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Abstract

This thesis reviewed current methodologies for producing liquid fuels from triglycerides.
With ever increasing demands for sustainable liquid fuels compatible with modern
engines, waste cooking oils (WCQO) are an attractive source of glycerides. However,
transesterification and thermochemical conversion of impure glycerides face significant
challenges including lower quality fuels; unwanted waste glycerol; poor selectivity and
catalyst fouling via saponification. To overcome thosehallenges a two phase dielectric
barrier discharge plasma reactor was developed for the valorisation adil rich biomass

and waste oils bycold plasmawith and without catalysts.

This thesis reportsthe valorisation of WCO and transesterification waste products via
direct decomposition by cold plasma catalysis withina dielectric barrier discharge
reactor. Non-catalytic cold plasma achieved 25% conversion of methanol to hydrogen,
carbon oxides and hydocarbons using a nitrogen carrier gas, and the use of a helium
carrier gas notably generated propanal and methyl methanoate at trace yields (0.96 and
0.73wt.%). The synergistic effect of plasma catalysis has been demonstrated by the
combination of cold plasma and various catalysts (Ni/AbOs, HZSM5, Y-Zeolite and
zirconia). For example, 99% conversion of waste glycerol and 50wt.% yields of acetol can
be obtained using a Ni/AtOs catalyst compared to 91% and 34wt.% with no catalyst.
Triglyceride decomposition primarily produces gaseous and liquid hydrocarbons, fatty
acid esters and hydrogen, with other products not observed thermochemically (e.g. acetol
and formic acid). The two phase plasma system permits formation of thermally unfeasible
liquid products as the liquid phase prevents electron induced reactions, stabilising high
energy species and inhibiting decomposition of liquid phase products. Full reaction

pathways were derived for all feedstocks.

Unlike conventional methods, the process is highlyolerant of poor feedstocks and
selectivities are tunable to any product. For example, WCO decomposition produced over
50wt.% vyields of fatty acid esters in under 11 seconds without requiring methanol,
heating or high pressures. Use of hydrogen carrier ggpermits high selectivities to low
energy reactions, e.g. inducing esterification of free fatty acids with glycerides without a
catalyst. Experimental decomposition ofjlucose and cellulose to valuable furan and pyran
products suggests that cold plasma &atment of oil rich biomass for onestep generation

of liquid fuels is feasible, offering cost and energy savings, expanding the range of

potential sources and valorising waste Similarly, two phase effects and the tunablity of



cold plasma presents signiiant research opportunities to utilise novel synthesis

pathways to create value added products.

The current study demonstrated that two phase cold plasma could potentially utilise the
by-products of commercial transesterification and waste oils to generat sustainable
liquid fuels and negate the environmental impact of waste disposalThe findings could
also be extended to other liquid feedstocks for applications such as pyrolysis oil

upgrading.
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Chapter 1. Introduction

Depleting fossil fuels reservesncreasingenvironmental concernsassociated with the use
of petroleum-based fuelsand a highly industrialised society make sustainabl@and clean
fuels highly desirable as evidencedby a worldwide 10%/year increase in demand for
sustainable fuels (U.SNational-BiodieselBoard, 2017. Alongside other biofuels,
biodiesel has beena key liquid fuel, accounting for 16%of current biofuel production
(Figure 1.1) (BP, 2017%. It is derived from triglyceride rich feedstocks such asfats,

vegetable oil waste cooking oil and algae
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Figure 1.1: Recent biofuel productiorstatistics by region

Direct use oftriglycerides in diesel enginesis impracticable due to high viscositiesand
difficulties with fouling deposits, pumping and atomisation (Kulkarni and Dalai, 2009.
Triglycerides are commonly converted to fatty acid methyl esters (FAME) via
transesterification with methanol (Zhang et al, 2003, Norjannah et al, 2016) in the
presence ofa basic catalyst such as potassium hydroxigeodium hydroxideor potassium
methoxide. The water and free fatty acids in the feedstock mudie below <0.1wt.% to
avoid saponification, limiting the range of compatible feedstocksDue tothe high cost of
these feedstocks for biodiesel production (i.e. 75% of the total cost of biodiesel

production) (Atabaniet al., 2012) and concerns over land seasidefor food being diverted



to energy crops waste cooking oil animal fat, algaend non-edible vegetable oil(suchas
rice bran and tobacco or rubber seedshave increased their shareas feedstock sources
for biodiesel production. However,their contribution still remains less than 5% globally
(Demirbaset al., 2016).

1.1 Biodiesel challenges and drawbacks

Although pure biodiesel (100% FAME)is renewable, ithas poorer low temperature flow
properties than petroleum diesel, with a tendency to clog fuel lines or jam pump3he
cloud point and pour point of biodiesels aretypically 15°C and 25°C, whereas diesel
typically has values of15°Cand-27°C respectively(Wanget al, 2005). Biodiesel also has
lower mass and volumetric energy contents than petrodiesel, with biodiesel containing
10% less energy by mass, or 5% by volum@rutof and Hawboldt, 2016). The larger
proportion of straight chain molecules in biodiesel typically results in higher viscosities
than that of diesel.To counter this, biodiesels are typically blended with petroleum diesel
to produce fuels that meet the desired standardsbut blends above 10% wt/wt biodiesel

in dieseldo not meet these standardss fouling deposits can result

Transesterification produces waste glycerol (approximately 10wt.%)Joshiet al, 2017)
which is contaminated by soaps, fatty acids, water and spent catalyst (E(F®wt.%
glycerol) (Wu et al, 20139). As a result, purification is not economically viable at small to
medium scales, so it iggenerally considered as wasterequiring disposal (Floyd et al,
2007). Although there are several routes to convert glycerol to acet¢Chiuet al., 2006),
propenal, glycerol carbonate(Aresta et al, 2007) or polyglyerols (Ayoub et al, 2017),

these require purified glycerol.

Current research intoOA GE 6 AOAT AAOAT 1 PI AT O EAGucAl 1 OEAAC
as hydrodeoxygenation to convert commercially produced FAME into long chain

hydrocarbons (Yenumalaet al, 2017) to improve its cold flow properties, stability and

viscosity (Dundichet al, 2010, Jeczmionek and Brzycka-Semczuk, 2014 However, this

process requires large valmesand pressuresof hydrogen gag300 litres Hz/litre FAME)

(>10bar) (Jeczmionek and Porzyck&emczuk, 2014 at temperatures above 320C and

a 1 hour residencetime in the presence ofcatalystssuch asRh, Pd or Ni These catalysts

are potentially susceptible to saponification, though catalyst degradation has not been



observed within a noticeable timeframe.These factorscombine to make continuous

operation challenging and expensivéAtadashiet al, 2013).

Direct conversion of triglycerides to hydrocarbons without transesterification can be
achieved viacatalytic pyrolysis (Figure 12). However,research to date has been limite.

It was reported (Wiggers et al, 2013 that direct conversion o triglycerides to liquid
hydrocarbons at pilot scale via conventional thermochemical conversion was unable to

achieve liquid fuel yields above 55wt.% regardlessf the operating conditions applied.
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Figure 12: Routes for production of liquid hydrocarbons fromtriglycerides

1.2 Oil-rich biomass feedstocks for liquid fuel production

Currently, triglycerides have to be extracted fromtriglyceride rich biomass (Figure 1.2
via solvent extraction (typically with hexane/heptane) (Atabani et al, 2012 and
mechanial comminution. The triglycerides must then be separatedfrom the solvent,
leaving waste biomass andadding processing costs (Jiang et al, 2013). Direct
decomposition of triglycerides without prior extraction from the biomassis an attractive
prospect that would improve the sustainability of the processand potentially generate

valuable by-products.



Recentwork has consideredthe possibility of transesterifying triglycerides to FAMEand
waste glycerolwithout prior separation from the biomasssource. The processwas found
to be feasible but requiral very large quantities of methanol to extract the iglycerides
in-situ. However, the waste biomassesidue has to be removed at the endf the process
(Goet al, 2016). A possible alternativeis the use of thermochemical methodsyhich have
beenutilised for valorising non-oil containing biomass previously(Agblevor et al,, 2010;
Aysu, 2015 but no studies on oitrich biomass can be found to date. froved feasible
this could provide a method to directly convert oitrich biomass to liquid hydrocarbons
and potentially generate value added products from carbohydrates in the biomass, such
as levoglucosanHowever, thermochemical methodg300-700°C)(Balat, 2008 have been
shown to generate highly acidic ad water rich liquid products that required extensive
further processing (Bi et al, 2014). High yields ofwastes,including both solid residues
and gaseous byproducts (Wildschut et al, 2009, French and Czernik, 201p, and low
yields of liquid hydrocarbons were produced,due to gasification reactions andthe
resultant low process selectivity(Greenhalfet al,, 2012 Eide and Neverdal2014). These
challenges and the high downstream processingsts have preventedmplementation of

this direct conversion concept via thermochemical methodgo date (Bridgwater, 2012).

