3.92 17.05 57.82 | 62.22| 60.02 2.2 5.18

compounds -y iy 47.76 | 4726 47.51 0.25 0.74 6412 63.62 63.87 025 055 4218 37.78 3098 22 | 7.78

2rings = 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3rings | 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Non- chains 0 0 0 0 0 0 0 0 0 0 0 0 0 0

oxygenated 0 0 0 0 0 0 0 0 0 0 0 0 0
compounds

2rings | 0 0 0 0 0 733 0 367 367 8161 0 0 0 0

3rings | 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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3.2.2 Dielectric Barrier Discharge (DBD) plasmecatalytic system

To reduce tar compounds from biomass pyrofgsisification and produce higher
quality syngas, a Dielectric Barrier Discharge (DBD) tloermalplasmacatalytic
system was designed. The system used in this study is described in the following

section.

3.2.2.2 Design choices

As described in the literature review section, plasma systems are of interest for some
chemical applications as they involveegter temperatures and higher energy density
as well as very high concentration of active spe¢ksdman, 2008 o combine the

high selectivity of the catalysis reaction and tdeamtages of the plasma technique,
plasmacatalysis have been of interest for the scientific community. The interest in
plasmacatalysis increased due to its possible application to environment such as
destruction of pollutant in the waste gas stream armisation of unwanted products

like nitrogen oxides or carbon dioxidéWhitehead, 2010)Even though the
mechanisms of these kind of processes are hardly understood, joksiyais
presents many advantages compared to thermal sigtalych as a lower temperature.
(Neytset al, 2014)

Singlestage plasma catalysis processes are mostly suitable fahenal plasmas
whereas the twgtage plasmaatalysis system are suitable for both thermal and non
thermal plasmag(Neyts et al, 2014)Dielectric barrier discharges, also known as
DBD, were first introduced in 185y Siemens to generate ozone, determining the
direction for DBD investigations and applications for many ye@sdmanet al,

2011) The main advantage of DBD plasmas compared to other discharges is the
possibility to use atmospheric ntimermal and their relatively easiness to scgle
(Conradset al, 2000)

The DBD plasmaatalytic reactor chosemepresented ifrigure 3.23, was used
downstream of a fixed bed pyrolysis reactor to study the effect of this secgadsta

the product fractions obtained from biomass pyrolysis, studied using the reactor
presentedn 3.2.1. Thiswas conducted in order to reduce tar compounds produced

from biomass pyrolysis and produce high quality syngas.
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3.2.2.2 Reactor setip and procedure

The experimental system for the biomass pyrolptasmacatalysis was comprised

of a two stage reactor system showrrigure 3.24, as a schematic diagram, and in
Figure 3.25 as a photograph. The first stage was the pyrolysis stage which was a fixed
bed reactor, 250 mm in length by 20 mm internal diameter, made from stainless steel
and heated using a temperature controlled electric furnace. The evolved biomass
pyrolysis gases were directly transferred to a second stage quartz reactor where non
thermal plasma and plasrgatalytic reactions took place. The pyrolysis and plasma
catalysis eactor were separated using an electrically insulating ceramic transfer tube.
The feedstock (1 g) was weighed into a stainless steel crucible in the pyrolysis reactor
and heated to 600 °C at a heating rate of 5MAC from ambient to the 600 °C
pyrolysis temperature. The"® stage pyrolysicatalytic reactor was a coaxial
Dielectric Barrier Discharge (DBD) plasma reactor which consisted of an 80 mm long
copper mesh wrapped on a quartz tube of 25 mm o.d. and 22 mm i.d-rAm18
stainless steel rod was dlsas the inner electrode placed centrally within the quartz
tube. Thus, the discharge region was ~80 mm with a discharge gap of 2 mm. The DBD
plasma reactor was connected to an AC ‘igltage power supply with a frequency

of 1500 Hz and a maximum pe#dpeak voltage of 20 kV. The inner electrode was
connected to the high voltage output whereas the outer electrode was grounded. A
digital oscilloscope monitored the discharge. One gram of thid 40z catalyst was
placed at the centre of the discharge zonkreeld in place by quartz wool. The reactor
system was continuously purged with nitrogen at a flow rate of 10emt The 24

stage plasma reactor was maintained at a temperature of 250 °C using a temperature
controlled electric furnace. Steam for thgrolysis gases reforming reactions was
generated from distilled water amdjected into the second stage plasma reactor.
Product gases were passed through a condenser system comprised of a series of dry
ice cooled glass condensers which condensed theigirbquid products and nen

condensable gases were passed to a 25 L
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The experimental procedure consisted oflgating the second stage plasma reactor

to 250 °C, and the pyrolysis first stage furnace to 120 °C. The plasmthevas
generated, and the pyrolysis of the biomass started by heating the biomass to 600 °C
with a heating rate of 50 °C per minute. Once the pyrolysis reactor had reached 600
°C, the temperature was maintained for 10 minutes, then the furnace was switched o
and the product gas was continued to be collected for a further 20 minutes. Gases were
analysed later by gas chromatography analysis to identify the product gas
composition. The condensed liquid product containing both condensed hydrocarbons
and water ere recovered from the condensers using methanol. The recovered liquid
was analysed for water content and analysis of the tar using coupled gas

chromatographynass spectrometry.

3.2.2.3 Experiment reproducibility

General analysis and gas analysis werelgoted for three experiments on the DBD
reactor, as shown ihable 3.23 for plasmacatalysis using 10 wt.% Milumina and
woody biomass as a feedstock for a power input of 40 W. QOil analysis was conducted
and represented ifable 3.24 for two experiments These results showed the
consistency of the products composition obtained when using the DBD plasma
catalytic reactor. The repeatability of the experiment could be estimated via the
relative standard deviation. An excellent reproducibility with minimabrs is
indicated by a relative standard deviation of less than 10%. The relative standard
deviation was in the range ofi07.4%, showing excellent reproducibility of the

experiment using the DBD plasraatalytic system.
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Table 3.2-3: General and gas aalysis summary for validation of the DBD
plasma-catalysis reactor

Experiment 1 2 3 Average Standard Relative

concentration Deviation Standard

Deviation
Gas (9) 0.34  0.34 | 0.36 0.35 0.01 3.33
Liquid (g) 157 | 1.72 | 1.82 1.70 0.10 7.39
Char (g) 0.24  0.23 | 0.23 0.23 0.01 2.47
MB (%) 96.62| 99.04| 97.11 97.59 1.05 1.31

Composition in mmol/g of feedstock

CO 3.31 | 3.33 | 3.07 3.24 0.12 4.47
H2 3.94 | 3.47 | 3.53 3.65 0.21 7.01
CO2 3.46 | 3.40  3.05 3.30 0.18 6.70
CHa4 1.11 | 1.10 | 0.98 1.06 0.06 6.80

Table 3.2-4: Oil analysis summary for validation of the DBD plasmecatalysis

reactor
Experiments 1 2 Average Standard Relative
concentration Deviation Standard
Deviation
Total tar (g/m? of N2) 0.157 0.14 0.149 0.01 8.09
Selected tar compounds (ppm)
Phenol 11.29| 10.56 10.925 0.37 4.72
o-cresol 5.52  5.554 5.537 0.02 0.43
p/m-cresol 13.87| 12.49 13.18 0.69 7.40
2,4-dimethylphenol 6.571 6.443 6.507 0.06 1.39
4-ethylphenol 6.014| 5.86 5.937 0.08 1.83
Benzene 0 0 0 0 0
4-isopropylphenol 4.983| 4.921 4.952 0.03 0.89
2-methoxy-4-propylphenol | 6.47 | 6.364 6.417 0.05 1.17

3.2.3 Packeebed Dielectric Barrier Discharge (DBD)plasmacatalytic

system

To improve the reduction of tar compounds and the quality of syngas produced, the

DBD plasmacatalytic system needed to be modified. To do so, the easiest way was

132



to increase the electric field, which could be done by using a péaddDBD plasma
catalytc system. In fact, high voltage is applied to the packed bed and-a non
equilibrium plasma will be created in the void space between the dielectric pellets of
catalyst. By refracting of the electric field on the pellets, the electric field becomes
nortuniform and stronger with an intensity dependent on the porosity, shape and
dielectric constant of the pelletBridmanet al, 2011) The first stage reactor from

the system descridan 3.2.2 was used to minimise the building work conducted.

To build the new plasma reactor, different constraints needed to be considered. First,
the design itself of the reactors electrodes was challenging: the gas flow needed to
travel through the reéar without back pressure when reaching the packed bed area.
Electrodes had to be conductive, covering the whole reactor horizontal surface, in
order to enable the whole packiedd to be subject to plasma conditions and

adjustable to enable different paaffilengths to be trialled.

3.2.3.1 Nonrheated reactor trials
The first reactor design was obtained and can be sdegure 3.26.

The key feature of this reactor was the presence of a spring within an electrode, to
allow different packing lengths andawoid gas leaks by maintaining the two parts of

the electrode to remain sealed through pressure from the top reactor weight. After
passing the leak tests, different packings were tried for a cold setup to verify the

possible ignition of plasma and thelst#y of the plasma itself.

These norheated experiments were conducted to study the conditions for plasma
ignition in the new plasmaatalytic reactor. As plasma is generated in the void
between the dielectric beads of packing material, the dielectpepies and the type

of packing material is highly important. Once plasma is ignited, the system needed to
be maintained for a minimum of 30 minutes in order to be relevant for our study, as
the procedure for this section intended to be similar of teennd.2.2.2. Asummary

of these experiments can be foundTable 3.25 for an approximate length @n.

More information on specific cases can be found below the table.
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Table 3.2-5: Results of nonrheated reactor trials

Packing Bead Supplier | Power | Spark @ Stability Notes
used diameter (W) (Y/N) | duration
(mm) (min)
BaTiOs3 ~3 Catal UK 60 Y N.A. Sparks and
40 Y NA. unstable
plasma for
20 N 45 power > 20 W
BaTiOs ~2 Catal UK 20 Y 45 Small sparks
but generally
stable
Al203 ~3 Alfa 40 Y 20 Small sparks
Aesar 20 vy 45 but generally
stable
Quartz ~2 <12 Y N.A. No plasma
ignition but
loud noise anc
sparks from
12W
Ru/Ni- 2-3 Catal UK 60 Y N.A. Unstable
Al203(5/ plasma
15wt.%) 20 Y ~5. leading to
flame within
the reactor
Ni/Al2Os . 27 25 | CatalUK| 40 Y ~5 Nor+
o5 Y = homogeneous
and unstable
plasma
leading to
sparks

When using an input of 40W, the reactor seemed able to sustain a higher power input.
This was controlled by the use of an oscilloscope as it can be seguiia 3.27(a),
showing in yellow the voltage collection and in blue the intensity collection. The
power was increased after a minute to 60W, as showigure 32-7(b). After a
couple of minutes, the power decreased dramatically to 33W for stabikty vehen

trying to increase or decrease the power input. The shape of the intensity plot, shown
in Figure 32-7(c) in blue, was different to the previous intensity plotEigure 32-

7(a) andrigure 32-7(b). This norsinusoidal shape materialised as ar@e in plasma
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structure: the plasma became frmmogeneous with only sparks at the top, followed
by a visible flame inside the quartz tube as showfignre3.2-7(d). The plasma was
again ignited at 20W and stable for a few minutes with a sinusoidabityteurve,

until the plasma changed to flames and intensity plot took a similar shape to the

intensity plot (in blue) irfFigure 3.27 (c).

Figure 3.2-7: lllustrations of usage of Ru/Nt Al20s (a) at 40 W, (b) at 60 W, (c)
at 30 W and (d) flame pictures in the bed.

When using a power input of 42W, the plasma was stable for few minutes. Plasma
started to divide into three zones, with the middle one not lit up, as shdviguire

3.2-8 (b). The pwer input then increased independently to 50W and sparks appeared,
as represented Figure 3.28 (a). These sparks showed the instability of the plasma

in this condition, which leads to the plasma being unusable for the experimental study.
An instable phsma will not enable stable production of gas fraction and liquid fraction
and thus lead to inconsistent syngas production, which does not permit the technology
to be commercialised. The plasma was shut down and the power input was turned
back on again &5W.Plasma was only generated at the top of bed, as sE&jure
3.2-8(c), and sparks were heard after few minutes, leading to an unstable generated
plasma. Another issue with these uncontrolled sparks are the fact that they can
interfere with electricatompounds and could damage the equipment used to control

the experiment.
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Figure 3.2-8: lllustrations of usage of NfAI20O3 (a) at 50 W, (b) at 40 W and (c)
at25w

From the different packirgytried in the cold reactor trials, two packings were
considered to continue trials: Alumina and Barium Titanate. Barium titanate is also
the packing that is the most commonly used for patleztl dielectric barrier
discharges (DBD) as described in the &tare review(Mei et al., 2015Alumina is

also convenient to compare the packed bed DBD with the firEt i2Bctor described

in section 3.2.2. Botlpackings were used as they could be used to higher power to

sustain stable plasma.