Cold plasma assisted decompositionoffers a potential solution that would overcome
these challenges, allowingefficient direct conversion of biomass tohigher quality liquid
fuels. This could have many advantages over thermochemicatonversion, including
tunable process selectivitieswith and without catalysts, lower operating temperatures
and a more robust reactor designCatalystscould be used to improveprocess selectivity
further, as theyhave synergistic effects with cold plasmalue to the plasma temperature
being highest near the catalyst surface. While cold plasma has been used previously for
ozone generation, surface modificatiorand gas phase radical reactions such as steam
reforming of hydrocarbons,no studies utilising coldplasma fortriglyceride valorisation

or waste glycerol have been performed talate. This is because cold plasma primarily
generates excited species in the gaseous phasad has a limited effect on the
decompostion of liquid phase components such as trigicerides and FAMElue to mass
transfer resistancesbetween phases(Locke et al, 2006) and dissipation of incoming

energy via intermolecular bondsin the liquid (Fridman, 2008).



A newer variant of cold plasma known as galsquid cold plasma could in theory, be able
to tolerate and decompose liquid feedstocks effectivel§Di et al,, 2016), while maintaining
the easily tunable process dynami&. The hypothesis of this work is that he tunable
dynamics would make cold plasma highly appropriate for conversion of either
triglycerides or oil-rich biomass to either FAME or liquid hydrocarbons directly, by

permitting certain reaction pathways to be favoured over others.

1.3 Aims and objectives

The aim of this thesisvas tostudy the feasibility and effectiveness of utilising cold plasma
for valorisation of waste triglycerides and waste products from commercialised

transesterification processes The outcomes of this PhD study could also be applied for
upgrading bio-oil derived from biomass or any processes involved in oxygen removal at

atmospheric temperature.

The objectiveswere to:

1 Study the feasibility of gasliquid cold plasma decomposition using a methanol
feedstock and establish a reaction pathway.

1 Study cold plasma induced valorisation of purified glycerol and establish a
complete reaction pathway and kinetic model.

1 Study therobustness of cold plasma valorisation of glyceralsing awaste glycerol
feedstock

1 Investigate the effectiveness of gadiquid cold plasma for the conversion of pure
triglycerides to liquid fuels

1 Determine the resilience ofthe cold plasma decomposition proces$o a waste
cooking oil feedstock.

1 Investigate the feasibility of direct valorisation of oitrich biomassvia study ofcold

plasmapromoted decomposition of glucose and cellulose

1.4 Thesis structure

This thesisreviewed prior work from literature (Chapter 2) on production of triglyceride
derived biofuels and research relating to cold plasma and its potential applications.
Chapter 3 detailed the experimental techniques and analysis procedures used within this
work and the concepts behind the kinetic modelling utilisedThe results andtheir analysis

are included in Qapters 4-6. Chapters 4 (methanol) and 5 (glycerol) studied waste
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products from transesterification to establish the feasibility of the technique and its
resilience to highly fouling feedstocks. Chapter 6 analysetie direct decomposition of
triglyceride feedstocks to liquid hydrocarbonspure triglycerides were tested initially and
extended to waste cooking oilgo test the resilence of the process to fouling depositian
Triglycerides (Chapter 6) and cell membranes (from literature) carbe decomposed using
cold plasma, so decomposition of glucose and cellulose (to represent thel walls within
the biomass) via gadiquid cold plasma (Chapter 7) were investigated to determine the
feasibility of producing liquid hydrocarbons directly from oil containing biomass.
Potential applications of the discoveries from this work were considered irChapter 8.

Conclusions and recommendatioafor future work were detailed in Chapter 9.

Chapter 2. Literature Review

This chapter reviewed literature relating to production of biofuels and pertaining to a
novel approachemploying cold plasma.The aim of this chapter wasto take a wider look
at literature concerning valorisation of triglycerides their products and composition to
enable informed consideration of the possibilities. Alternative methods of producing
usable fuelsfrom triglycerides including thermally induced deoxygenation, cracking and
in-situ transesterification of inedible oils such asalgal/seed oils were considered with
their challenges and benefitsReports on cellulose decomposition and modificatiomvere
reviewed to predict the feasibility of in-situ decomposition of oilcontaining biomasswith
cold plasma Details of the waste product streams, notably waste glycera@re included,
with their current applications. Previous literature reports on cold plasma types, designs
and applicationswere reviewed to establish the reactor design and baseline conditions
within this study and to enable understanding of similar processs to establish reaction

kinetics within the investigation.

2.1 Triglyceride feedstock

2.1.1. Transesterification

Biodiesel, a mixture containingl we 8 v OT 1 b /AEA Qadddrding AoEEA stdn@a@A O O
EN14214), is a key liquid fuel in the current biofuelindustry, accounting for 16% of
current biofuel production (BP, 2017. It is commonly produced via transesterification, a

reaction between triglycerides anda short chain alcohol e.g.methanol, to produce fatty



acid methyl esters (FAME)n the presence of a catalysias shown in Figure 2L. Any FFA

present isalsoconverted to FAME via esteriftation (Figure 21).
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Figure 21: Transesterification and esterification reactions

Transesterification of triglycerides to produce FAME andoy-product glycerol in the
presence of a basic catyst is performed commerically. However, the process requires.
feedstock with low levek of free fatty acids and water €1wt.%) (Hoydonckxet al, 2004;
Boey et al, 2012) to minimise the saponification process andoss of product during

separation (Festelet al, 2014).

Currently, biodiesels are predominantly produced from edible vegetable oils(>70%)
such as rapeseed, soybeaand sunflower oils. Theseaccount for over 75% of the total
cost of biodiesel production(Atabaniet al, 2012). Use of vegetable oilsas feedstockdor
biodiesel production is in direct competition with the food production industry, which
leadsto costand availability implications (Bokade and Yadav, 2009 The environmental
impact from deforestation and utilizing arable land which couldotherwise be used for
food crops, arealso significant A possible solution is the use of neadible oils, especially
from waste products or non-edible crops such as algal oilsijhich canoften be grown in
areasunsuitable for edible crops Animal fatsand oilsare readily available, but ther high
degree ofsaturation makes transesterification more challenging andproducesa poorer
guality biodiesel. Further processing bydehydrogenation can reduce the degree of
saturation and improve the oil quality but is time consuming and energy inefficient

leadingto increased cost{Maher and Bressler, 200Y.



The use of wasteoils (e.g. waste cooking oils)s attractive as it offers readily avaiable,
inexpensive feedstocksthat would otherwise require environmentally sound disposal.
However, such use presents challengéa/aste cooking oil(WCO)comprises oils that have
typically been exposed to high temperaturesf around 300°C.These temperatures cause
decomposition of the ester bonds in the triglyceridesreleasing water, fatty acids,
monoglycerides and diglycerides.Impure oils produce lower quality biodiesels than
virgin oils, with lower stability, higher viscosity, higher cloud andhigher pour points, due
to the presence of waterFree Fatty Acids FFA) and additional salts(Utlu, 2007). Waste
or recycled oils from cookingare problematic to transesterify due totheir high free fatty
acid content(>20wt.%) (Kouzuet al,, 2007; Jainet al, 2011) which causes saponification

in the basiccatalysts, which are required to obtain rapid reaction rates

While basic catalysts are significantly more effective apromoting transesterification of
triglycerides than acidic cdalysts, they are also vulnerable to saponification reactions,
which simultaneously poison the catalyst active sites and deplete the catalyst. The
presence of FFA causes the formation of soaps via saponification with the catalyst acting
as the metal ion dmor, as shown in Figure 22. Any water present promotes hydrolysis
reactions, releasing FFA from both glycerides and fatty acid esters, and promoting further
saponification (Ezeet al, 2015). The presence of soap increases the miscibility of the ester
products in the generated waste glycerol phase, reducing the biodiesel yield and
complicating the separation and purification of productg Klimmek, 1984). To overcome
this, acid catalystsare generallyused in pretreatment steps to remove FFAs. The acid
catalyst also induces some transesterification, though this is slower than basic catalysts
(Chouhan and Sarma, 20J)land hence the basic catalyst should be introduced once the

FFA is removed.