3.2.3.2 Heated reactor trials

To further the commissioning of the reactor, the experiment protocol as described in
section 3.2.2 was followed: the top pyrolysis reactor was heated up to 60MEC,
bottom reactor (packed bed DBD reactor) was heated up to 250°C and steam was
injected at a rate of 2ly This was conducted in order to have the biomass in a fixed
bed pyrolysis reactolts produced fractions were carried through the plasatalytic

reactor stage, heating at 250°C to avoid condensation of tar compounds within the
reactor. Alumina and barium titanate were used as packing in the bottom reactor.
Different packing lengthwere tried to verify the feasibility of plasma. The results are
reported inTable 3.26.
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Table 3.2-6: Results of heated reactor trials

Packing support Bead size Packing length Stable plasma
(mm) (cm) (Y/N)
Alumina (Al 203) 3 2.5 N
3.5
4.5
Barium Titanate 2 2.5 N
(BaTiO3) 3.5
4.5

For every packing length at 20W, plasma will be ignited for a few minutes and turned
into sparks after a few minutes. The sparks occasionally lead to disrupted furnace
temperature controls, making the furnageusable. To avoid these interferences,

power should be turned down to 15 W to avoid sparks, even though there was no
plasma ignition. In order to ignite plasma in the second reactor, it was decided not to

heat the plasma reactor and start new trialsigncbndition.

3.2.3.3 Heated first reactor and norheated second reactor trials

Following the previous trials, a different procedure to the one ussettion 3.2.2.2

was used. The top pyrolysis reactor was heated up to 600°C, the bottom packed bed
DBD reactor was kept at room temperature and steam was injected at a ratl.of 2 g
As before, alumina and barium titanate were used as packing in the plasma reactor.
Different input powers and packing lengths were tried to verify the feasibility of

plasma.

Figure 3.2-9: Pictures of plasma for Alumina packing (length: 2.5 cm) (a) for 20
W after a minute, (b) for 20 W when steam reached the bottom reactor,
(c) for 40 W after a minute, (d) for 40 W when steam reached the bottom
reactor.
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Alumina packing was fitsused for a packing length of 2.5 cm and a power input of
20W and 40W. The plasma was first stabigure 3.29(a) andFigure 3.29(c) until

steam reached the bottom reactor. When steam was in contact with the plasma zone,
the plasma shut itself down atried to reignite itself with intense sparks as shown

in Figure 3.29(b) andFigure 3.29(d). After a few seconds, the plasma came back to

its stable stat@rigure 3.29(a) andFigure 3.29(c)), until steam reached the plasma
reactor again. It was decidédht it was not safe to use alumina packing for further
study and the focus was put on barium titanate.

Barium titanate was trialled at different lengths and different input power
successfully. However, some issues were observed for the top electrod@laisina
reactor. With the spring heated up by heat diffusion from the top reactor, the pressure
maintaining the reactor without leak was too weak to prevent leaks. Thus, the whole
top electrode was changed into interchangeable stainless tubes of tiffegths to
provide different packing lengths, as well as to be conductive for enabling plasma
ignition. In addition, excess condensation was observed around the seal of-the two
part electrode. This was improved by using anrg to enable better sealinghe

details of the changes the reactor design can be found-igure 3.210.
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Figure 3.2-10: Final Reactor description (a) drawing of the reactor (b) drawing
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3.2.3.4 Reactor setip and procedure

The experimental system for the biomass pyrolsessmacatalysis was comprised

of a twostage reactor system shownhigure 3.2-11, as a schematic diagram. A
photograph of the second stage plasratalytic reactor is representedrigure 3.2

12. The firststage was the pyrolysis stage which was a fixed bed reactor, 250 mm in
length by 20 mm internal diameter, made from stainless steel and heated using a
temperature controlled electric furnace. The evolved biomass pyrolysis gases were
directly transferred t@ second stage quartz reactor where-thenmal plasma and
plasmacatalytic reactions took place. The pyrolysis and plasatalysis reactor were
separated using an electrically insulating ceramic transfer tube. The feedstock (1 g)
was weighed into a staess steel crucible in the pyrolysis reactor and heated to 600
°C at a heating rate of 50.?ain from ambient to the 600 °C pyrolysis temperature.
The 29 stage pyrolysisatalytic reactor was a packeedd Dielectric Barrier
Discharge (DBD) plasma reactwhich consisted of a 248 mm length quartz tube of

30 mm o.d. and 33.5 mm i.d. A87mam long stainless steel rod was used as the lower
electrode and a upper twart electrode was used with a 235.8 £ 10 mm. The DBD
plasma reactor was connected to an AgtHvoltage power supply with a frequency

of 1500 Hz and a maximum pe#dpeak voltage of 20 kV. The inner electrode was
connected to the high voltage output whereas the outer electrode was grounded. A
digital oscilloscope monitored the discharge. Theiupartitanate packing was
introduced to obtain the desired packing length and plasma discharge iength
between 25 and 45 mm length with a total mass between 30 and 60 g of catalyst. The
reactor system was continuously purged with nitrogen at a flow rdt@OofmLmin

! The 29 stage plasma reactor was maintained at room temperature. Steam for the
pyrolysis gases reforming reactions was generated from distilled watenjecied

into the second stage plasma reactor. Product gases were passed throughsecond
system comprised of a series of dry ice cooled glass condensers which condensed the
product liquid productsandnanondensabl e gases were pas

gas sample bag.
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Figure 3.2-12: Photograph of the packedbed DBD plasmacatalytic reactor

The experimental procedure consisted oflpeating the pyrolysis first stage furnace

to 120 °C. The plasma was then generated, arutiogy/sis of the biomass started by
heating the biomass to 600 °C with a heating rate of 50 °C per minute. Once the
pyrolysis reactor had reached 600 °C, the temperature was maintained for 10 minutes,
then the furnace was switched off and the product gasoentinued to be collected

for a further 20 minutes. Gases were analysed later by gas chromatography analysis
to identify the product gas composition. The condensed liquid product containing both
condensed hydrocarbons and water were recovered fromotigertsers using
methanol. However, in this experimental setup, the main focus was on the product
gas. Therefore, the liquid products were not analysed in the sections using the Packed
bed DBD reactor.

3.2.3.5 Experiment reproducibility

General analysis andas analysis were conducted for three experiments on the
Packedbed DBD reactor, as shownTable 3.27 for plasmacatalysis using barium
titanate and woody biomass as a feedstock for a power input of 20 W. The

repeatability of the experiment could béimsited via the relative standard deviation.
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An excellent reproducibility with minimal errors is indicated by a relative standard
deviation of less than 10%. The relative standard deviation was in the range of O
15.8%, showing an excellent to good repradility of the experiment using the
packedbed DBD plasmaatalytic system.

Table 3.2-7: General and gas analysis summary for validation of the packed
bed DBD plasmacatalysis reactor

Experiment 1 2 3 4 Average Standard Relative
concentration Deviation Standard
Deviation
Gas (9) 0.25 | 0.27 | 0.21 | 0.2493 0.243 0.05 12.56
Liquid (9) - - - - - - -
Char (g) 0.22 | 0.22 | 0.22 | 0.22 0.22 0 0
M.B. (%) 71.87| 87.24| 87.91| 87.15 82.34 7.41 11.02

Composition in mmol/g of feedstock

CO 235 | 243 | 216 | 2.46 2.31 0.11 5.99
H2 288 | 278 | 257 | 291 2.74 0.13 577
CO2 3.35 | 3.07 | 244 | 3.45 2.95 0.38 15.78
CHa4 0.97 | 0.93 | 0.85 11 0.92 0.05 6.67

3.3 Characterisation of materials and products

From the experiments, different products were obtained, including gas, &gdid
solid fractions. All products were in correlation, giving different information about
general yield of the process, its efficiency or the feedstock used. Therefore, all
obtained products were analysed following different analysis procedures, asatkscrib

below.
3.3.1 Sample characterisation

To characterise the biomass samples used as feedstocks in the experiments and
described insection 3.1.1, feedstocksere analysed using thermal gravimetric
analysis, proximate analysis and ultimate analysis. Thedgses are described in the

following section.
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3.3.1.1 Thermal Gravimetric Analysis (TGA)

TGA on the different feedstocks was conducted using a Shimadzu TGA 50,
represented irFigure 3.31. This technique enabled an analysis of the feedstocks
within a pyolysis reactor, as well as a study of the feedstock composition via the
obtention of the proximate analysis of the feedsto€k& main components of the

TGA equipment were a controlled ceramic furnace, coupled to a balance and a data
recorder. This anadys showed the thermal stability of the feedstock during pyrolysis
experiments and thus, indicated when the pyrolysis reaction started and ended. The
sample (about 30 mg) was weighted in an alumina pan and heated up from room
temperature to 800 °C, unddtragen flow of 50 mL mirtwith a heating ramp of 10
°C.min%. After reaching the final temperature, the gas carrier was switched to air to

remove the residual ashes. An example thermogram of the TGA for woody biomass

in shown inFigure 3.32.

Figure 3.3-1: TGA equipment
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Figure 3.3-2: Example of thermogram using TGA for woody biomass

3.3.1.2 Proximate analysis
The proximate analyses of the biomass samples were conducted using the Shimadzu

described in the previous section, to obtaime@asure of their moisture, volatile
matter, fixed carbon and ash content. The sample (about 30 mg) was weighed in an
alumina pan and first heated under nitrogen, with a flow of 50 mX 110 °C

and held for 10 minutes at this temperature. The medsueight loss corresponded

to the moisture content. Secondly, the sample was heated to 900 °C and held for 20
minutes. At this stage, the reported weight loss represented the volatile content. The
temperature was increased to 900 °C and held for 20 rsinatéer nitrogen. Finally,

the carrier gas was switched to air for 20 minutes to-bffrthe fixed carbon, leaving

only ash in the alumina pan. An example thermogram for the proximate analysis of

woody biomass in shown Figure 3.33.
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Figure 3.3-3: Example thermogram for the proximate analysis of woody
biomass

3.3.1.3 Ultimate analysis

Ultimate analysis has been conducted on the feedstocks using an elemental analyser
(CHNSO) i Thermo EA2000. This equipment enabled to determine the carbon,
nitrogen, hydogen, sulphur and oxygen content (by difference) of a sample using a
flash combustion methodTechnical Committee CEN/TC 335, 201Ejom this
analysis, the heating wa can be calculated according to the literat{iaed! et al.,

2005)

Around 3 mg of sample is weighted and sealed in an aluminium capsule. Each sample
was prepared at least in duplicate. The capsules were then placadant@sampler,
introducing them into a combustion chamber kept at BT °C. A fixed amount of
oxygen is then injected into the chamber with a helium gas carrier. When the tin
capsules reacted with oxygen, an exothermic reaction followed, leading to a
temperature increase to 1800 °C and consequently, oxidation of the sample. The gases
produced by combustion are sent to a reduction chamber, wheyé&Og) H-O and

SO are formed. A chromatography column then separated the gases, which were
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detected by thermal conductivity detector (TCD). This detector was calibrated using
standards with known elemental composition. Gases were finally converted into
weight percentagesf @arbon (C), hydrogen (H), nitrogen (N) and sulphur (S) via

computer software.
3.3.2 Catalyst characterisation

To characterise the researched catalysts and packings descridaetion 3.1.2, the
materials were analysed using different analytic procedigscribed in the following
section. These analyses were conducted on both fresh and reacted catalyst, when

applicable.

3.3.2.1 Determination of surface area by BrunaueEmmet-Teller (BET)
method

The porous properties and surface area of the prepardystataere determined
through nitrogen adsorption at liquid gas temperature, 77K.

The BrunaueEmmetTeller (BET) method is used to analyse porous materials. The
surface area is determined by using the general BET linear equation (f®siogy.
1985; Lowell et al.,, 2004A linear trend can be obtained using pegtpoint
adsorption data from the multipoint analysis. The sgad interactions, the

temperature and the relative press(R/P) are related to the amount of gas adsorbed.

Equation 3.1

P p 06 p
w6 o

w— p
With V, the amount of gas absorbed at the determinetiPéBsure, Pthe saturation
pressure, ¥ the monolayer capacity and C an empirical constant.

The surface area analysis was carried out on a Tristar 3000 automated gas sorption
system from Micromeritics, for nealumina supported catalysts, and a
Quantrachrome NOVA 2000 automated gagption system, for alumina supported
catalysts. Prior to the analysis, previously physisorbed material from the adsorbent
surface are being removed through degasg®igg, 1992)Around 200 mg of each

sample was degassed for 4 hours (or overnight) undergas nitrogen- at 400 °C
using FlowPrepE equipment from Micromet
isotherms were obtained using the multipoint data described previously at different

148



relative pressure. An example of BET isotherm for alumina ieesemted irFigure
3.3-4, with a calculated surface area of 154.96grh

250 - — AL O, (1Tmm) adsorption
— AL O, (1Tmm) desorption

200 -

150 -

100 4

Quantity Adsorbed (cm®g STP)
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Relative Pressure (P/Po)

Figure 3.3-4: Example of BET isotherm for alumina catalytic support of 1 mm
diameter beads

3.3.2.2 Determination of pore volume and pore size by Barrett, Joyner and
Halenda (BJH) method

Using the method of Barret, Joyner and Halenda (BJH) enabled to obtain information
about the total pore volume and pore diameter, as it is intended to obtain information
on porous adsorbents with a wide range of pores. This method conside@capill
condensation in pores, used to calculate the pore size distribution from the Kelvin
model of pore filling, linking the pore size to the adsorbate amount removed from the
catalyst pores depending with respect to the relative pressurg. (Pfié Kevin
equation is described belqBarrett et al., 1951; Gelet al, 2002)
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Equation 3.2
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With t(P) the surface layer thickness, r the radius of the pere,We mol ar v ol

is the surface tengimoand P is the vapour pressure.

From this equation, the pore volume and pore size could be determined for each

catalyst described isection 3.1.2.