Hydrolysis
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Figure 2.2: Saponification and hydrolysis reactions of FFADenget al, 2009)

2.2 Thermal decomposition of triglycerides

2.2.1Triglyceride P yrolysis

Triglycerides can be pyrolysed(Fortes and Baugh, 1999 with or without catalysts to
produce hydrocarbons mostly in the diesel range (GZ€15) with ketones, fatty acids,
hydrogen, carbon oxigts and aromaticgCharusiri and Vitidsant, 2005. Tempeatures in
the range 4003500°C are typically used for producing liquid products as prior reactive
distillation studies on triglycerides found maximum mass loss to hydrocarbon distillates
occurs at 420C, at 17.56vt.%/minute (Wakoet al, 2017).

Triglycerides and FAME decomposed abw temperatures (300°C) tenced to favour
decarbonylation/decarboxylation reactions due to their lower activation energies
compared to crackingreactions (Maki-Arvela et al, 2007). These conditions producd
high selectivity (up to 70%) to long chain hydrocarbons (C14C18) but required 0.5g Pa/C
catalyst per 0.035moles feedstock and 6 hour reaction time to achieve only 18%
conversion. Temperatures above 500°@ave also been used to produce hydrocarbons
with a very short residence time i.e. <1 secon{Fortes and Baugh, 1999 to avoid
gasification to CQ and H0O. The same products were identified throughout the tested

temperature range of 40831000°C but with increased yields of aromatic componest(up
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to 15wt.%) and gaseous productgup to 61wt.%) at higher temperatures(Wiggerset al,
2013).

A pilot scale process for production of biofuel from triglycerides via noftatalytic fast
pyrolysis with low levels of water (<10wt.%) at 525°C producel gasoline and diesel

fractions at 23% and 43% yields respectivel{fWiggerset al,, 2009).

2.2.2 Catalytic Pyrolysis

Catalytic pyrolysis has beerextensively studied both for conversion of biomass and for
the direct conversion of triglycerides to liquid hydrocarbons. Catalytic pyrolysis of
triglycerides is performed between 380500°C to allow crackingreactions to occur
(Sadrameliet al, 2009); (Demirbas, 2008. A range of catalysts have beesuccessfully
used, including zeolites(Charusiri et al, 2006), alumina and silicateg(Sadrameliet al,
2009), sulfated zirconia (Charusiri and Vitidsant, 2005 and basic catalysts such as
sodium carbonate(Demirbas, 200§. Charusiriet al. found that increasing temperature,
pressure and residence timewith aHZSM5 or zirconium catalystincreasedconversion,
obtaining 24wt.% vyield of gasoline after 90 minutes at 430°@Charusiri and Vitidsant,
2005). HZSM5 achieved a simliar conversion but produced 40% higher yields of gases
and gasoline length hydrocarbons(Cs-Go) than zirconia, which produced 50% diesel
length hydrocarbons. A kinetic model for the pyrolysis of triglycerides for several
catalysts including HZSIVb, silicalite and aluminasilicate wasdeveloped which indicated
that pyrolysis primarily acts by cracking the GC bonds intriglycerides to release
hydrocarbons, hydrogen and carbon oxidesln terms of liquid production, the high
surface area silicalitewas effective, producing up to 5@Wt.% liquid hydrocarbons at
400°C, comparable to HZSM, whereas aluminasilicate produced only 9.8wt.%. This
suggeststhat surface area is a keydctor in the effectiveness of gyrolysis catalyst, as the

composition and acidity of thesecatalystsare very similar (Sadrameliet al, 2009).

The presence and abundance of acid sites eachcatalyst strongly affecs the extent of
cracking. Previous work studied three types ofHZSM5 with differ ing acidities, achieved
by varying the Si:Al ratio from 501, 240:1 and 400:1 at 450°C with a palm oil feedstock
(Sang, 2003. Microporous catalystssuch as zeoliteshave been shown to benore active
than mesoporous catalystg Sadrameliet al., 2009) but the latter have a higher adsorption
capacity, which may indicate that the underlying material aids in adsorption of

triglycerides. Combinng two types of catalysts to combine their advantages hasheen
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tested, achieving more than 90% converson and 30% selectivity b gasoline
hydrocarbons with 55wt.% yields of aromatics such as toluene and xylenes at 450°C and
a WHSYV of 2.5ht (Twalig et al, 2004). However, atalyst preparation procedures and

regeneration may be challenging due to the differingatalystthermal stabilities.

Alkaline pyrolysis catalysts are also effective, producing up to 82.7% conversion and
47wt.% vyields of liquid hydrocarbons (Cio-Cis) at 420°C for NaCQ catalyst with an
approximate residence time of 65 minuteyDandik and Aksoy, 1993. Using KOH at the
same catalyst loading (5wt.%) produced &4wt.% yield of hydrocarbons at 360°Gat 30
minutes (Demirbas, 2009. Alkali catalystshave the addedenefits of being relatively low
cost andcan rapidly remove any fatty acids from theoil, though tis results in loss of
catalyst from saponificationin a 1:1 molar ratiowith overall FFA content These catalysts
generally do not dissolve in the triglyceide, but as saponification occurswvhere the
catalyst and triglycerides make contactmetal soaps are likelyo be present in theoutput,
which would require additional downstream processing Catalytic pyrolysishaspotential
for producing biofuels from triglycerides without requiring an alkyl donor and produces
liquid hydrocarbons that do not require blending with petrodiesels However, & many
reactions occurduring catalytic pyrolysis, selectivity can be pooeven with catalyststhat
selectively promote hydrodeoxygenation and the process generates carbon oxides,

reducing atom economy

2.2.3 Hydrodeoxygenation

An alternative to pyrolysis ishydrodeoxygenation/hydroprocessing, (Figure 2.3) which
use hydrodeoxygenation (HDO) catalysts to remove all oxygen atoms from the
triglycerides by elimination reactions as water, CO or CQlepending on the hydrogen

availability .

Hydrodeoxygenation is the process of removing oxygen from thdeedstock via
decarbonylation, decarboxylation hydrodeoxygenation and cracking reactions(Adjaye
and Bakhshi, 1995Wildschut et al,, 2009). If no hydrogen is present, hydrodeoxygenation
reactions cannot occur so oxygercontaining groupscould only be removed by catalytic

cracking.

The optimum reaction timefor hydrodeoxygenation depends on the reactor temperature

and the feedstock. However, to date, the reaction time has not been studied systematically
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under typical upgrading conditions. It was reported thatpyrolysis oil upgrading in a
NiMo/Al 203 catalyst packed bedmicroreactor operating at low temperature andhigh
pressure (180°C and 21bar)increased hydrocarbon yields from 30% at 0.43 second
residence time to 52% with a 1.23 second residence timelowever, fouling deposits were
the reactor channelg(Joshi and Lawal, 201p Further study on the effects ofeaction time

on product yields and propertieswould be essential for scale up studies ocommercial

use.
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Figure 23: Mechanisms of HDO upgradinfVildschut et al., 2009)

Elimination and substitution reactions (decarbonylation, decarboxylation and
hydrogenation) occur spontaneously at temperatures above@50 C, which is the lowest
temperature viable for inducing HDO processingWildschut et al,, 2009). A full reaction
pathway is extremely complex die to the large number ofdifferent bonds in the
triglycerides and the large range ofsmaller fragments that can result, including FFA
hydrocarbons, acetol and propenal (Aresta et al, 2007; Atong and Sricharoenchaikul,
2009; Rathnasinghet al, 2009, Zuhaimi et al, 2015)), which can further degrade to
release CO, Cand HO. Therefore, to obtain liquid products, the reaction time for HDO
must be tightly controlled to prevent total conversion to low value cokesolids,

hydrocarbon vapour, water and carbon dioxide.
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Due to the complexity of pyrolysis liquids andvaste cookingoils, significant research has
focused on various model compounds, i.e. phen@hafaghatt al, 2015), guaiacol Olcese
et al, 2012) and cresols(Li et al, 2011b), which areconsidered to berepresentative of
pyrolysis oil. HDO requiresmoderate temperatures (>250 C) and high pressures
(>100bar) (Gutierrez et al, 2009). Below these thresholds, the reaction rate and
conversion are low. For example, at 150°C and 40bar:Hdiphenyl ether reaches 65%
conversion after 3 hours(Yaoet al, 2015), while phenol reached 12% conversion after 3
hours at 300°C and 20 bar H(Tanet al, 2014). Previous studies with pyrolysis oil with a
RUICAOAT UOO ET AEAAOAA OEAO ($/ 1TAAOOQG(Ta0O OAC
et al, 2014; Yaoet al, 2015). This could be due to the high activation enthalpy (above
200KJ/mol) of the reactions that occur during HD@Venderboschet al, 2010, Ngoet al,
2014). Further research could be done in this area to allow milder conditions to be

utilised.

Theoretically, 50g (approximately 500litres) of hydrogen per kg of oil is required for
complete deoxygenation (Mortensen et al, 2011). However, experimental results
indicated that at least 10%wt% more hydrogenwas actually required to reduce oxygen
content to levels below <0.1mol%(Venderboschet al, 2010, Mortensen et al, 2011),
equivalent to 560 litres HJ/kg oil. HDO requres a long reaction time (4 hours)
(Venderbosch et al, 2010) in addition to the previously discussed high pressure,
temperatures and hydrogen requirements Fouling ratestypically vary around 7wt.% of
the catalyst per hour, giving a catalyst lifespan of around 8 hours. Howevdhe catalyst
lifespan can be increased to above 50 hours if a pteeatment step, known as mild HDQ
is used For this, the oil is heated to the same conditions as the HDO reactor but taut
the catalystpresent so te fouling precipitates andmay be separated beforghe catalyst

is introduced.

Due to poor cold propertiesand low thermal stability, biofuels rich in FAMEmust be
blended with petroleum fuels to meet current standards for liquid fuels ando permit
their use in engines and other controlled combustion applications without extensive
modifications. The HDO of FAME to long chain hydrocarbons igherefore of great

relevanceaslarge amounts of FAME are already availableom established commercial
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production. FAME deoxygenation is often operated either asHDOor decarboxylation

process, depending on the hydrogen availability

Decarboxylation also requies high temperatures (>300C), high pressure hydrogen
(>10bar) and an expensive catalyst (typically Pt/zeolite)lt can achieveclose to100%
conversion with a liquid hydrocarbon yield of 70wt.% with a relatively rapid throughput
(1hr-1) (Wanget al, 20139. A detailed study on this technique foundhat at 335°C with
Pd catalyst 13.8bar hydrogen and a 33.5 haur residence time, produced 71wt.% yield of
hydrocarbons with an overall conversion of 98% (Wang et al, 20139. The
decarboxylation process has many similarities tdHDQ as the same 3 reaction§HDO,
decarbonylation and decarboxylation) occur under both systemsbut in different ratios
(Wanget al, 20129. Themain difference between these reactions ishe form in which
the oxygen is removedi.e. HDG water, decarbonylation-carbon monoxide and
decarboxylation- carbon dioxide.HDOhas higher carbon atom efficiency overall, as the
methyl group is converted to methane instead of carbon oxides and hydrogen. However,
HDOuses 106300% more hydrogen than decarbonylation and decarboxylation, which
has associatd costs (Wang et al, 2013b). Decarbonylation releases a combination of
carbon monoxide and waterand requires 100% more hydrogen than decarboxylation
Carbon monoxide is a potentially harmful byproduct, (Jeczmionek and Porzycka
Semczuk, 2014abut it could be used as adedstock for other processegAn et al, 2011).
Decarboxylation removes 1 carbon atom per molecule as carbon dioxide, and consumes
less hydrogen thanHDO(Santillan-Jimenez and Crocker, 2012 The reaction conditions
of each are chosen to favounne of these reactions over the others baseah their relative
product distributions. The 3 reactions are illustrated in Figure 24, showing the product

distributions achieved per FAME molecule.
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Hydrodeoxygenation

= CH, F2H0+CH,

+4H-

FAME

HsC Decarbonylation
. C,. H,, tH0+CO+CH,

+2H:

Decarboxylation

o Cu1Hy,  +CO,+CH,
+H:

Figure 24: Deoxygenation pathways of FAMEAn et al, 2011)

Hydrodeoxygenation of FAMEbr triglycerides require significantly less hydrogerthan for
bio-oil feedstocks due to ther lower oxygen content (18wnt.% vs >50wnt.%) (McDonald
and Kengne, 2014 Palanisamy and Gevert, 2006and as the oxygen in FAMHESs within
easily eliminated ester bonds (285KJ/mol vs >300KJ/molYSang, 2003 Tanneru et al,
2014). Therefore, hydrodeoxygenation of FAMEor triglycerides is more viable and
kinetically favourable (Dundich et al, 2010) than that of bio-oils. However, the
hydrodeoxygenation of triglycerides/FAMEstill requires unsustainably large amounts of
hydrogen (>224 Litres H/ Litre oil) (>10bar H2) and high temperatures (>300C) (Joshi
and Lawal, 2013.

Nickel based catalysts exhibited good selectivity to linear alkanesghile achieving high

conversion. Around 20bar hydrogen at 340C with a NiP/SAPGL1 catalyst permited

97.8% conversion of FAMELiu et al, 2016) with a Weight Hourly Space Velocity (WHSV)
of 2.5hr1, giving a yield of diesel length hydrocarbons of 82wit.%. Higher yields of
EUAOT AAOAT T O j wp8ubq xAOA AAEEAOARA xEOE pm.
zeolite catalyst at 270C after 8 hour reaction time(Chenet al, 20148). Catalyst support
materials also have a significant effect on the catalyst activifyan et al,, 2014), though
this has not been studied fortriglycerides. To illustrate this,a conversion of phenol to
cyclohexane of 65.6%was achievedoy HDOwith Pd/activated carbon compared to only
18.1% conversion using Pd/ AIOz under the same conditions(Tan et al, 2014). This

difference is due to activated carbon being a neutral surface that can support acid sites
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which promote HDO reactions when in contact with guitable catalyst such as palladium.
This was also discussed in a review bMortensenet al, 2011), with the same conclusions
drawn. These findings were obtained for pyrolysis oil, bushould still apply to HDO of

triglycerides as ester bonds are also present in pyrolysigil.

Noble metals such as Rh or Pd can be also usedcatalystsbut add significantly to costs
asthey are highly expensive(Janampelli and Darbha, 2018 An example of work on these
catalysts was the conversion of FAME to heptadecamsing aPt-WOXx/Al20s catalyst at
300-380°C with 5 bar hydrogen and a Liquid Hourly Space Velocity (LHSV) of ZhrThis
achieved conversions above 95% with an alkane yield of up to 83wt.% at lower hydrogen
pressures than utilised for the nickelbased catalysts described above(Dundich et al,
2010; Rodinaet al, 2017). Catalyst deactivation during FAME/triglycerice HDO was also
reported by a single sourcgDijkmanset al, 2013) but the catalyst can be regeneratedia
heating to 400°C under nitrogen. However, thanajority of sources dd not observe any
fouling or loss of activity over the duration of their experimental studiegDundich et al,
2010; Jeczmionek and Porzyck&emczuk, 2014b Yenumalaet al, 2017). This differs
from HDO of bicoil, which is susceptible to fouling due to reactions such as aldol

polymerisation (Jeczmionek and Porzyck&emczuk, 2014bKikhtyanin et al,, 2014).

Zeolites, such as HZSM, are alumnosilicate materials that are often used as catalysts for
cracking reactions due to their abundant acid sites and highly expanded, uniform
structures. These catalysts give similar conversion values to nickel catalysts ubduce
predominantly alkenes (olefins) instead of alkanegDanuthai et al, 2009). This reduces
the energy content of the liquid fuelunless hydrogenation is performed subsequently.
Zeolites can be used in conjunction with other catalystssuch as nickel to improve

conversion further (Liu et al, 2016).