3.3.2.3 Temperature programmed oxidation (TGATPO)

The characteristics of the coke deposited on the catapde identified by analysing

the catalyst through a thermogravimetric method known as Temperature Programmed
Oxidation (TPO). TPOG6s principle is to
catalyst in order to know the quantity of coke deposited tim¢ catalyst after an
experiment. To do so, about 25 mg of used catalyst is placed into an alumina crucible,
using the TGA equipmemescribed in 3.3.1.1. Undarr flow, the temperature inside

the crucible goes up to 800 °C at a heating rate of 15°@ipete, with 10 minutes

hold at 800 °C. The weight loss is recorded during the whole experiment. In the
meantime, oxygen present in the air flow reacted with the coke deposited on the
catalyst to form either CQOor CO as all volatile matter is vaporised at 800 °C. The
recovered catalyst was cleaned of the dark matter recovering it before the TPO,

underlining the total reaction of the coke during the TPO.

Through this experiment, the catalyst weight loss dueke ogidation and produced
compound volatilisation can be determined. The quantity of coke deposited on the
catalyst for an experiment corresponds to the weight loss reported during the TPO
experiment. Two main stages could be identified: around 100°C apasisation of

the moisture within the catalysifAkande et al., 2005and around 400 °C was
identified with the combustion of the carbon deposited on the cat@lystet al,
2010)An example of TPO thermogram is representeigure 3.35, for a catalysis

experiment using the DBD plasroatalytic setup.
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Figure 3.3-5: Example of a TPO thermogram a catalysis experiment using the
DBD plasma-catalytic setup

3.3.2.4 Xxray Diffraction (XRD)

The fresh catalyst and the used catalysts after plastadysis reaction were analysed
by XRD (X-Ray Diffraction). The XRD spectra were obtained from a XRD Bruker
D8 diffractometer usingM¢gk U r adi at i on.

AccordingtoBrag§ s | aw, di ffraction patterns of
reflections at a specific angul dCGole,posi t
1970)Diffraction patterns inform on the structure of a sample: the shape and size of
the crystal are relat to the angular position, whereas the lattice symmetry and
electron density are related to the pattern intendgrego, 1998)he crystal size of

a sample can be determined foll owing Sc
peak.(Langfordet al, 1978)Approximately 500 mg of catalyst was put onto an inert
sample holder and placed onto a support plane. Analysis was conducted within a range
of 10 to 80° usinga step size of 0.25° and a counting time of 0.35h& XRD
identification was conducted using HighScore Plus by comparing the obtained XRD
patterns with the corresponding JCPDS (Joint Committee on Powder Diffraction

Standards) cards. An example of XRDapin for fresh reduced Milumina is
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presented ifrigure 3.36. The analysis has been repeated four times here to show its

reproducibility.
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Figure 3.3-6: Example of XRD graph for fresh reduced NiAlumina
Scherrerds equat i @mystalitessizelof & studiedacatalyst, dront i f vy

its XRD dat a. For a given angle d, t he
(Borchert et al., 2005)

Equation 3.3

Withw, the peak width of the associated ar

constant and & the wavelength of the rac

The constant of proportionality K, also called the Scherrer constastchosen 0.9

as a good estimation when lacking shape informaftdolzwarthet al, 2011)

3.3.2.5 Scanning Electron microscope (SEM) and Energy DispersiverXy
(EDX)
Scanningglectron Microscopy{SEM), operating at 20kV and working distance of 3
mm, can be conducted to characterise and examine the catalyst surface morphology
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of the prepared catalysts. Energy DispersiveaX (EDX) was conducted in parallel

to SEM to indicatelte metal content in these catalysts. The analysis consists-into X
ray detection by the EDX,-Xay produced when the electron beam interacted with the
sample. The Aztec software was used to collect EDX spectra and to determine the
sample elemental compositi. Each energy peak on the EDX spectra corresponds to
a specific element within the sample. The equipment used was Carl Zeiss EVO MA15
(variable pressure W SEM) with Oxford Instrumeniek Energy EDX system with
80mm XMax SDD detector. A SEM consistéan electron gum, lenses, detector and

a sample chamber.

Before analysis, the catalysts were attached to a sampler holder with carbon
conductive paste, then coated with 20 nm of Iridusmg an Agar High resolution
sputter coater using 99.95% thrget. This helped to improve conductivity of the
samples, minimising charging, and to increase the number of electrons recovered from
the sample, enabling a better signal to noise ratio and improve the SEM image quality.
The samples were then placed othie specimen stand inside the sample chamber of
the machine and analysed. An example of a SHMNX spectrum for barium titanate

packing is shown ifrigure 3.37.
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3.3.3 Gas product analysis

The exhaust gas comptish was analysed by gas chromatography. Using different
columns, the concentrations of the permanent gases (hydrogen, carbon monoxide,
nitrogen, oxygen), hydrocarbons and carbon dioxide are determined. A Schematic

representation of a Gas Chromatographyigment is represented kigure 3.38.
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Figure 3.3-8: Schematic GC system
3.3.3.1 Permanent Gas Chromatography (GC) analysis

To analyse the permanent gases, a Variai3&3® with two packed columns and two
thermal conductivity detectors (GOCD) were usd. Argon was the carrier gas. On

one hand, carbon dioxide was analysed usingre®rlong and 2millimetre inner
diameter column with HayeSep 80 mesh molecular sieve. On the other hand,
nitrogen, oxygen, carbon monoxide and hydrogen were analysed aswother
column with the same characteristics. The procedure was similar for both columns:
the detector and injector were held at 120 °C, the column at 30 °C and the filament

was at 160 °C for the analysis.

3.3.3.2 Hydrocarbon Gas Chromatography (GC) anafsis

The hydrocarbon from Cto C; were analysed using a Varian GB80 gas
chromatography with a Flame lonisation Detector {&D). Nitrogen was the carrier

gas. The Zmetre long column made of stainless steel had an inner diameter of 2
millimetre packedvith 80-100 mesh HayeSep. The temperature programme started
at 60 °C for 3 min and increased at 20 °C per minute up to 120 °C and held for 10
minutes. The detector temperature was 200 °C and the injector at 150 °C.
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The chromatographic peaks were integtdtenks to the software Harley Peakmaster
Integration. To obtain the compounds proportion in the outlet gas, the GC devices
were calibrated before use. To calibrate the machines, standards were injected once a
week. Using the calibration data, the gas position was determined through
comparison of each gas area obtained with the calibration gas area followed by the
calculation of the percentage of each gas inside the outlet gas. The quantity of nitrogen
was not considered as it was the experimentaleragas and none was produced

during the experiment.

3.3.3.3 Gas Chromatography (GC) calibration method

Calibration was done once a week to ensure accurate molar concentration
calculations.To calibrate the gas chromatography system, precision standard gas
mixtures (permanent gas, alkane and alkene mixtures) were used-litne 20
compressed cylinders at 300 psi. The permanent gas mixture contained 1vol.% of each
constituent: oxygen, hydrogen, carbon dioxide and carbon monoxide, overall
balanced by nitrogenThe alkane cylinder contained 1vol.% of methane, ethane,
propane and butane gases balanced by nitrogen. The alkene cylinder contained 1vol.%
of ethene, propene, butene and butadiene, also balanced by nitrogen.

3.3.3.4 Determination of gas composition

To ddgermine the gas composition in terms of volume, moles and weight, those values
were calculated from the values associated to nitrogen as it is a constant and known
value. The production of nitrogen during the experiment was assumed inexistent. In
order toexclude the air contamination into the syringe during sampling, the data was

adjusted. All the calculations were conducted in a spreadsheet.

The percent volume of each compound was calculated through the chromatograph
peak area given, after each injectard for each gas, for the gasification experiments
and the standards.

Equation 34
61 @M1 € QOO
01 BGdd W0 QIQO®QQ
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Three injectiongninimumare taken and the average volume percent of gas across the
injectionsis considered. These volume concentrations are then adjusted so that the

total concentration is equal to hundred percent.

The molar concentration for each component was calculated as follow, assuming the

molar volume at standard pressure and temperdtuasr(, 273°C) at 22.4 L/mol:

Equation 35
wEAD O
CCTITT
With Q0 "Qa € U iinchm®t gas collection time in minutesdw ¢ tthe volume

0 € ECAND IO ¢
fraction of gas (A)
From the gasjuantity, the total weight of gas produced could be obtained by:
Equation3.6
0 Qi i € "OQi 5
Equation 3.7
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The volume and gas yield percent of each compone#it it and® respectively)

could then be calculated as follow:

Equation 3.8
C wEé a
“ER B otamea P
Equation 3.9
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With & the initial mass of biomass introduced.

Finally, the quantity of each component per gram of feedstock introducedias
calculated as follow:

Equation 3.10
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3.3.3.5 Reproducibility of gas analysis

To evaluate the reproducibility of the proceddioe gas analysis, injections were
repeated using the gas sample collected in the same gaSamagle injections had

each a volume of 1 minAn example of the obtained chromatogramith voltage
signals as a function of timean be found ifrigure 3.39. As shown in the examples,

the detector transmitted voltage signal to the digital integrator, which converted the
voltage value as into area values used to calculate the volume and molar percentage

of each gas, as described in the previous section 3.3I84e obtained area values

are |l abell ed as ndar ea o fhe eproowtibiltyeofitheg a s 0

analysis can bfaund inTable 3.31. The area of produced gas is compared to the area
of the calibrated gas to determine the volume and molaepeof said gas in the
product gas, following the method indicated in the previous section 3.3134.
repeatability of the experiment could be estimated via the relative standard deviation
An excellent reproducibility with minimal errors is indicateg a relative standard
deviation of less than 10%. The relative standard deviation was in the range of
showing excellent reproducibility of this gas analysis methtmvever, it is worth
noting the high relative standard deviation for oxygen, around Th&was mainly

due to possible air contamination when moving the syringe from the gas bag to the
GC instruments.
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Figure 3.3-9: Example of obtained chromatograms using gas chromatography
for a. permanent gases, b. hydrcarbon gases and c. carbon dioxide
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Table 3.3-1: Reproducibility of GC analysis

Gas | Peak areaof Peak Concentration Peak Concentration Peak Concentration Average Standard Relative

calibrated Area (vol%) Area (vol%) Area (vol%) concentration Deviation Standard

gas sample 1 sample 2 sample 3 Deviation
CcoO 48619 60186 1.238 64145 1.319 58993 1.213 1.257 0.055 4.413
H> 583109 774549 1.328 774651 1.328 739802 1.269 1.309 0.034 2.633
O, 70279 38478 0.548 27973 0.398 29220 0.416 0.454 0.082 17.996
N2 49353.5 4641163 94.039 4895464 99.192 4671383 94.651 95.961 2.815 2.933
CO: 12239 15681 1.281 15809 1.292 15627 1.277 1.283 0.008 0.595
CH, 781252 320560 0.410 330567 0.423 322618 0.413 0.415 0.007 1.628
CoH4 1524560 13622 0.009 13884 0.009 13530 0.009 0.009 0.000 1.343
CaHe 1490238 52523 0.035 53814 0.036 52911 0.036 0.036 0.000 1.628
CsHe 2211346 7399 0.003 8385 0.004 9032 0.004 0.004 0.000 1.343
CsHs 2233568 27649 0.012 29292 0.013 29913 0.013 0.013 0.001 1.248
C4Hs 2742750.5 | 3651 0.001 2625 0.001 3864 0.001 0.001 0.000 9.941
C4H1o 3012824 4756 0.002 3568 0.001 4419 0.001 0.001 0.000 4.041
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3.3.4 Oil sample characterisation

To characterise the liquid fraction obtained as a produexeériments, the fraction
was analysed using different analytic procedures described in the following section.

3.3.4.1 Water content analysis by using KasFischer Titration

The water content from the oil produced was first determined by using dehydration
technique represented kigure3.3-10.a. The Metrohm apparatus 890 Titrando with
the Karl Fischer Titration determination method running through the software
tiamoE 2.3 gave directly the water in
Represented iRigure 3.310.b, about 12 g of sodium sulphate was used to absorb the

water in the produced liquid, using a filtration method.

Crude oil

Sodium
sulphate

10 mL
Methanol
reference for
dilution

Figure 3.3-10: Water content and dehydration of the liquid produced. (a)
Measurement of the water content. (b) Dehydration othe liquid
produced.

3.3.4.2 Gas Chromatography/Mass Spectroscopy (GKIS)
The oil produced was analysed using a gas chromatography system coupled with a

mass spectrometry detector (B4S), represented iRigure 3.311. The equipment
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used were a Hewlett Pleard 5280 gas chromatograph coupled with a HP 5271 ion
trap detector and a Perkin Elmer Clarus 560 gas chromatograph coupled with a sealed
long-life photomultiplier and a single Quadrupole as analyser. The chromatographic
column characteristics are-Betre long and 0.2&nillimetre internal diameter Restek
RTX-5MS column fitted with fused silica 95% dimethyl polysiloxane and 5%
diphenyl of 25 um film thickness. Helium was the gas carrier used. The sample was
placed directly on the sample tray for automdiiation before analysis. The same
apparatus and method were used for tar samples through SPA method, although using
a different solvent. The injection temperature of the sample wa8@90he oven
programme temperature was kept at 40°C for 5 minutes hiémted up to 80 °C with

a heating rate of 8C min?, heated up to 14%C with a heating rate of.min* and

finally heated up to 288C with a heating rate of ®.min* and held for 2 minutes.