Oxygencan be removedrom triglycerides/[FAME in the absence of hydrogen via thermal
or catalytic cracking, which can be catalysed by any HDO or cracking cg&dl including
Pd/Al20s, Ni/Hi or HZSM5. However, conversion is noticeablylower (<40%) and
catalyst deactivation via solid carbon deposition occurs under these conditions within 5
hours of operation regardless of catalyst choicéDo et al, 2009). Typical conversion of
FAME from deoxygenation in the absence of hydrogesmapproximately 12% over 3 hour

reaction time, with 10% selectivity to long chain hydrocarbons, compared talmost 100%
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conversion within 1 hour with ayield of long chain hydrocarbonsclose tothe theoretical
maximum (93%) for HDO (Immer et al, 2010). A comparison of HDO to the other

techniques detailed earlier inthis chapter is shown in Table 2.1
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Table 21: Gmparison of transesterification and thermal technigdes generating biofuels from triglycerides.

Catalyst P (bar) Tmax Time Conversion  FAE/Hydrocarbon Solvent: oil Feedstock Reference
(°C) (hrs) (%) yield (%) ratio
Acid catalysed transesterification

WGs/ZrO2 1 150 2 96 93 9:1 Waste cooking oil  (Parket al, 2010

(esterification only) (FFA content)

DTPA/K-10 clay 17 170 8 92 90 15:1 Vegetable ol (Bokade and Yadav,
2009)

ZrGp/SOs 1 500 1 99.6 90.3 6:1 Palm kernel oil (Hanif et al, 2017)

Base catalysed transesterification

Li doped Ca@L&a0s 1 65 25 96.3 88 15:1 Canola olil (Maleki et al,, 2017)

CaO 1 65 2 100 90 12:1 Waste cooking oil  (Kouzuet al,, 2007)

Mg/Al 2:1 1 60 4 97.1 89 9:1 Soybean oll (Gomeset al, 2011)

hvdrotalcites

Supercritical transesterification
None 65 260 <1 minute 85 76 3:1 methanol Fresh cooking oll (Poudelet al, 2017)
None 75 260 <1 minute 95 83 3:1 ethanol Fresh cooking oll (Poudelet al, 2017)
HDO

Sulfated zirconia 10 400 0.515 80.13 27.53 0 Waste cooking oil  (Charusiri and Vitidsant,
2005)

HZSM5 10 400 0.515 85.34 19.32 0 Waste cooking oil ~ (Charusiri et al,, 2006)

Pyrolysis

No catalyst 1 550 15 72 32.1 0 Soybean oll (Wiggerset al, 2013)

No catalyst 1 330 6 94.9 69.0 0 Soybeanoll (Schwabet al,, 1988

HZSM5 1 500 0.25 61.72 38.2 0 Sunflower oil (Chiaramonti et al,
2016)

Decarboxylation

Ni/C 40 360 6 99.3 77 0 Tristearin (Santillan-Jimenez  and
Crocker, 2019

Pd/C 40 360 6 98 84 0 Tristearin (Santillan-Jimenez  and

18
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As can be observed in Table 2.1, transesterificatiachievesthe highest liquid fuel yields
and only produceswaste glycerol. However, FAME cannot be used engineswithout
blending it sparingly with other fuels due to its poor cold flow properties and instability.
HDOand pyrolysis can achievesignificant yields of liquid fuels (>25wt.%), but require
hydrogen gas and liquid hydrocarbon yieldsare low (<5wt.%). The exception is some
decarboxylation reactions, which do obtain a high yield of liquid hydrocarbons (77-
84wt.%) but require high hydrogen partial pressuresand a very long residence timg6
hours). The conventional methods reviewed above require abundant hydrogen and high
pressures, or have low conversions and selectivity to hydrocarbor{8oococket al,, 2008).
Alternatives for conversion of FAME to hydrocarbons would be a significant advancement

in producing more advanced and sustainable biofus.

2.2.4 Current Challenges

The previous sections have shown that,nlike transesterification, thermal methods for
triglyceride conversionare not prone to saponification and do not generate waste glycerol
or waste water. However, themal decomposition techniquesrequire high temperatures
(>400°C) and often high pressures(>10bar) and their selectivity to liquid fuels is often

much lower than transesterification (<55wt.% vs 90wt.%), as illustrated in Table 21.

The required temperature for triglyceride conversion can be reduced to approximately
260°C and the reaction time reduced from 0.53 hours (Foraita et al, 2015) to less than
1 minute (Poudel et al, 2017) by using sipercritical treatment or hydroprocessing
However, this method requires high pressures (typically in excess of 70 bar)and large
volumes of hydrogen (>300iters H2/ litre triglycerides) , and hydroprocessing requires
>130bar hydrogen (Foraita et al, 2015). Gven the current value of liquid hydrocarbons
and the cost of maintaining high pressuregj)ydroprocessingand supercritical treatments
are not of significant interest for triglyceride conversion in industry (Saka and Kusdiana,
2001). However, hydroprocessingis of interest for stabilization of the oil mixtures from

pyrolysis (Parapatiet al., 2014).

Compared to thetypical 90wt.% liquid yield obtained from transesterification (Yanget

al., 2018), most thermal decomposition techniques produce low yields of desirable liquid
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products. Gatalytic pyrolysis, for example,only generated 36.4wt.% liquid (Dandik and
Aksoy, 1998 Jeczmimek and PorzyckaSemczuk, 2014% This is due to the thermal
process occurring via nonspecific radical decompositionreactions (Yenumala et al,
2017), which result in many side pathways and further decomposition of the desired
liquid products to gaseous byproducts. The use of catalysts can increase the selectivitf
the process to desirable productgJeczmionek and PorzyckSemczuk, 2014aKun-Asaet
al., 2017) but the maximum selectivity to liquid fuelsachievedwas 66%, which is much
lower than that of transesterification (90wt.%) (Wiggerset al., 2009). The applications of
thermal methods for producing liquid fuels are therefore currently limited. However,
techniques such as catalytic pyrolysis are considered as promising for producing liquid

hydrocarbons if selectivities to liquid hydrocarbons can be improved

2.3 Glycerol/ Waste Glycerol

Glycerol is a byproduct of biodiesel production, with approximately 0.1kg of waste
glycerol generated per kg of biodiesel producedLeoneti et al,, 2012). As a result, more
than 250 million barrels of glycerol are produced annuallyworldwide . This glycerol is
typically 30-85wt.% pure, depending on the feedstock and biodiesel production
conditions (Hu et al, 2012, Apparaoet al, 2016,4 A | H Eet al, 2006). The remainder
of the waste glycerol comprises impurities including methanol, catalyst, soaps and water.
It therefore requires complex purification and separation in order for it to be suitable for
commercial applications,e.g. thepharmaceutical and cosmetic industries require purity
>99.5wt.%. The large surplus of byroduct glycerol has led to market saturation,
reducing the value ofpure glycerol from £1300/ton in 2008 to £560/ton in 2012 and
remaining relatively stable thereafter (Hu et al, 2012). This low value makes the
purification of by-product waste glycerolgenerally uneconomical particularly for small
and medium scaled plants. Byroduct glycerol is therefore generally consideredto be
wasterequiring environmentally sound disposal(Wu et al, 201338). Energy recovery from
the incineration of waste glycerol is possible but toxic compounds such as propenal may
be released(Floyd et al, 2007), leading to extra costs. If a cost effective use for large
guantities of by product-glycerol, especially unpurified, ould be identified, this waste
could be used to producevaluable products whilst offering environmental benefitsfrom
reducing the need or its disposal Almost all attemptsto date to useconventional
techniques to valorise waste glycerol have produced a wide range of unwanted by

products including fatty acids and soaps, with very rapid catalyst fouling.
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Numerous investigations have prodiced valueadded products from purified glycerol e.g.
acetol, 3hydroxypropanoic acid, glycerol carbonate or hydrocarbons(Manara and
Zabaniotou, 2016 via either biological (Vlysidis et al, 2011, Sarmaet al, 2013 or

chemical processegArestaet al, 2007, Atong and Sricharoenchaikul, 2009Rathnasingh

et al, 2009, Zuhaimi et al,, 2015).

Gasification methodsproduce primarily hydrogen, carbon monoxide and carbon dioxide
and short chain hydrocarbons (@-Gs) from glycerol (Van Bennekomet al, 2011). The
glycerol can bepartially oxidised at 600-800°C with residence times of 24 seconds over
Ni/Al 203 to form methane, hydrogen and carbon dioxidéAtong and Sricharoenchaikul,
2009). Qver 90% conversion of pure glycerol to hydrogen and carbon monoxidghu et
al., 2009) was achieved thermally. These gasification methods can tolerate waste glycerol
but require high temperatures and thar products are less valuable than most other
glycerol derivatives e.g. acetol/prognal. At lower temperatures (240500°C), propenal
(acrolein), acetol and propanal can be produce@Mohamadet al, 2011). For example,
purified glycerol was dehydrated to form 2359% propenal and 35% acetol at 325C after

4 hours using Bronsted acidic ionic liquidgMunshi et al, 2010). The remaining products
mostly comprised water and unreacted glycerol. Up to 92.71% conversion of gl with

an acetol selectivity of 90.62% was obtained using semi batch operated reactive
distillation and a copper chromate catalys{Chiu et al, 2006). This process required a
temperature of 240°C and pressure ol bar with a5 hour reaction time. Without a catalyst
at 300°C, a 40% conversion of glycerol was achieved but the selectivity to acetol was very
low (0.5%) (Yamaguchiet al, 2008). The use of supercritical water at the same
temperature has also been studied, but had no significant effecdn conversion or

selectivity without a catalyst(Yamaguchi et al, 2008).

Glycerol carbonate can be produced by reacting pure glycerol with 5MPa carbon dioxide
at 277°Cin the presence of a tin based catalyst for 15 hours (Aresta et al., 2007). However,
this only achieved 27% conversion. A higher convergin of glycerol was achieved using
urea as a cereactant, with a83.6% yield of glycerol carbonate after 4 hourgZuhaimi et
al., 2015). However, the robustness of these processes topurified glycerol has not been

tested.
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All the above methodsfor generating acetol, propenal and glycerol carbonatere
generally incapable of tolerating impurities inthe glycerol feedstock as the catalysts and
reactors are vulnerable to fouling. Thenethods detailed also generally require relatively
high pressures, temperatures and catalystd_ow selectivity and low conversiors are
common whenpure glycerol is used as a feedstockithout specialised catalysts such as
supported copper chromate due to the many different pathwayswith similar kinetic

constants that occur in parallel

Thermo-chemical conversion (i.e. pyrolysis at 50700°C in the presence dFluid Catalytic
Cracking (FCC) catalysts) of waste glycerol was also investigated witlthe aim of
producing acetol or propenal(Cormaet al, 2007). A lower propenal yield (20wt.%) was
obtained from waste glycerol compared tgoure glycerol (30-60wt.%). The acetol yield
was low i.e.around 3wt.%. Generation of acetol and propenal was successfully induced
with the use of FCCcatalysts such as ZSMabut these were vulnerable to fouling when
operated at lower temperatures (<500C), which limited the possible propenal and acetol
yields (Cormaet al, 2007).

Little work has been done on plasma assisted glycerol decomposition. Around 57% yields
of H2 were obtained at 45KW cold plasma power with an unrecorded residence time
alongside other productsincluding CO (35%), Chkl(5%) and GHs (0.9%) (Hoanget al,
2008). Although lower plasma powers can be used without external heating (i.e. 20W),
low flowrates of glycerol (0.08ml/min) were required to achieve conversions above 80%
(Zhuet al, 2009).

Waste glycerol can b partially oxidised at a higher temperature to prevent fouling but
this can only be employed for gasification processes-or example, at 606B00°C with
residence times of 24 seconds over a nickel catalyst, up to 60% conversion of waste
glycerol was acheved to produce hydrogen and carbon dioxide (Atong and
Sricharoenchaikul, 2009). This method successfully avoided the general fouling that

typically occurs on all surfaces.

Biological processes typically require the glycerol feedstock to be very pure (around 99%)
due to the poisoning effectsof alkaline species such as NaOH (Estrela, 2001) and soap

(Aresta et al., 2007). Extensive prg@rocessing would be needed before wastelygerol
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from biodiesel production could be usedin biological processes increasing the costs
significantly. Converting glycerol to succinic acid using biological processing (Vlysidis et
al., 2011)achieveda yield of 1.21g succinic acid/g glycerol when usg pure glycerol as
the only carbon source. Small additions (<5wt.%) of waste glycerobuld be tolerated due
to the dissolved carbon dioxide neutralising the alkaline specieghough higher levels
cause cell lysis in the biomassProduction of 3hydroxypropanoic acid from glycerolhas
been performed biologically, butachieveda relatively low product yield, of up to 35wt.%
at 100ml scale (Rathnasingh et al., 2009). Other potentially desirable productsom
biological glycerol decompositioninclude 1, 3 propandiol and polyhydroxyalkanoates,
although limited work on these has been performed to date (Apparao et al., 2016).
Gaseous products, such as hydrogen, can also be generated biologically from glycerol.
Sarmaet al.used a biological process to convert aste glycerol to hydrogen at 2.05 litres
Hz/litre reaction medium (Sarmaet al., 2013). This hydrogen yield corresponds to
31.5mol.%, which is comparable to waste glycerol pyrolysis. However, it should be noted
that the biological process required the dilution of the waste glycerol to 10g/litre,
sterilisation of the waste glycerol and a residence time of 168 hours compared to 3 hours

for pyrolysis, which is unlikely to be economically viable

2.4 Direct conversion of biomass to liquid fuels

Recently, drect transesterification of oil-containing biomass haecomeof interest due
to the potential to obtain increased yields withfewer processing steps(Figure 1.2).
Heterogenous catalysts argenerally preferred due tothe ease of separation from the oil
phase. However, when transesterifying biomass such as lipid rich algae directly,
homogeneous catalysts are preferred due to difficulties separating sdid catalysts from
the spent biomass (Wyatt and Haas, 2009Zenget al, 2009, Kasimet al, 2010). Direct
transesterification of oil-rich seeds has been reported to be more efficient than
transesterification of extracted triglycerides due to the additional conversion of non
extractable triglycerides (Harrington and D'Arcy-Evans, 1985. Transesterification of
meal and seed hull feedstockslso yields FAME from non-extractable triglycerides,
though typically only 5% of the hulls can be retrieved as FAM@Harrington and D'Arcy-
Evans, 1985.

Work on this topic has found thata catalyst is requiredto help extract triglycerides by

transesterifying the phospholipidswithin the cell membrane(Bi and He, 2016 Salamet
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al., 2016) and to tranesterify the extracted triglycerides. Triglyceride extraction can be
performed without catalysts using appropriate solvents such as-hexane, but the
methanol and other short chain alcoholstypically used as alkyl donorsare largely
immiscible with triglycerides (Zenget al,, 2009). Methanol was only capable of extracting
4.5wt.% of thesoybeanastriglycerides, mompared to 45wt.% from n-hexane(Zenget al,
2009). Hexane is an effective c@olvent, which helps to extract the triglycerides from
biomass feedstocks. Howeer, the ratio ofco-solventto the alkyl donor iscritical . Too little
co-solvent and the triglycerides are not extracted effectively, and too mucho-solvent

reduces activity via dilution of the reactantyCaetanoet al, 2017).

Co-solvents (such as C®or n-hexane can improve extraction significantly but longer
reaction times (>2 hours) are still required to achieveriglyceride conversionsto FAME
and glycerolclose to 1006 (Wyatt and Haas, 2009Kasimet al, 2010). These processes
are typically restricted to temperatures below the boiling point of methanol (S65°C), as
pressurisation would otherwise be requiredto maintain a liquid phase(Harrington and
D'Arcy-Evans, 1985. Reducing he particle size of the biomassmproves conversion
signficantly, e.g.43% conversion to FAMEwith 1mm patrticles but 86% with 0.3-0.5mm
particles (Kildiran et al, 1996). Further reductionsin particle size can further increase
conversion but havelittle further effecton the reaction rateonce conversion approaches
100%.