The transfer line between the GC and the MS equipmenkeyat at 280C, and the

ion trap was maintained at 200.

Syringe

Injector

lon-Source lon-Trap Mass Analyser Electron Multiplier

11—

~~
ih!

Carrier gas

GC Oven

Transferline

Focusing Lenses Mass spectrometer Computer

Figure 3.3-11: Schematic diagram of Gas ChromatographyMass Spectroscopy
(GC-MS) equipment

The peaks were analysed and attributed to a compound using tMS&GGftware.

The compounds werassigned looking at the probability and the closest mass
spectrometer. Others, part of the most common tar compounds, have been calibrated
and their concentration in the mixture can be obtained. An example of a

chromatogram obtained via G@S is presenteth Figure3.3-12.
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Figure 3.3-12 Example of a. a full chromatogram and b.

chromatogram
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3.3.4.3 Calibration of Gas Chromatography/Mass Spectroscopy (G8IS)

The GGMS equipment was calibrated for aromatics arggenated compounds in
DCM (Dichloromethane) and in Methanol for both the liquid and tar sampling
analysis. Standard solutions with a mixture of different oxygenated and aromatic
compounds were created, based on the most common tar compounds repbged in t
literature for tar/oil samples from thermal processing of solid wa@{@soshita et

al., 1994; Liet al, 2009)About 100 mg of each standard compound was weighted
and dissolved into 10 mL of desired solvent, obtaining a concentration of 10,000 ppm
for each compound. In a 50 mL flask for each standard mixture, 0.5 mL of each
compound was added and dissolved into a 50 mL of desired solvent to finally get a
final concentration of 100 ppm. Further dilutions were obtained using the general
equation for dilution, presented below, to make 20, 40, 80 and 100 ppm solutions of

each mixure in both solvents.

Equation 3.11
6 w 0
With C; the original concentration,>@he desired concentration, Yhe final desired

volume and Ythe unknown volume. The list of the selected standard compounds can
be fourd in Table 3.32.

For each compound, quantum ions were determined, and a calibration line could be
drawn on a peak area against concentration graph. Thus, for any of the selected tar
compounds, the quantity of this compound in the sample can be deteth@nks to
this calibration curve. Example of calibration curves Taiuene o-Xylene and

Naphthalenare presented iRigure 3.313.
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Table 3.3-2: List of selected compounds used as standards for GK&S

calibration

Oxygenates Calibration bp Aromatics Calibration bp
1 Furfural 161.7 Benzene 80.1
2 Anisole 153.8 Cyclohexane 80.7
3 Solketal 82.5 Toluene 110.6
4 Phenol 181.7 Ethyl Benzene 136.0
5 p-cresol 201.8 p-Xylene 138.4
6 o-cresol 191 m-Xylene 139.0
7 m-cresol 203 o-Xylene 144.0
8 Guaiacol 205 Limonene 176.0
9 2,6-Xylenol 203 Styrene 145.0
10 3,5-dimethylanisole 193 p-methyl styrene 172.5
11 2,3-dimethylanisole 195 1,2-dihydro naphthalene 204.9
12 3,4-dimethylanisole 200.5 Naphthalene 218.0
13 2,4-dimethylphenol 211.5 2-methyl Naphthalene | 241.5
14 4-ethylphenol 218.5 2-Ethyl Naphthalene | 251.5
15 2,4,6trimethylphenol 220 2,6-dimethyl Naphthalen¢ 262.0
16 4-isopropylphenol 212.5 | 1,4dimethyl Naphthalen¢ 263.0
17 ' 2-methoxy4-propylphenol 125.5 Acenaphthene 279.0
18 Biphenyl 255 o-terphenyl 389.0
19 Furoin 310 Phenanthrene 340.0
20 3-Methyl pyrazole 204 Pyrene 404.0
21 m-terphenyl 389.0
22 p-terphenyl 389.0
23 1,3,5triphenylbenzene | 460.0
24 Indene 182.4
25 Acenaphthylene 280
26 Dibenzofuran 285
27 Fluorene 295
28 Xanthene 310
29 Fluoranthene 375
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Figure 3.3-13: Calibration curves for example compounds aTolueneb. o-
Xylene c. Naphthalene
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3.3.4.4Determination of tar content from Gas Chromatography-Mass

Spectroscopy (GEMS)
From those selected compounds concentrations [A] in ppm, the total tar content, [tar],
can be calculated as follow: from the concentration in the GC sample, followed by the
coneentration in the liquid recovered from each experiment to finally obtained the
concentration of tar perin

Equation 3.12
0 ™i 0 0 nNna

Equation 3.13

C s s T8 P W
a 0wl 0 Wi
pTTT
With 1 g/L = 1000 ppm
Equation 3.14
e a 0 Qi _—
0 Wl — &
U O

With Q: 0 "Qd £ 0 lindnd/riin
t: gas collection time in minutes

3.3.4.5 Size Exclusion Chromatography (SEC)

To further analyse the produced oil, size exclusion chromatography (SEC, shown in
Figure 3.314) was used to determine the molecular matistribution of the
condensed hydrocarbon tar. The system incorporated a 300 mm length and 7.5 mm
diameter column with a Polymer Laboratories 3 um GPC/SEC 100A type packing,
which was maintained at 30 °C. Tetrahydrofuran (THF) was used as a solvent for the
mobile phase with a flow rate of 1 mL mfinThe calibration system used was based

on polystyrene standards in the Mw range of-2000 Da. The detector measuring

the elution of all compounds was a refractive index detector from Perkin Elmer. The
output fom the detector was given in millivolts and transmitted to a software, Total
Chrom Navigator. The Mw distribution was determined as a molecular weight
average (Mw). The samples for analysis were prepared using approximately 0.25 mL
of the condensed hydradbon liquid with a dilution of 1/100 in the solvent, THF.
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Figure 3.3-14: Size Exclusion Chromatography (SEC) equipment
An example of a Molecular weight (Mw) range obtained suing the SEC for a pyrolysis

experiment is representedfigure3.3-15-15.
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Figure 3.3-15: Example of a Molecular weight (Mw) range obtained suing the
SEC for a pyrolysis experiment
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Chapter 4: Pyrolysis ofdifferent feedstocks.

This chapter consistdf two sections, focusing on the products resulting from biomass
pyrolysis, liquid and gaseous, and their analyses. Four bioniagsesl pellet, corn
stalk, peanut shell and coconut shell described in Chaptac8on 3.1.1.1 were
studied in this chapter. Ehexperiments were conducted in a fixed bed pyrolysis
reactor as presented insection 3.2.1. Thalifferent sections of this chapter are

described below.

Section 4.1 focuses on the gas composition prodérced the pyrolysis of these
feedstocks. The product gas yield and composition from pyrolysis of wood pellet,
corn stalk, peanut shell and coconut shell were compared to one another and to the
literature.This will enable to determine suitable biomasseas® in the pyrolysis
plasmacatalysis systems to produce high quality hydregem syngas.

Section 4.2 describes the study of tar composition from tar sample collecsedidy
Phase Adsorptio(SPA) method for the four different biomasses. The tar casitiom
obtained from the SPA methods was analysed and discussed in this seotider

to identify which high molecular weight hydrocarbons are produced during pyrolysis

by these different biomasses.

4.1 Gas composition

The results in terms of producieyd and gas composition and yield, in relation to the
different feedstocks, are representedaile 4.11. More gas products were obtained
from corn stalk compared to other feeds®garoducing about 30 wt.% of gas,
compared to other biomasses, whichpathduced similar weight of product gas
around 17 wt.%. Depending on the nature of the different feedstock, the quantity of
char was dependeah the feedstock nature, being tlogvestfor wood pellet with 21
wt.%, and the highest for peanut shell, wgéhwt.% of char. This isnost probably

due toa higher lignin content in biomasses, whietight lead to higher char yields

and lower bieoil yields for corn stalk and peanut shell, compared to wood pellets and
coconut shel{(Mohan et al., 2006; Gani et al., 2007)
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Table 4.1-1: General product composition after pyrolysisat T=600°C

Coconut %
Biomass Wood pellet| Cornstalk | Peanut shel shell error

Gas (wt.%) 16 31 17 17 6.8
Liquid (wt.%) 60 47 49 56 0
Char (wt.%) 21 27 29 o5 0

MassBalance(%) | 97.31 | 10443 | 95.19 97.98 | 1.1

Composition in mmol/g of feedstock

(6{0) 1.69 2.14 1.61 1.39 1.6

H2 0.49 0.41 0.60 0.61 9.1

CO, 1.69 4.83 2.17 2.21 1.4
CHs 0.82 0.82 0.74 0.68 0

Composition (mmol/g of feedsotck)

Wood pellet

Corn Stalk

Peanut Shell

Gas product composition depending on feedstock

Coconut Shell

Figure 4.1-1: Gas product composition after pyrolysis experiment for different

feedstocks
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The product gas composition for the different feedstocks are represerigmia

4.1-1. For most feedstock, the production of carbon dioxide is higher than any other
gas, ranging from 4.83 mmotigomassfor corn stalk, around 2.2 mmotgoemassfor the
biomass shells, and 1.69 mmokgmassfor wood pellets. The production of methane
and hydrogen were similar between biomasagaround 0.75 mmol:&iomassand 0.5
mmol.gbiomassrespectively. The product gas from corn stalk resulted in a very high
production yield of carbon dioxide, whichade it unlikely to be used as a preferred
biomass due to its high content of carbon dioxide. The two highest syngas pragluction
were obtained for wood pellets and corn stalk, respectively with 2.18 mimehgs

and 2.55 mmol ._é)iomass

However, wherobserving the proportion of hydrogen within the syngas, wood pellet
resultedin a higher hydrogen content, with approximately 22% of syngas, compared
to corn stalk, with a hydrogen content of about 16% of syngas. Thus, the most
interesting feedstock fahis study is wood pellet as the proportion of hydrogen and
the proportion of syngas produced from the total produced gas was higher than for
corn stalk. Its high heating value presented in the previous section, 3.1.1.1, in addition
to the high syngas prodtion makes wood pellet a good candidate as biomass for

energy purpose.

In the case of the pyrolysis of coconut shell at different pyrolysis temperatures, Wang
et al. (2018) demonstrated that the production of CO and, @@lowed similar
patterns, with th release of C&higher than the release of CO. Methane production
was maximum around 55@. The high methane content could be attributed to the
higher content of aromatic ring and-@MHs functional groups in biomasses. The
production of CO and COwas attibuted to the content of higher carbonyl and
carboxyl groups respective(ang et al., 2018)This haseen demonstrated before

for carbon monoxide, which may be generated during the decarbonylation process
through the aromatic condensation of lig(fiu et al., 2009)Thus, depending on the
biomass composition and chemical gsooontent, different gas yield could be

produced in our study.

Yu et al.(2016)studied the pyrolysis of corn stalk and rice husk in a auger pyrolysis
reactor for different temperatures, from 38Dto 600°C. They demonstrated that for
an increasing tempature, molar fractions of combustible gases such as CO and CH
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increased, whereas the molar fraction of ;Cd&creased. The release of light
hydrocarbons was associatesith the cracking and reforming of heavier
hydrocarbons present in the pyrolysis vago&or pyrolysis temperatwhigher than

50 0 3 bechime detectable and increased with increasing temperature, leading to
an increasen heating value of the product gas. Hydrogen could be produced by
hydrocarbon cracking at higher temperatupés et al., 2016) This can explain the

high content of combustible gases and the low content of hydrogen within the product
gas obtained from pyrolysis of corn stalk.

4.2 Solid Phase Adsorption(SPA)tar sampling method results

The SPA method was used to determine the quantity of tar compounds present in the
gas outlet at three different times during the experiment: the first sample when the
pyrolysis started (around 4(0C), the second sample when the pyrolysis reactor
reached 60 °C, and the third sample when turning off the pyrolysis reactor. The
results are presentedTiable 4.21. Most tar compound®ported by GEMS analysis

for the different biomassesere straight chainoxygenatedcompounds, such as 2
hexyl1-octanol,and oxygenated aromaticompound, with ore aromatiaing such

as methylphenols

Different feedstock generated different tar compounds: tar compounds from wood,
which presented a high carbon content, were a stigight chainoxygenated
compoundsand aromaaic compound, with an increasing proportion of chain
compounds by the end of the pyrolysis. Corn stalk derived tars were mainly
oxygenated aromatics, with an increase of their proportions as the reaction time
increased. This was not a surprise considdhiegmain component of corn stalk was
oxygen as presented in Chapter 3, in the characterisation section 3.1.1.1. Tar
compounds from peanut shell were mainly aromatics, as were these derived from

coconut shell.

The different SPA samples for a given feedktoesulted in different chemical
composition trends. For wood pellets, the second SPA sample, when the reactor
temperature reached 60C, was the sample with the highest content of aromatic
compounds, about 66%, including one ring oxygenated and two aroigpatic

compounds. A similar outcome could be observed for peanut shell, with about 90%
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of aromatic compounds within the SPA sample. Other SPA samples from the
pyrolysis of wood pellets and peanut shell presented a high proportion of alkyl
compounds, upot 60% for woody biomass after holding the reactor temperature at
600°C for 10 minutes. SPA samples obtained from corn stalk followed the following
trend: as the reactor temperature increased and the longer the highest temperature was
maintained, the moraromatic compounds were detected, with about 90% of
oxygenated aromatic compounds and as low as 9% of alkyl compounds. The samples
from pyrolysis of coconut shell on the other hand showed an inverse trend: the
aromatic content was the lowest for the tHedA sample, after holding at 60C.
However, all SPA samples for coconut shell were shown to have high content of

aromatic and oxygenated aromatic compounds, over 82% for both contents.