Compared to conventionalglyceride oil transesterification, the amouns of solvent,
catalyst and alkyl donorrequired for in-situ transesterification are typically much higher
due to the water content ofoil-rich biomass, which dilutes the acid and can induce
hydrolysis of glycerides to FFAAtadashiet al, 2013). Haas et al reportedhat the solvent
dilution ratio had to be increased byl50% compared to transesterification of thoroughly
dried algal biomass,to achieve similar conversions to FAMECatalyst depletion due to
saponficiation was observed to ircrease by 127% with wet biomass sourcegHaaset al,
2004). A similar result was observed for insitu transesterification of microalgae biomass
using an SrO/SIQ catalyst This found that moisture campletely inhibited the
transesterification reaction but in the absence of moisture95% conversionwas achieved

within 10 minutes(Tran et al,, 2013).
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2.4.1 Current Challenges

The main barrier to direct conversion oflow value oil seeds or algal biomass using basic
catalysts is thar high FFA content, similar tothat of waste cooking oils. This can be
countered by using a high alcohol:oil ratio, but increases operating cost. For example,
chlorella vulgaris biomass (3.4wt.% FFA) was successfully convertedto FAME at
conversions of 78% using basic NaOH catalyst over 75 minutes, but required a methanol
lipid molar ratio of 600:1 (VelasquezOrta et al, 2012). Acid catalystsunder the same
conditions can achieve 97% conversion butypically require a 20 hour reaction timedue
to the lower catalyst activity of acid catalyst§Demirbaset al,, 2016). The extraction of the
liquid products could be performed using a Soxhlet extractor, which can extract the
products from the reactor into an appropriate solvent where they can be processed
without complicated separation (Li et al, 20119. The solid catalysts would also need to

be separated out from the residual biomass and waste streams.

Three potential solutions have been proposed to datdor simplifying separation of
heterogenous catalysts from residual biomasgJiang et al, 2013). The first uses
indigenous lipasesfrom germinating seedsinstead of the catalyst, the seconduses a
catalystbasketto keep the catalyst separateThe final alternative uses a magnetic catalyst
support such as FeQs-SiQ, allowing magnetic removal of the catalyst for reuséTran et
al., 2012).

The use ofindigenous lipases fromgerminating seed was judged to be promising but
required a germination period of about 4 days to allow high activity, which isndesirable
due to sizing implications(Jianget al., 2013). Immobilized lipases work well for liquid oils
but their application for direct in situ transesterification is hindered by the need to
separate immobilized lipase from the residual biomasg§Tran et al, 2012). The use of a
catalyst basket to contain the catalyst is more practicable but reduces reaction rates due
to separation of the reactant and catalystMagnetic supports(e.g. FeQs) were initially
successful and tatrated moisture well but catalytic activity rapidly decreased, dropping
below 80% after only 3 uses, limitingthe catalyst lifespan.Further research into other
magnetic catalysts, such as 28s¢ ¥ZrO2zTiO2zFesQs, demonstrated they ould be
extracted 8 times after use and maintairB5% yields, which could bea potential solution

to the separationof solid catalysts from residual biomasgWu et al, 2014).
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For in situ transesterification to be effective, the reaction conditionsnust facilitate the
breakdown of the biomass gypically algaeor seed biomas} cell walls. The cell walls are
primarily composed ofcellulose with a membrane of glycerides and proteins for active
and passive diffusioninto and out of the cells (Oasmaaet al, 2003, Huber et al, 2006;
Choudhury et al, 2014). Therefore, the propeaties of cellulose are key in developing

methods for performingin situ transesterification.

2.4.2 Cellulose Properties and S eparation
Cellulose (Figure 25) is a linear polymer of Dglucose. Many hydrogen bonds link the

molecules together, giving cellulose high tensile strengtfHuber et al,, 2006).

CH,OH CH,OH CH,OH

| |
H ¢—0O H ¢—O H C—O
NCEIARE ANV
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H OH H OH H OH

Figure 25: Structure of cellulose(Klemm et al., 2005)

Most current methods of valorising cdulose employ acid catalysedhydrolysis of the
cellulose polymer to its monomer, glucose, before further conversion to liquid products.
Various pre-treatment methods are employed to enhance conversionincluding steam
explosion, dilute acid treatment andmechanical comminution. The conditions used for
cellulosehydrolysis are heating to 150Cat >5bar pressuresin the presence of acidge.g.
sulfuric acid, nitric acids or solid acids such as amberly<t5) (VandeVyveret al, 2011).
The resulting glucose can bpurified easily and istypically used for chemical or biological

processes, or thermally decomposetb furanic or pyranic products.

Onceglucose is produced, decomposition to more valuable products can be performed by
thermal treatment at 500-600°C under a nitrogen atmosphere. The kinetics of this process
were investigated during investigations into pyrolysis, which established that complete
conversion of glucose to furans pyrans, gaseous products and solid residuesgccurs

within 2-3 secondsat 500°C under a 1 bar nitrogen atmosphere(Vinu and Broadbelt,
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2012). Thermal treatment of ducose and mannoseachieved 94.6% conversion with
yields of 5-hydroxymethylfurfural and furfural of 16wt.% and 7wt.% respectively with
up to 3wt.% yields of levoglucosan and other furan based material§Hu et al,, 2018). It
was also reported (Seshadri and Westmoreland, 201P that gaseous and noffuran
products can also be produced from glucose during thermal decomposition, including

glyceraldehyde, ethendiol and glycolaldehyde.

Thermal decomposition studies on cellulose without hydrolysis havalsobeen performed
(Henrique et al, 2015). These indicatethat the cellulose purification method affects the
optimum temperature for cellulose pyrolysis, but that in general, 608C was required to
achieve decomposition above 2@t.%, while 800°C obtains complete conversion to

gaseous products @asification).

It has beenproposed that cellulose decompositionoperates via four possible pyrolysis
reaction pathwayswhich occur in parallel, as shown inTable 22 (Wanget al,, 2012b). The
C-O bonds are the least resistant to degradation,with their decomposition producing

pyrans, furans and water(Wanget al., 2012b).

Table 22: Cellulose degradation pathway8anget al.,, 2012h.

Pathway | Product Reaction Reaction bcation
1 Levoglucosan Dehydrogenation Cl and C6
2 3,4 anhydroaltose Dehydrogenation C3and C4
3 Furfural Repeatedhydrogenation and | C1, C2 and C5, with
isomerisation loss of C6
4 Hydrocarbon chains Ring opening reactions Non-specific
(C8 or less)

According to kinetic studies, cellulose pyrolysis generated a similar range of products
(furans, pyrans and cyclic ketonesjo glucose pyrolysiswith a marginally faster reaction
rate (Wanget al, 2012b). However, a larger proportion of the feedstock(>25wt.%) was
converted into a solid carbonbased material instead of liquid products which reduces
conversion and liquid yields Theliquid products from cellulose pyrolysis are mostly
furans and pyrans such as levoglucosan but alsoclude short chain carboxylic acids,
which were not detectedexperimentally for glucose(Seshadri and Westmoreland, 201p
A carbonaceoussolid results, as well as a tar coating from polymerisation of the

degradation productsthat form a fouling layer on all reactor surfaces
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The fouling deposits can be removed bysteam desorption usingpressurised steam
(>5bar) at temperatures above 800C for approximately 2 hours, a method which has
mostly been used for remowng lignocellulosic biomass pyrolysis derived fouling.
Increasingthe pressure could decreas¢he removaltime (Tian et al, 2013) but there is a
trade-off between energyrequirements, equipment costs andthe extent of catalyst
regeneration required. Thermal decomposition of the fouling products produces

synthesis gasg(Chan and Tanksale, 2014 which is a moderately valuable product

Combustionj | x°@)man alsobe used to remove coke deposits from theeactor. Coke
depositsare oxidised to carbon doxide, carbon monoxide andwater, butthe catalystscan
potentially be damaged by sintering, so this technique is naowidely used (Garciaet al,
2000; Zhanget al.,, 2014).

Cellulose can be usedor awide variety of applications directly, e.g filler in tablets, resins
and plastics, due to its strength, flexibility and low cost. However, cellulose highly
hydrophilic which prevents its dispersion n non-polar solventswhich limits the range of
potential applications. Surface modification, for example with amine or amide groups
could reduce the hydrophilicity (Li et al, 2015 and permit additional usesif a method
could be developed Surface modification with ester or acetyl graps @an be performed
chemically and surfactants employed, which is useful for some applicationsuch as in
composite materials (Missoum et al, 2013). However, the limited range of surface
modifications prevents the wider use of cellulose The substitution of amine or amide
groups could alter the material properties to permit use as bacterial supports for

biochemical processe®r grafted onto other polymers to produce assorted composites.