Optimum pyrolysis temperature from different studies resulted intpamal range

of pyrolysis temperature, between 50 and 600°C, for maximising the biwil

yield. (Uzun et al., 2009; Guo et al., 20F9r coconut shell, this maximum has been
demonstrated at 573C (Rout et al., 2016)Furthermore, Elliott described the
relation$ip between the temperature and the chemical compounds presents within the
bio-oil from biomass pyrolysis. With an increasing temperature, alkyl chemical
groups cleaved from aromatics. Aromatics condensed into polycyclic aromatic
hydrocarbons (PAHSs) at Higr temperature&lliott, 1986) In the temperature range
considered in this study through SPA samples, the relationship is described as the
following: at 400°C, the liquid fraction is a mixture of oxygenates; at 8GQit is

mainly composed of phenolic ethers; and at BDQit is mosty constituted of alkyl
phenolic compoundgElliott, 1986)This breakdown and evolution could be observed

for all biomasses across the three SPA samples.

According to Fardhyanti, pyrolysis of coconut shell at low temperature, between 300
°C and 350C, resulted in &igh content of phenolic compounds within the product
bio-oil (Fardhyanti et al., 2017This has alsoden demonstrated for higher pyrolysis
temperature by Rout et al. For a pyrolysis temperature of67%he aliphatic and
phenolic content within a bioil were about 6% and 69% respectiv@Rout et al.,
2016)Guo et al.(2015)conducted a series of experiments analysing the content of
the bicoil, depending on the pyrolysis temperature of corn stalk. Higher pyrolysis
temperature leads to more i cracking, resulting in higher syngas yield and higher
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bio-oil yield. The oxygen content of the bodl was lower than the one of the original
feedstockWith increasd pyrolysis temperature, the heavy oil content (asphaltene) in
the product oil was increased, most likely due to higher energy to pyrolyse
macromolecules from the biomass feedst¢@uo et al., 2015Yhis could explain

the increase of the proportion of aromatic compounds within the SPA sample, as the

temperature at which the sample was taken, increased.
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Table 4.2-1: Tar analysis via SPA method

Experiment Wood pellet (% of peal Corn stalk (% of peak| Peanut shell (% of peal Coconut shell (% of pea
Sample numberl{start of pyrolysis area) area) area) area)
stage, 2temperature reaching 60(
°C, 3- after holding 600C for 10 1 2 3 1 2 3 1 2 3 1 2 3
min)
chains 56.42 | 33.48 | 60.02 | 30.40| 16.51| 6.65 | 24.24| 8.81 | 42.94| 3.86 3.62 | 17.56
Oxygenated 1ring 4359 62.85| 39.98| 55.40| 72.57 | 87.53| 75.66 | 83.75| 55.76 | 95.16 | 93.79 | 81.86
compounds 2 rings - - - [ 10.27] 2.38 | 2.03 - - - 0.27 - -
3 rings - - - - - - - - - - 1.17 -
chains - - - - 341 | 1.96 - - - 0.71 - -
Non-oxygenated 1ring - - - 021 | 472 012 | 0.10 | 470 | - - 1.23 | -
compounds 2 rings - 3.67 - 3.71 | 040 | 1.64 - 250 | 1.30 - 0.19 | 0.58
3rings - - - - - 0.07 - 0.24 - - - -
Total peak area 241701 | 673511 | 304877 | 353507 | 1372240 2074585 1838175 258824 | 237242 | 14887269 | 4119044 | 356907
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4.3 Summary

In conclusion, the pyrolysis of different feedstocks was studied ins#usonto
determine suitable biomasses to use in the pyreplammacatalysis systems to
produce high quality hydrogench syngas, as well as to identify which high
molecular weight hydrocarbons are produced during pyrolysis by these different
biomasse The gas products and the tar content using SPA method were analysed for
four feedstocks: wood pellet, corn stalk, peanut shell and coconut shell. Corn stalk led
to a higher production of gas in wt.%, a higher production of carbon dioxide, syngas
and carbn monoxide. However, wood pellet presented the proportion of syngas
produced from the total gas production was the highest, due to a smaller carbon
dioxide production. Wood pellet also resulted in the highest hydrogen content within
the syngas producedpmpared to the other biomasses. The tar analysis for wood
pellet showed that the analysis might be less complex if wood pellet is used as a
feedstock in the following experiments. Moreover, wood pellet lead to the highest

calorific value out of all feedsti&s considered.

As different feedstock lead to different tar compounds and gas composition, the choice
of feedstock is going to have an important impact on the plasadytic system used

to reduce tars.

Therefore, wood pellet was considered the mostéasting feedstock fdurther study

in plasmacatalytic reactors and will be used as the reference feedstock in the

following chapters. These results will enable a better understanding of the biomass
pyrolysis products, when looking at the product gastandomposition, obtained

from the SPA methods, and comparing them with results from the outlet of the

plasmacatalytic reactor, to better understand the effect of plasma on tars.
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Chapter 5: Dielectric barrier discharge (DBD) plasmacatalysis to
produce high-quality syngas and reduce tar compounds

This chapter consists of three sections, focusing on the use of a dielectric barrier
discharge (DBD) plasmeatalytic reactor to produce higjuality syngas and reduce
tar compounds. The experiments condudtedhis chapter were using a two stage
fixed bed reactor coupled with a DBD plasma catalytic system described in Chapter

3, section 3.2.2The different sections of this chapter are described below.

Section 5.1 examines the effect of plastagalysis comared to pyrolysis (no plasma,
no catalyst), pyrolysisatalysis (no plasma) and pyrolygisma (no catalyst)
systems downstream of the fixed bed reactor. The effect of pleatalysis on gas

production, tar reduction and reacted catalyst are discussieid section.

Section 5.2 focuses on understanding the tar decomposition mechanism and the
syngas production in the DBD plasfoatalytic, by using tar model compounds.
Toluene and the constitutive compounds of bioniassllulose and lignii were

invesigated.

Section 5.3 describes the study of the influence of parameters on produced gas
composition, tar reduction and reacted catalyst. The influence of power input, steam

flow rate, catalyst size and catalyst to feedstock ratio on products is reported.
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5.1 Plasma effect

In this section, the production of gases and tar compounds froratage biomass
pyrolysis with plasmaatalysis, as well as the reacted catalysts, were investigated via
comparison of two stage pyrolygegrolysis (no plasma, no catatyspyrolysis
catalysis (no plasma), pyrolygiasma (no catalyst) and pyrolygilasmacatalysis

for the steam reforming of the biomass pyrolysis gases. The experiments used the
equipment and procedure described in secB@h2.2.a power input of 40 Wo

sustain the plasma discharge and an input steam flow rate/bft@ gtimulate the

steam reforming process.

5.1.1 Plasma effect on gas production

The results of the effect of plasma, in terms of product yield, gas composition and
yield, via comparisorof pyrolysispyrolysis, pyrolysiscatalysis, pyrolysiplasma

and pyrolysisplasmacatalysis, are presentedTiable 5.11. The quantity of products

in wt.% is detailed for each of the four experiments, along with the detailed
composition of the producegis. The quantity of gas produced during the experiments
was aboutl0 wt.% of feedstock for pyrolysipyrolysis and pyrolysisatalysis
experiment, lower than th&5 wt.% obtained for pyrolysiplasma or pyrolysis
plasmacatalysis. A similar quantity ofduid was obtained after each experiment,
with plasmacatalysis leading to a lower liquid production. The quantity of char
produced for each experiment was stable as the char was produced during the first

stage, where conditions remained unchanged througheexperiments.

The yield of gas produced in relation to pyrolysaalysis, pyrolysiplasma and
pyrolysisplasmacatalysis is presented ifrigure 5.311 (a) and the detailed
composition of the product gas is showrFigure 5.11 (b) Pyrolysispyrolyss and
pyrolysiscatalysis produced a product gas yield of 3 mgigbmass However, with

the introduction of the plasma in the pyrolyplasma process (no catalyst) a product
gas yield of ~7 mmallhiomasswas produced. With the introduction of theatgst
together with plasma, the consequent plasatalytic process produced only a very
small increase in total gas yield above that for the plasma alone. However, a more
detailed compositional analysis of the produced gas shows that the individual gas
yields were changed in the presence of the plasatalytic steam reforming system

compared to plasma alonédure 5.11(b)). Decreased CHyields in the presence of
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plasma and plasmezatalysis suggests steam reforming of the,®idt also thdigher
molecular weight hydrocarbon gases, which produced an increased yield of H
(Equation 5.1 The plasmaatalytic process produced increasegdadd CQ and
reduced CO yields, which suggests that the catalyst promotes not only the steam
reforming of he pyrolysis hydrocarbons but also the water gas shift reaction
(Equation 5.2)(Kumar et al., 2014)The nickel catalyst is a known material for
breaking down tar compounds in gasification processes, by steamirgfdeading

to a higher hydrogen gas producti¢Brock et al., 1999)In plasmacatalysis,
compared to the plasma process, the highgsrbduction was mostKely the result

of reduction of tar hydrocarbons by the d¢ditalyst.

Table 5.1-1: Experimental summary for identifying the effect of plasma

Experiment results ' %
_ _ _ _ | Pyrolysis
in relation to Pyrolysis Pyrolysis | Pyrolysis Error
_ . . -Plasma
biomass and reacte  Pyrolysis Catalysis | Plasma _
Catalysis
water
Gas (wt.%) 10.24 1072 | 1563 | 1520 | 33
Liquid wt.%) 76.68 7627 | 7169 | 69.47 | 7.4
Char (wt.%) 11.21 9.75 1050 | 1062 | 2.5
Composition in mmol/g of feedstock
CO 1.87 1.91 3.6 3.31 4.5
H2 1.23 1.13 3.48 3.94 7.0
CO; 2.33 2.06 3.20 3.46 6.7
O2 1.62 2.79 2.16 2.10 -
CHs 0.75 0.71 1.1 1.1 6.8
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Equation 5.1
CnHm + nHZO nCO + ("l + m/2)Hz

Equation 5.2
CO + /O 0, + H

The reaction of Ceto produce excited C@nd Q’species, has been reported to take
place in the plasma reaction zon@vock et al., 1999; Zheng et al., 2003)e
recombination of the excited.Ospecies, is likely to lead to oxygen production which
was observed in the product gases for the plasma and ptadabgtic systems.
Considering the slight increase of oxygen in the plasatalytic system, where the
carbon monoxide concentration was the highest, the combination of both reactions

could explan the differences between the plasma and plasatadytic system.

It is important to note that the Ml 2Os catalyst is typically used for high temperature
steam reforming at temperatures of ~ 800(82ernik, et al, 2002and not low
temperature plasmeatalysis at temperatures of ~250 °C. Therefore, the catalyst may
have low catalytic activity at the operating temperature used in this work. However,
it has been reported that the water-ghit reaction can occur at temperatures of-200
300 °C(Hilaire, et al., 2004; Smith, 2010)he temperature inside the second stage
plasma reactor was maintained at 2509@,temperature inside the plasma reactor
zone may be higher than this, also théANIOs catalyst may show some activity,

particularly if the plasma promotes surface catalytic reactions.
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Figure 5.1-1: Effect of plasma on the quantity of syngas oduced (a) and its
effecton the detailed produced gas composition (bdr DBD rig
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5.1.2 Plasma effect on tar reduction

The twastage biomass pyrolysis with plasiwatalysis was also used to investigate
the effect of plasma and plasfoatalysis on the séen reforming process for the
reduction of the higher molecular weight hydrocarbon tar species in produced liquid.
Figure 5.12 (a) shows the total hydrocarbon tar content of the product gas in relation
to the pyrolysiscatalysis,pyrolysisplasma and pyrolysiplasmacatalysis systems

for the steam reforming of the biomass pyrolysis tars. The total hydrocarbon tar
content was determined from the analysis of the total hydrocarbons condensed in the
reactor condensation system andedted using the G®IS analytical system. The
results were then converted to mg taf of gas based on the total gas throughput.
Figure 5.12 (b) shows the detailed analysis of the tars for selected tar hydrocarbons
in relation to process conditions. Teelected hydrocarbons represented the range of
molecular weights found in light tars with molecular weights from benzene (M.Wt.78)
to higher molecular weight compounds with molecular weights over 160 MW units.
The selected hydrocarbons were, alkylgteenols or aromatic compounds: benzene,
phenol, ecresol, p/mcresol, guiaicol, 24limethylphenol, 4ethylphenol, 4
isopropylphenol and-thethoxy4-propylphenol. The product gas total tar content was
420 mg e for the pyrolysiscatalysis system, but was temkd to 335 mg rifor the
pyrolysisplasma system. However, with the introduction of the catalyst into the
plasma zone, the hydrocarbon tar content in the product gas was markedly reduced to
150 mg . Compared to the hydrocarbon tar content in the @esehthe plasma
(pyrolysiscatalysis) the pyrolysiplasma system represents a reduction in
hydrocarbon tar content of 21% and 64% reduction for the pyrghasssnacatalysis
system.

The detailed comparison of the selected hydrocarbons in the hydnedarkia the
product syngas shown iRigure 5.12 (b) shows that the individual aromatic and
oxygenated aromatic hydrocarbons are reduced in concentration in the plasma and
plasmacatalytic processes. The plaswetalytic process producing the highest
rediction in concentration of the selected hydrocarbons. In addition, the larger
hydrocarbon tar molecules with very high boiling points will also be reduced in
concentrationFigure 5.13 shows the average molecular weight and the molecular
weight range of tb condensed hydrocarbons determined using size exclusion
chromatography in relation to the influence of plasma on the prdtigsse 5.13 (a)
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shows that the pyrolysis hydrocarbons had a very wide molecular weight range from
~100 to over 1000 Mw units. Ehintroduction of the MAI.O3 catalyst to the system
produced a marked decrease in the molecular weight range of the hydrocarbon tars,
as was also shown by the pyrolyplasma process. However, the pyrolysigsma
catalysis process showed that the picichydrocarbon tars were reduced to produce

a low molecular weight range tafrigure 5.13 (b) for the average molecular weight

of the hydrocarbon tars shows that the pyrolysis only system produced the highest
average molecular weight of 885 Mw compategyrolysiscatalysis at 169 average

Mw and pyrolysisplasma at 126 average Mw systems. The lowest average molecular
weight was obtained for the pyrolygiasmacatalysis system (102 Mw). The marked
decrease in average molecular weight showing thgpdkepyrolysis processing of

the biomass pyrolysis gases using catalyst, plasma or plealgsis produces a
major decrease in the high molecular weight hydrocarbon tar content of the product
gas. Such high molecular weight hydrocarbon tars are théepratic tar species that

are the main cause of blockagéggas fuel transfer lines, fuel injectors, etc.

In the plasma process, the plasma produces high energy electrons which activate the
reactants initiating radical reactio(iBao et al., 2013)The reduction in tar yield for

the plasma and plashtatalytic systems may be attributed to the reactive plasma
species including high energy electrons, the free radicals such’a®taHd N‘and

excited N’ species reactingith the biomass pyrolysis produgts Liu, Wang, Song,

et al., 2017) These shotlife species can breakdown the tar compounds through

collision, generating smaller molecular weight spe(igimssoret al, 1991)
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Figure 5.1-2: Effect of plasma on the tar production (a) and on selected tar
compounds (b) of produced liquid for DBD rig
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The marked reduction in hydrocarbon tar content in the product gas from the-plasma
catalytic process involves the interaction of the plasma with the catalyst enhancing tar
reduction reactions. The presence of the catalyst particles in the dischargelgap wil
enhance charge accumulation on the particle surface, resulting in increased local or
average electrical field and thereby the number of high energy electrons and reactive
species(Liu et al.,, 2017) In addition to this physical effect of the particles, the
presence of electrically conductive nickel particles on thdysataurface will also
increase the plasma development and provide nickel metal sites for the catalysed
decomposition of the biomass thermal degradation species. The platatysis
system enables plasma generated, high energy electrons, ions, radiceisitad
species to interact with the catalyst, which will not be the case for thermal catalysis
(Neytset al, 2014) The presence of the catalyst within the plasma zone enables both
plasma induced reactions and also catalytically promoted reactions to occur. The
plasma will activate the pyrolissgases to produce a complex mixture of molecules,
free radicals, excited species, atoms, ions and electrons which will both interact in the
gas phase and on the catalyst surf@eytset al, 2014) In addition, the catalyst
surface characteristics, metal species content and dielectric pespeittimodify the
plasma properties on the catalyst, enhancing decomposition of the pyrolysis products.
The presence of the plasma may also alter the physicochemical properties of the
catalyst surface. It should also be noted that the presence of thagpatkterial
particles of the A0z support may have dielectric properties which act as a physical
effect on the plasmsolid interaction which induces the chemical effects that
enhances pyrolysis product degradation. This effect is in addition to thenpeesf

the active nickel species present in the catalyst which enhances selective reforming
and cracking reactions. The pore size distribution of the catalyst will also influence
pyrolysis product decomposition where it has been reported that strorg dielcts

are produced due to micdischarges in the catalyst pore volufeytset al, 2014)

Comparison of the hydrocarbon tar reduction results from biomass may be compared
to model compound work reported in the literature. For example, Liu(kiwakt al.,
2017)used a dielectric barrier discharge system to study theéhssmal plasma
catalytic steam reforming of toluene as a tar model compound using a range of
different catalysts. The catalysts used were Ni and Fe based catalysts with different

support materials. They reported that the Ni catalysts were more effective in
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converting the toluene to product gas and that the surface area of the support
influenced toluene etomposition, with higher surface area support material
increasing decomposition. They also investigated the location of the catalysts in the
reactor system and showed that placing catalyst within the plasma zone was more
effective for toluene decompositioThis was attributed to the reactive plasma species
including the radicals obi0*and Nand excited speciesNeacting with the toluene

on the surface of the catalyst. A maximum toluene conversion of 86.5% was achieved
with the NVZSM-5 catalyst, whereas in the absence of catalyst the conversion
efficiency for the plasma only system was ~64%. Liu €Lal.et al., 2017glso used

a dielectric barrier discharge system and BANOs catalyst to study the catalytic
steam reforming of toluene as a model biomass gasification tar compound. They
invesigated the influence of different Ni catalyst contents on toluene decomposition.
In the absence of catalyst, the toluene conversion was 39.5% but wherctitalixst

was added, conversion of toluene was increased and at the highest catalyst Ni content
of 20 wt.% conversion reached 51.9%. The main product gases we&e&tand CH

and lower concentrations of1@®& sChydrocarbons. In addition, the condensed
hydrocarbons from the toluene decomposition in the absence of a catalyst (plasma
only) produced aange of aromatic and oxygenated hydrocarbons which were
significantly reduced in the plasreatalytic process. Benzene and ethylbenzene were
identified as reaction products from the plasragalytic reforming of toluene, but a

wide range of other hydrodawns were also detected, including xylenes, styrene,

propylbenzene and oxygenated hydrocarl{bnset al., 2017)

The biomass pyrolysiproducts generated in the first stage pyrolysis process and
passed to the plashtatalytic system are highly complex and therefore the
degradation mechanism is difficult to develop. Even simple single tar model
compounds have been shown to generatengeraf hydrocarbon and oxygenated
hydrocarbon products. For example, Wang €i\&ng, et al., 2014)sed a dielectric
barrier discharge (DBD) plasnzatalytic reactor with Ce2MnOy catalysts to study

the decomposition fatoluene. They identified, a range of aliphatic and aromatic
hydrocarbons in the degradation products, including mesimg diemethylbenzenes,
benzaldehyde and methylbutanol. Liu eflal et al., 2017)glso used a DBD reactor

to investigate the plasnatalytic decomposition of toluene, using differentddsed

and Febased catalysts on different catalyst supports. They reporteokethetne and
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ethylbenzene were the main products of toluene decomposition with lower
concentrations of xylene, styrene, cumene, propylbenzene, isobutlybenzene, 1,2
diphenylethane andethyt3-phenylbutane. Therefore, the biomass pyrolysis gases
will undergo extensive reaction and decomposition in the plasatalytic system
generating a wide range of hydrocarbon species as reflected in the molecular weight

range of the hydrocarbon tars showrrigure 5.13.

Based on experimental results presented in $kistion and published reaction
mechanisms, mechanisms for tar removal can be drawn in the pyusisa
catalytic system. First, it is worth mentioning that most reaction mechanisms for tar
removal in plasma&atalytic systems are conducted for single tcompounds as
reactions in plasma environment are known to be very complex. From these single tar
compounds, the most extensively studied compounds are toluene and naphthalene.
Liu et al (2017) studied the steam reforming of toluene in a gliding artoresud
suggested a reaction mechanism reproduced beldwgure 5.15. Two possible
pathways are shown for toluene removal. Firsglddtraction from the methyl group

by nitrogen excited species or energetic electrons could initiate the breakdown of
toluene, the dissociation energy oH0n methyl being smaller than other dissociation
energies in toluene.-C bond between methyl and benzene could also be broken
down by excited nitrogen species and energetic electrons, generating phenyl radicals
which will react with other radical$ H, OH, NH and CNi recombining into
different single ring aromatics. Certain intermediary radicals could further be broken
down to syngas. Secondly, oxidation of the aromatic ring was shown as the second
pathway to remove tokne. This generates an unstable intermediary compound,
forming a peroxide bridge radical and being a precursor to both carbonyl and epoxide
pathways. Nevertheless, both pathways can be further broken down to $lynpes.

al., 2017)

The same two pathways have been presented by Wang et a) (@018 plasma
reforming of naphthalene, with or without steam,FHigure 5.15. Naphthalene
dissociation was shown to include water dissociation in plasma through the
recombination of one of the aromatic rings with OH radical forming highly reactive
intermediary compounds in routes | and Il. Route | represented the reaction between

unstable intermediaries and peroxy radicals, producing indene, marked as compound
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(c). Route Il showed the generation of intermediaries through ring cleavage, cracking,
dehydation or reaction with Clradicals. Furthermore, naphthalene removal can be
initiated by its collision with energetic electrons and metastable nitrogen species. The
route Ill led to the formation of morsubstituted benzene derivative through ring
cleava@ reactions. Route IV showed naphthalene breaking down to ethylene-by step

wised oxidation process to form carbon oxides and watéanget al, 2019)

Very few research publications investigate the reaction pathways and mechanisms for
more than a tamodel compound as very large number of chemical reactions happen
simultaneously, resulting into a very complex process. Mei et al (2019) studied the
enhanced steam reforming of toluene and naphthalene in a hybrid gliding arc-plasma
catalytic process and wstied the possible reaction mechanisms for tar removal,
represented iRigure 5.16. The process is known to involve gas and surface reactions
on the catalyst. The process is first most likely induced by tabdtraction and
cleavage of the aromatic ringpy excited nitrogen species and energetic electrons,
which have demonstrated a significant contribution to tar compounds removal in
nitrogen plasmas. Aliphatic compound generation was the result of the dissociation
of C-C and C=C bonds in tar compounds,veell as their fragment recombination.
Polymerisation reaction could also occur at a very low occurrence in plasma
reforming processes. Oxidations of tar compounds originated from water dissociation
into OH radicals, breaking further down toluene and tiagane via Haddition,
recombination or dehydrogenation. In plasoca#alysis, molecules can be adsorbed

on the catalyst surfaces and react with active species, providing additional reaction
pathways for tar conversion, further enhancing hydrogen praducind tar

conversion(Mei et al., 2019)

A more detailed reaction pathways for the steam reforming removal of toluene and
naphthalene are presented in from a study by Mei et al. This reaction pathway
represented ifigure 5.17, was obtained through a complete analysis of gas and by
products, as well as optical emission spectroscopic diagnostics. Toluene tar
compounds could be oxidised to benzaldehyde and further oxidised to benzoic acid
by oxidativespecies, followed by the generation of carbon dioxide and phenyl radicals
(which could form benzene). Unstable intermediary compounds could react with O

radicals, forming a peroxide bridge radicals for carbonyl an epoxide routes, as
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described previouslyl oluene ring can be open through stéped oxidation by OH

and O radicals to form stable oxygenated compounds. Aromatic compounds from ring
cleavage could be further broken down to generate syngas and water. As shown
before, hydroxylation of naphthalenedl to the formation of 1;daphthoquinone
which, once oxidised, will break an aromatic ring to generate benzaldehyde and
phthalic acid. Phthalic acid can also further react to produce dibutyl phthalate. This
intermediates would be further oxidised by O &@ntd radicals to form carbon oxides

and water.(Mei et al., 2019)

Therefore, the tar removal pathways during the pyrolgEismacatalysis of biomass
are suggested to be similar to the mechanisms previously presented for the mixture of

naphthalene and toluene.
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5.1.3 Plasma effect on reacted catalyst

Temperature programmeaxidation was used to determine the amount of
carbonaceous coke deposited on the catalysts for the pyroaalgsis process and

the pyrolysisplasmacatalysis process. The associated results are preseifigdiia

5.1-8. The pyrolysiscatalysis procesgesulted in a coke deposition of 10.2 wt.%
compared to the coke deposition with the pyrolptésmacatalysis process where
coke deposition was significantly lower at 7.7 wt.%. Oxidation of the catalyst carbon
was complete at oxidation temperatures Wwedd(*C, which indicates that the carbon
deposited on the catalyst surface was amorphous cévtaanet al., 2014)During
plasna-catalysis, the environment is hotter than for catalysis due to the excited
molecules colliding with energetic electrons and leading to a slight temperature
increase by energy transfer between the electrons and the heavy mdeddihean,

2008) However, the Boudouard reaction indicates that CO is the most stable carbon
oxide at high temperature (above 500 K). Thus, it is suggested that the contribution
of the Boudouard reaction to plasioatalysis leads to higher-@eking compared to

catalysisonly (Kameshima et al., 2015)

The fresh nickel supported alumina catalyst and the reacted catalysts after reaction
werecharacterised by Xay diffraction (XRD).Figure 5.19 shows the XRD spectra

for the fresh prepared Mil O3 catalyst, the NAIOs catalyst after reduction and the
catalyst after reaction in the plasmatalytic system. The XRD spectra shows that
three dffraction peaks were observed around the most intense peaks GXIpOR

2d at° 43.3 and 62.9 (JCPDS 780643). The diffraction peaks for the fresh
catalyst were more intense than for the reduced fresh catalyst. This suggests that
smaller nickel prticles are produced after reducti¢vian et al., 2013) After
reduction, a new XRD peak around®®buld be observed, which matched one of the
most intense peaks of N2dd at°, 54.8 .arfd 76.4 (JCPDS 6%865). The
diffraction spectra for the catalyst after reaction in the plasataytic system were

less intense compared with the peaks for the unreacted catalysts. This suggests that

the nickel particles were smaller after processing in trem@&atalytic system.
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5.2 Tar model compounds and biomass components used as
feedstock in the DBD plasmecatalytic reactor

In section 5.1, the effect of plasma was studied on the different products of the two
stage biomass pyrolysis with plasmeatalysis system presented in section 3.2.2.2.
Plasmacatalysis system was identified as the best system for higher syngas and
hydrogen production, alongside high tar reduction. However, the experimental setup
used cannot be comeal to previous work, to the best of my knowledge, as the
literature contained mainly single tar model compound in plesatalytic systems.

In order to verify the reproducibility and synergy of published results to validate our
setup, toluene was first @d as feedstock of the tvatage biomass pyrolysis with
plasmacatalysis system. To obtain some insights into the decomposition of biomass
within a plasmecatalytic system, the different components of bioniassdlulose and

lignin 7 were used as feedstackThe resulting observations enabled a better
comprehension of the mechanisms in place in the plasitadytic system.

5.2.1 Toluene

The use of toluene as a tar model compound and the synergetic effect of-plasma
catalysis was studied at an input powed®fW. The influence of increasing power
input to the plasma system was investigated to determine the influence on product gas
yield and gas composition at input powers of 20, 40 and 60 W. The typical
steam/carbon ratio used for steam reforming reactiocsngprised between 2.5 and

3.5, according to Wukovits et AVukovits, , 2012) Thus, a steam to carbon ratio of

3|1 was used throughout the experiments, with a Toluene flow rate of 2 aridha

steam flow rate of 7.2 mLh

The experimental summary represented ifmTable 5.21. The total product gas
produced and the detailed gas composition of product gas are represdfitpdan
5.2-1 (a) andFigure 5.21 (b) respectively. Confirming literature results of plasma
catalysis on model compounds such@sene(Liu et al., 2017; Wang et al., 2017;
Whitehead, 2009)plasmacatalysis technology enabled to destruct more toluene,
leading to producing more syngdsdure 5.21 (a)) and more hydrogefrigure 5.2

1(b)) than catalystracking or nofthermal plasma (DBD). The tar content in the
product liquid is shown ifrigure 5.22. A higher tar content was observed for the
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plasmacatalytic system than for the pyrolygitasma system, further showing the

reduction of toluene in thdgsmacatalytic system.

An increase of power input improved removal efficiency of toluene, as showed by an
increase of syngas production showedrigure 5.21 (a), an increase of hydrogen
production represented Figure 5.21 (b), and an increase inrtaontent showed in
Figure 5.22, for increasing power input. These observations were similar to the
observations from Wang et §Wang et al., 2017)in their publication, the removal
efficiency of toluene and the selectivity of carbon dioxide is improved widltease

of input power, when using a plasroatalytic system with CeMnOx catalysts.
Finally, the study of coke deposition on the catalyst in the plastitadytic system is
represented irFigure 5.23. With increasing power input, the coke deposition
increased, further confirming the enhanced decomposition of toluene with increasing

power inputs.

Table 5.2-1: Experimental summary for experiments using toluene as a tar
model compound

Experiment
using
Toluenel Plasma | Plasma | Plasma | Pyrolysis .

. . . . Pyrolysis | %
results in | Catalysis| Catalysis af Catalysis| Plasma at Catalvsis | error
relationto | at20 W 40 W at60 W 40W y

biomass and
reacted watel
Gas (wt.%) 049 1.00 1.97 0.85 - 3.3
Liquid
7 ) ) 1. 47 7.4
(WL.9%) 90.73 90.06 88.95 91.50 85
Char (wt.%) - - - - - 2.5
Mass
Balance(%) 91.22 91.06 91.07 92.35 85.47 1.3
Composition in mmol/g of feedstock
CO - 0.66 1.19 - - 4.5
H> 1.91 4.24 5.81 4.44 - 7.0
CO 0.54 0.89 1.23 3.01 - 6.7
CHs - 0.25 0.36 0.32 - 6.8

197



o Syngas production when using Toluene as a feedstock for
] plasma and plasma-catalytic systems

guantity of syngas (mmol/g of feedstock)

Produced gas composition when using Toluene as a feedstock for

. plasma and plasma-catalytic systems
g °
°
2]
T s
® CO
5 s A,
o co,
(o]
S | CH,
£
S 27
=
7))
g -
£
S o
W Lo W N
.‘;,\'El'z‘Q - 5\560 a0 a0
ey Py o 2
b O\i‘ﬁ"“a(o o\as™ o™

Figure 5.2-1: Effect of plasmacatalysis and power increase on the quantity of
syngas produced (a) and its effeain the detailed produced gas

composition (b)for DBD rig when using Toluene as a feedstock
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for DBD rig when using Toluene as a feedstock
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5.2.2 Biomass components: cellulose and lignin

The production of gases and tar compounds from thestage biomass pyrolysis

with plasmacatalysis, as well as the reacted catalysts, were investigé the use

of cellulose and lignin to better understand the breakdown mechanism of biomass in
the plasmaatalytic system. The experiments used a power input of 40 W to sustain
the plasma discharge and an input steam flow rate ofh2 7@ support thes
experiments, the descriptiaf the components constituting biomass are described in
Chapter 3, section 3.1.1.2.

5.2.2.1 Produced gas composition

The results for the different components of biomass in terms of product yield, gas
composition and yield,ra shown inTable 5.22, in Figure 5.24 for the total syngas
produced andrigure 5.25 for the detailed gas composition. Each figure consists of a
series of graphs including plasroatalytic system (a), pyrolysgasma system (b)

and pyrolysiscatalysis system (c). As presented in section 5.1, the use of plasma
catalysis system lead tohagher syngas and hydrogen production than the use of

pyrolysisplasma or plasmaeatalysis systems, for cellulose and lignin.

First, the total product gas increased when switching from a pyralgtadysis system

to apyrolysis plasma system, from 7.81t.9 wt.% for cellulose and from 6.5to 7.4
wt.% for lignin. Further gas was produced when introducing catalyst into the
pyrolysisplasma system, from 11.9 to 12.6 wt.% for cellulose and from 7.4 to 10.1
wt.% forlignin. The product gas obtained when ugiygolysisplasmacatalysis was
compared inFigure 5.24 (a) andFigure 5.25 (a) for three different feedstocks:
biomass itself and its components. Cellulose used in ptaatadysis system led to a
higher syngas production with 7.2 mmol per gram of fexds due to a higher carbon
monoxide production, 3.1 mmot'gomass The use of lignin in plasmeatalysis
system resulted into the highest hydrogen production and highest methane production,
respectively 4.3 mmoliomassand 2.5 mmol.Gbiomass Whencomparing the biomass
components across the three systédmgyrolysiscatalysis, pyrolysiplasma and
pyrolysisplasmacatalysisi the highest production of methane is obtained for lignin
used in pyrolysigplasmacatalysis, whereas the productions of carinonoxide and

carbon dioxide are the highest for cellulose used in pyreplamma and pyrolysis
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plasmacatalysis respectively. Hydrogen production is the highest for both biomass

components when using pyrolygitasmacatalysis.

Supported by the feetdek characterisation (Section 3.1.1.2), the gasluced from

lignin contained less oxygenated compounds and more methane than other product
gases. This can be explained by its lower oxygen content and its higher carbon content
compared to other feedstakThe higher presence of moisture in biomass and
cellulose compared to lignin could lead to a higher syngas concentration, as moisture
will more easily be pyrolysed and thus, interact within the plasatalytic reactor.

The higher hydrogen concentratibmlom lignin product gas cannot be explained by

the hydrogen content in all feedstocks, as they are very similar. This could be linked
to the accessibility of hydrogen atoms in the polymer structures: in lignk, C
chemical bond seemed easier to break diinan GO bond in all feedstocks, or-@

bond in cellulose or hendellulose.

Yang et al(Yang et al. 20073tudied the characteristics of hemicelluloseljulose

and lignin pyrolysis. The main gas products were dependent of the biomass
components used as feedstock. Yang et. al observed that hemicellulose had higher
carbon dioxide vyield, cellulose higher carbon monoxide yield, and lignin higher
hydrogen ad methane yield. These observations could be explained by the molecular
structure of the biomass components. During the pyrolysis process, the abundant
presence of € Chemical groups in cellulose is suggested to promote the production
of carbon monoxideThe numerous C=0 chemical groups in hemicellulose might
favour the production of carbon dioxide. Lignin is rich in methoxytQBs)
containing compounds, which might promote the production of metijafeng et

al., 2007)Wu et. al(Wu, 2013)observed that the addition of nickel supported on
alumina catalyst might promote reforming of oxygenated compounds, increasing the
hydrogen production for lignin pyrolysis/gasification. High hydrogen produetams

also observed for catalytic steam pyrolysis/gasification of cellu(@geet al., 2013)
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Table 5.2-2: Experimental summary for pyrolysis-catalysis, pyrolysisplasma

and plasmacatalysis experiments using biomass components

Experimenti PyrolysisPlasma PlasmaCatalysis
results in relation PyrolysisCatalysis 40 W 40 W %
to biomass and error
reacted water | Cellulose | Lignin | Cellulose | Lignin | Cellulose | Lignin
Gas (wt.%) 7.84 654 | 1189 | 737 | 1263 | 1013 | 3.3
Liquid Wt.%) | 7819 | 6726 | 7080 | 6652 | 7288 | 7253 | 7.4
Char (wt.%) 823 | 2301 | 885 | 2261 | 975 | 2146 | 2.5
MassBalance(*) | 9508 | 9725 | 9153 | 9650 | 9526 | 104.12| 1.3
Composition in mmol/g of feedstock
co 1.72 114 | 336 151 | 309 | 186 | 45
Ha 0.81 0.69 3.55 328 | 407 | 429 | 7.0
CO, 257 171 2.89 183 | 381 | 224 | 6.7
o) 0.48 034 | 085 036 | 041 | 102 -
CHa 0.44 153 0.59 156 | 098 | 251 | 68
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Figure 5.2-4: Quantity of syngas produced for different biomass components in
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Figure 5.2-5: Detailed composition of produced gas for different biomass
components in plasmecatalysis (a), pyrolysisplasma (b) and pyrolysis-

catalysis (c) systems

205



5.2.2.2 Tar content analysis

The biomass components were also used to investigate the effect of plasma and
plasmacatalysis on the steam reforming process for the reduction of the higher
molecular weight hydrocarbon tar species in produced lidugaire 5.26 shows the

total hydrocarbon tar content of the product gas in relation to the pyrobtsilysis,
pyrolysisplasma and pyrolysiglasmacatalysis systems for the steam reforming of

the biomass pyrolysis tars. The total hydrocarbon tar content was determined from
the analysis of the total hydrocarbons condensed in the reactor condensation system
and detected using the GC/MS analytical system. The results were then converted to
mg tarm™ of gas based on the total gas throughput. This figure consists of a series of
graphs including plasmeatalytic system (a), pyrolysijgasma system (b) and

pyrolysiscatalysis system (c).

As presented in section 5.1.2, the oé@lasmacatalysis sgtem lead to a smaller tar
content and higher tar reduction than the use of pyreplagma or plasmaatalysis
systems. This was confirmed with the use of the components of biomass as shown in
Figure 5.26. For example, in the case of the study of cefial the product gas total

tar content was 186 mig for the pyrolysiscatalysis system but, was reduced to 126
mgm for the pyrolysisplasma system. However, with the introduction of the
catalyst into the plasma zone, the hydrocarbon tar content ipréigleict gas was
markedly reduced to 0.5 nmy3. For lignin, the product gas total tar content was 255
mg.m™ for the pyrolysiscatalysis system but, was reduced to 185mmgfor the
pyrolysisplasma system and to 62 mrg’ for the plasmacatalysis systenCompared

to the hydrocarbon tar content in the absence of the plasma (pyedyalgsis) the
pyrolysisplasma system represents an average reduction in hydrocarbon tar content
of 30% and 88% reduction for the pyrolypsmacatalysis system, acrosket

components of biomass.

First, it can be observed that more tar compounds were recovered for experiments
using lignin than cellulose, cellulose experiments containing the lowest tar content
out of the components of biomass. This has also been demahslyate et. aYu

et al, 2014)in different experimental conditions. For all components of biomass, the
relative percentage of PAHSs, in tar composition, increased with tempei@&@vaas

et al, 1987; Yu et al., 2014According to Yu et. alYu et al., 2014) at higher

206



temperature, the tar content moved towards a higher molecular weight compounds,
suchas polycyclic aromatic hydrocarbons (PAHSs). For lignin, PAHs originated from
phenols and its derivatives. For cellulose and hesfiulose, they mainly derived

from benzene, toluene, ethylbenzene and xylene isomers (BTEX) and miscellaneous
hydrocarbons. Dferences between components of biomass is linked to their
molecular structures. Lignin is a phenolic macromolecule, containing elgation
methoxy group which may react easily to form oxygenated compounds such as phenol
and its alkyl derivatives(Liu, 2008) Cellulose and hentellulose are rich in
glycosidic bonds, which will first break and dehydrate to generate -snaddicule
carbonyl derivatives, amonghars. These compounds will then separate into benzene
and its derivatives, furan and toluei®adaet al, 2000)To further generate PAH,

two main paths are ceidered: the use of benzene as a precursor, where propylene
and butadiene in the decomposition products of cellulose andda#ioibse form
benzene by diene synthesis reaction; or the use of phenol as a precursor, where the
ether bond in lignin breaks tmrm phenol under acidic conditions and phenolic
compounds lose a CO radical to form cyclopentadi¢he. et al., 2014)This
mechanism could further explain the higher syngas production when using cellulose

and hemicellulose as feedstock, compared to lignin.

Wu et. al(Wu et al., 2013pbservedhat the addition of catalyst might promote steam
reforming of hydrocarbon oils such as aromati€gjuation 5.), but also the
reforming of oxygenated compounds such as alcokajgdtion 5.3 Thus, Wu et. al
suggested that oxygenated compounds are ohaménant in derived hydrocarbons
from lignin pyrolysis at the first reaction stage, compared with the use of cellulose or
hemicellulose.(Wu et al., 2013)

Equation 5.3
CnHmOk Y C OZ + H
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Figure 5.2-6: Effect of plasma on the tar content for different biomass
components in plasmecatalysis (a), pyrolysisplasma(b) and pyrolysis-
catalysis (c) systems

5.2.2.3 Reacted catalyst analysis

Temperature programmed oxidation was used to determine the amount of
carbonaceous coke deposited on the catalysts for the pyroltalgsis process and

the pyrolysisplasmacatalysis process. The associated results are preseiftigdia

5.2-7. The pyrolysiscatalysis process of biomass resulted in a higher coke depositi
compared to the coke deposition with the pyrolsésmacatalysis process. For the
pyrolysiscatalysis system, the use of cellulose and lignin led to a coke deposition on
the nickel supported on alumina catalyst of 6.38 and 6.18 wt. % respectively. Th
guantity of coke deposited on the catalyst surface is already quite negligible, as
suggested by previous publications such as the one from Wu\&tgl2013)When

used in the plasmeatalysis system, the coke deposition was reduced by
approximately 1 wt.%, leading to a coke deposition of 5.52 and 4.98 when using
cellulose and lignin respectively. Thus, the same conclusion could be observed for

biomass than for the different components of biomass.
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5.3. Study of differentprocessparameters

In section 5.2, the twetage biomass pyrolysis with plasmatalysis system
presented isection 3.2.2.2 has been shown to reproduce literature results, confirming
the effect of plasma on the different products of thedtage biomass pyrolysis with
plagna-catalysis system, studied in section 5Hlasmacatalysis system was
identified as the best system for higher syngas and hydrogen production, alongside
high tar reduction. To optimise the experimental setup and better understand the effect
of differentparameters, the influence of power input, steam flow rate, catalyst size

and catalyst/feedstock ratio were studied in this section.

5.3.1 Input power effect

The influence of increasing power input to the plasma system was investigated to
determine the infience on product gas yield and gas composition at input powers of
40, 60 and 80 W. A steam flow of Zhgvas used throughout the experiments. The
experimental summary is representedale 5.31. The results in relation to product

gas yield at increasinpower input for plasma and plaswwetalytic systems are
presented irFigure 5.31(a) For both plasma and plasiwatalysis the increase of
power input led to an increase of product gas yield. However, when the power was 40
W, plasmacatalysis produced memroduct gas than the plasma process, but, when
the power was higher than 40 W, the plasma system produced slightly more product
gas than the plasrtalytic system.

The detailed composition of the produced gas are showigure 5.31 (b) for the
pyrolysis-plasma process and kigure 5.31 (c) for the pyrolysigplasmacatalysis
process. For each input power, more hydrogen was produced with the -plasma
catalytic process compared to the plasma only process. For example, 3.5 sgmol H
Thiomassfeedstock wa produced for the plasma system at 40W and 4.0 mmgl H
Thiomasfeedstock for the plasmzatalytic system. On the other hand, carbon monoxide
production was higher for the plasma system compared to pleesialgsis for each
power input. Methane produoti for both systems and all powers were very similar,

at around 1 mmol &iomass
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Table 5.3-1: Experimental summary for different power input

Expgrimenﬂ.' . : : Pyrolysis Plasma Plasmg P'asm?
rgsults in relation tg PyronS|§ PyrolysisPlasma Pyrolysis Plasma 80| Catalysis Catalysis | Catalysis| %
biomass and reacte Catalysis 40w Plasma 60 W W 40 W 60 W 80 W error
water
Gas (wt.%) 10.72 15.63 16.01 16.28 15.20 14.92 16.02 3.3
Liquid (wt.%) 76.27 71.69 70.64 73.50 69.47 70.49 65.96 | 7.4
Char (wt.%) 9.75 10.50 10.55 9.83 10.62 10.13 9.79 2.5
MassBalance(%) 97.16 99.19 97.66 99.61 96.62 95.97 92.19 1.3
Composition in mmol/g of feedstock
(6{0) 1.91 3.60 4.06 4.55 3.31 3.50 3.99 4.5
H2 1.13 3.47 3.92 4.82 3.94 4.13 4.97 7.0
CO, 2.06 3.20 3.28 3.67 3.46 3.47 3.86 6.7
Oz 2.79 2.16 1.80 1.68 2.10 1.74 1.83 -
CHa 0.71 11 1.1 1.23 1.1 1.11 1.18 6.8
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Effect of power on gas produced using the plasma-catalytic system
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Figure 5.3-1: Effect of plasma power input on the quantity of syngas produced
(a), its effecton the detailed produced gas composition for plasma system
(b) and its effecton the detailed produced gas composition for plasma

catalytic system (c)

The influence of plasmasgstharge power in relation to hydrocarbon tar reduction was
investigated for the plasma and plasma catalytic systeifferent powers were
studied, 40, 60 and 80 W. A steam flow of /& gas also used to simulate the
reforming processThe results areshown inFigure 5.31. The plasmaatalysis
produced less hydrocarbon tar than the plasma alone process at all the power inputs
investigated. The hydrocarbon tar content in the plasma system was approximately
twice the hydrocarbon tar content in the plasmatalytic system. Moreover, the
higher the input power, the lower the product gas hydrocarbon tar content. The
optimum result obtained was <135 m product gas hydrocarbon tar content for a
plasmacatalytic system with an input power of 80 W which proed a hydrocarbon

tar reduction of 68% compared to the hydrocarbon tar produced with the pyrolysis
catalysis process. The evolution of hydrocarbon tar content and increased gas
production may be attributed to an increase of electric field, electron t&tuEeas

well as the temperature of the discharge gas as the input power is increased. Thus,
more energetic electrons and active species are created, leading to an easier
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breakdown of molecules. This has been observed in the conversion of carbon dioxide

in atmospheric DBD by Paulussen et(®aulussen et al., 2010)

The used NiAIOs catalysts afteuse in the plasmeatalytic system with different
power inputs were also analysed by XRD and the resultant XRD spectra are shown in
Figure 5.33. For the catalysts with a power input of 40 W, 60 W and 80 W, the
diffraction peaks were more intense for aaton with a power input of 60 W, with
lower peak intensities found at power inputs of 40 W and 80 W. This relates to the
nickel particle size suggesting a smaller nickel particle size for the catalysts used at
80 W input power, followed by 40 W and 60 Whas been suggested thia rate of
carbon formation increases with the particle g@ben et al., 2005; Christensen, et

al. , 2006) Thus, the formation of carbon is less likely to occur with a powgrtiof

80 W, confirmed by the results obtained with TPO analysis used to determine the

carbon deposition on the reacted catalysts and shofigume 5.34.
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5.3.2 Steam effect

To study the effect of steam flow rate on the plasatalysis system for product gas
yield, the plasmaatalytic system was investigated at a power input of 40W. These
experiments were conducted for different steam (water) fédesr from 0 to 6/9.

The results are shown rable 53-2 for the experimental summary, kgure 5.35

(a) for the total product gas produced drdure 5.35 (b) for the detailed gas
composition. The production of gas was highest ahXgeanflow rate as shown in
Figure 5.35 (a). The absence of steam produced lowered gas production and
hydrogen productionFigure 5.35 (b)). Without steam, the number of active OH
radicals would be reduced and thus could not participate in the collisionseatidn

of active species leading to lgroduction. Water is a product of biomass pyrolysis,
therefore it would be expected that &tdicals would be generated in the plasma
zone, but the amount would be reduced in relation to additional steam ingighéit
steam flows, the catalyst partially lost its activity and efficiency, the optimum steam

flow in terms of the production of product gas wasi2 g

Table 5.3-2: Experimental summary for different steam flows at a power input

of 40 W
Experime_nt at 4QV T Ste_am flow rate () 7 %
results in relation to biomass and reacte( 0 2 4 6 error
water
Gas (wt.%) 32.98| 15.20| 8.17 | 6.68 | 3.3
Liquid (wt.%) 42 | 69.47] 84.95|87.99| 7.4
Char (wt.%) 23 1062| 532 | 432 | 25
MassBalance(%) 98.98 | 96.62 | 98.45|99.17| 1.3
Composition in mmol/g of feedstock
CO 356 | 331 | 299 | 297 | 45
H2 235 | 394 | 350 | 339 7.0
CO, 263 | 346 | 3.67 | 3.12| 6.7
O 274 | 2.10 | 239 | 3.28 -
CHs 0.89 1.1 117 | 1.11 | 6.8
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Figure 5.3-5: Effect of steam flow rate on the quantity of syngaproduced (a)
and its effecton the detailed produced gas composition (b)
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The influence of input steam flow rate to the pyroly@essmacatalytic process was
investigated at O, 2, 4 and fhgsteam (water) input for a fixed power input of 40 W.
Theresults are shown frigure 5.36. At zero steam input the hydrocarbon tar content

of the product gas was 195 myy’, but as steam was introduced, the hydrocarbon tar
content was reduced due to an increase in steam reforming reactions, decreasing to
150 mgm™ at 2 gh steam input and further reducing to 125.mgat 4 gh steam

input. Input of steam results in higher hydroxyl radical production generated by the
radiolysis of water leading to reduction in hydrocarbor{@uun, , 2016; Linet al,

2012) Nunnally et al(Nunnally et al., 2014have also emphasised the importance of
plasma OHradical production in the steam reforming procese ®H'formed either
through electron interaction with,B or with electrically excited interaction of,O

and N with H20. The produced Obtadicals readily react with the hydrocarbon tar
compounds resulting in decomposition. However, at higher stearhhigdrocarbon

tar content increased to 170 mg®nsuggesting a lowering of the hydrocarbon tar
reduction efficiency of the process. Chun efGtiun et al., 201@&)ave also reported

that at higher steam inputs the efficiency ohiene removal decreased due to the
electronegative characteristics of water. High steam input generates a high number of
water molecules which limit the electron density in the system and quenches the
activated chemical species. Also, in experiments cdeduzy Van Durme et §Van
Durme et al., 20079n toluene removal in humid air by a plaso@alytic system,
water formed mono or multayers on the catalyst surface, preventing access to the

catalyst active sites.

Temperature programmed oxidation analysis of the reacted catalysts in relation to
plasnacatalysis at different steam inputs, representegignre 5.37, showed that

the carbonaceous coke deposits on the catalyst at zero steam input produced a coke
deposit of 11.0 wt.% However, with the addition of steam at high water flow rates,

the cokedeposition was reduced to 6.0 wt.% at'd sfeam input.
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Figure 5.3-7: Effect of steam flow rate on coke deposition orhe catalyst

To conclude, the study of the influence of the steam flow rate on experiments with a
power input of 40 W showed the existence of an optimum flow rate for produce higher
syngas and lower tar content. In order to confirm this conclusion, the same
experiments were conducted for power inputs of 20 W and 60 W. The analysis of the
guantity of syngas produced, showrFigure 5.38, highlighted a similar result to the

one previously presented in this section: for each power input, an optimal steam flow
rate could be identify 2 and 4 ¢h for 20 W and 60 W respectivelyand thus, the

previous observation and discussion can be applied to any power input.
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Effect of steam flow on syngas production
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Figure 5.3-8: Effect of steam flow rate on the quantity of syngas produced at a
power input of 20 W (black), 40 W (red) and 60 W (green)

5.3.3 Catalyst particle size effect

To study the effect of steam flow rate on the plasatalysis system for product gas
yield, the plasmaatalytic system was investigated at a power input of 40W. These
experimats were conducted for different catalyst particle sizes, from 1 mm to 0.212
mm in three categoriegs1l mm, 0.51 mm and 0.21-®.5 mm. The results are shown

in Table 5.33 for the experimental summarfjgure 5.39 (a) for the total syngas
produced andrigure 5.39 (b) for the detailed gas composition. The production of
syngas was slightly higher for the biggest particle size as shokigune 5.39 (a).
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Table 5.3-3: Experimental summary for different catalyst particle sizes

Experiment at 40 W cataly$ o
0
particle size (mm) results in 1 17 0.5 | 0.57 0.212
error
relation to biomass and reacted wg
Gas (wt.%) 1520 | 16.21 | 12.07 3.3
Liquid (wt.%) 69.47 | 71.87 | 72.05 7.4
Char (wt.%) 10.62 | 9.96 7.74 25
MassBalance(%) 96.62 | 94 92.54 13
Composition in mmol/g of feedstock
CO 3.31 3.05 3.14 45
H> 3.94 3.67 3.92 7.0
CO; 3.46 3.43 3.55 6.7
CHg4 1.1 0.98 1.07 6.8
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Figure 5.3-9: Effect of catalyst particle size on the quantity of syngas produced

(a) and its effecton the detailed produced gas composition (b)
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Figure 5.3-10: Effect of catalyst particle size on the tar production (a) and on

selected tar compounds (b)
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