Currently, cold plasma is used to additrogenous groups to celluloseusingammonia as a
nitrogen source (Deslandeset al, 1998, Pertile et al, 2010). Nitrogen has been used
directly (instead ofammonia) at low powers(33W) and pressures(20-100Pa)(Deslandes
et al, 1998, Pertile et al, 2010). This successfullyintroduced nitrogenous groups and
increased porosity but did not affect wettability or other surface parameters.Further
development of this techngue may allow aminegroup substitution without ammonia,

which would help with making sustainable cellulose based composites.
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2.5 Cold Plasma and its applications to chemical and bio -refining processes

Plasma, the & state of matter,is defined as a ionised gaseous state with electrical
conductivity due tothe presence offree electrons, ions and radicalsPlasmais generated

by inducing decomposition of the gaseous moleculgsthermally, electrically or via
application of microwaves or ultraviolet radiation. Due toits high concentrations of
reactive species such as radicals and free electrons, plasnsaan effective reaction

initiator (Satoet al, 2014). There are two main types of plasma, cold (netlhermal)

plasma and thermal plasma. Both types canebfound in nature Examples of thermal
plasma arestars and lightning Fire and the Aurora Borealisare examples of cold plasma
(Fridman, 2008).

Thermal plasmaoccurs when there isa thermal equilibrium between the electrons and
ions/molecules in the bulk of the phase. Thiss often achieved by heating thegasto very
high temperatures usingfuels such as acetylenethough thermal plasma can also be
induced via microwaves and electrically(Khani et al, 2014). For the gas phase to
transition to a plasma, the temperature has to be high enough to break down the
molecules in the gas, generally3000°C. As themean electron temperature determines
the reactivity of the plasma, most thermal plasmas are operated 88500°C (Mostaghimi
and Boulos, 2015. However, this extreme temperature means that anfeedstockinput is
rapidly decomposed to the mostthermodynamically stable form possible so reactions

with unstable products are not viable in thermal plasmd4 A1 T H Eet al, 2006).

The temperature of the electronsn cold plasmais much higher than the bulk temperature
(non-equilibrium) . As plama has a high electron temperature except when the power
available is very low, cold plasma can be of ambient temperature or below and still retain
its ability to initiate reactions (Di et al, 2017). This offers significant advantages for
inducing reactions that produce unstable products as the bulk temperature can be low
enough to dlow the products to accumulate. Some theoretichl proposed reactions are
not observed thermally at any temperature, as thie activation energy is high and therate
constant of the reactionis inversely proportional to the temperature. The product may
also be unstable at high temperatures. Theresence of high energy specidas cold plasma,
coupled with the low temperature of the bulk, can allow these otherwise unachievable

reactions to be performed at acceptable conversion®erts et al, 2015).
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2.5.1 Cold Plasma Mechanics

Electrically derived cold plasmainitially consists of onlythe externally imposed electric
field. This electric field prompts excitation of electrons fromthe carrier gas and the
reactor walls. These electrons then generate other excited species \akectron impact
dissociationand other interactions with stable molecules, generatg the radicals and ions

known to be present in cold plasma

Cold plasma imuces reactions through three pathwayselectron driven, ion driven and
radical driven mechanisms, which occur in paralle{Fridman, 2008). These pathways are

all initiated by the electric field, and hence the overall activity of the plasma depends on
the field strength. The electric field depends on thgas pressure, voltage difference and
the width of the discharge gap(Hu et al, 2002). Control of these variables hence allows
tight control over the process dynamics, and allows flexibility in reaor design provided
these parameters are maintainedCatalysts and packing materials synergise well with
cold plasma as these reduce the effective discharge gap locally and hence focus the electric

field in the vicinity of the packing.

The electrons requred for electron driven reactions are generated via excitation of gas
phase compoundsy the electric field These electrons interact with the gaseis the cold
plasmato generate both ions and radicals via the mechanisms shown in Tabl82Hu et
al., 2002).

Table 23: Range of kectron driven reactionsinder cold plasmgHuet al.,, 2002

Excitation etA=A+e
Dissociation e+A=2A+e
Attachment e+tA=A
Dissociative Attachment e+tAh=A+A
lonization e+hA = A +2e
Dissociative lonization e+A = AK+A+2e
Recombination et+tA = A
Detachment e +A= A+2e

Radicals are generated fronelectron impact dissociation reactions, displayed in Table
2.3, and induce their own set of reactions in the gas phase. lons can also form, which share

the same range of reactions as radicals, which ashown in Table 24. lons and radicals
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can

induce different

recombination reactions(Zhanget al, 2017).

reactions from electrons,

including charge transfer

Table 24: Range of adical driven reactionander cold plasméHuet al.,, 2002
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Application of oold plasma for chemical processess a relatively novel development,
though the use of cold plasma for ozone generation is well establish€dartmann et al.,
2007). Most studiesused cold plasmafor reactions with gaseous and solid feedstocks.
Examplesinclude conversion of carbon dioxide to carbon monoxide and oxygefZzhang
et al, 2017), hydrocarbon reforming and surface modification of cellulose and other

polymers (Deslandeset al,, 1998).

Cold plasmais not generally utilised forliquid processesasthe excited electronsare not
effective of initiating decomposition of liquids directly, as the intermdecular forces
dissipate the incoming energyThe main applications of gasliquid cold plasmacurrently
are water treatment (Lockeet al, 2006, Malik, 2010; Seinet al, 2012) and various medical
applications, most notablydisinfection of wounds and sterili sation of medical equipment

(Uhmet al, 2012). Useof cold plasma for decomposition ofiquid wastessuch asglycerol,
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glycerides or biomass has nopreviously been investigatedand forms the basis of this

thesis.

Cold plasmas havéeenusedin certain bio-refining applications, such as electroporation
of biomass to enhance drying(Babaeva and Naidis, 2018 Cold plasma introduces
additional pores into the cell walls and membranes of celi by producing excited species
that repel the non-polar chains of the phospholipids in the cell membrane. This typically
aims of either extract the cell contents ordegradeinfectious biomass(Kuznetsovaet al,
2016). Electroporation actsby degrading bilayer components in the external membrane,
which become fragmented and polar(Sowers, 2013. These distort the local bilayer,
causing the formation of small holes, which vary in size depending on the plasma power

and other factors such as biomassize distribution.

A higher power cold plasma (Approx 500-1000W) is utilised to generate pores for
injecting plasmids and other DNA samples into cellnd is the current method of choice
for genetic modification of mammalian cells(Beebe, 2013. Apart from its applications in
electroporation, cold plasma is not used in biological processes dtethe relatively poor
selectivities compaed to the demands of bierefinery processes and the higher risk of cell
damage(Wanget al,, 2011).

2.5.2 Plasma Arcs

Plasma arcsare atype of thermal plasma thatform in cold plasmawhen the voltage across
electrically induced plasma becomes sufficiently high. At lower voltages, the excitation
and breakdown of gas molecules occurs relatively evenlyetween the electrodes and on
their surfaces However, as the voltage increases, the increased degree of ionisation
decreases the alctrical resistance of the plasma, increasing the currenZhanget al,
2016). The increased current on lower energy paths between the elecides means that
the lowest energy path becomes more electrically conductive rapidly and hence more
electricity is discharged along that path(Malik, 2010). The strong discharge ensures this
path remains the most conductive path, focussing further discharges along it, producing
a plasma arc. Th@lasma arc causes an increase in temperature from electrical resistance,
increasing continually until the electron and bulk temperatures match (i.e. thermal
plasma). This arc will be focussed on a very small area of the ground electrode and can

easily catse damage to the electrode anekactor contents(Lockeet al, 2006). Visible light
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is also emitted from the high temperature plasma arcThe point at which plasma arcs
form for a given gas pressure and voltage is described in Paschen curves. These are
graphical illustrations that can be used to predict maximum plasma pows for a given
reactor design. Plasma arcs are generally unpredicatable and undesirable but can be
useful for inducing reactions, which is achieved through reactor design and control of

experimental conditions.

The positive feedback loop between theonductivity of the arc andthe current flowing
through it means that shut off systems have to be included in the system or the current
would continually increase until the reactorwas destroyed. When properly controlled by
preventing exponential current increases, plasma arcs can be used for various purposes
and are the basis of gliding arc plasma reacto(Burlica et al, 2010). Other applications

of plasma arcs include spark plugs for electrical ignition of fuel/air mixtures, arc welders
that use the resulting thermal plasma for welding metal and electric arc furnaces that use

the thermal plasma to melt dow metals.

2.5.3 Cold plasma reactor configurations

Most applicationsgeneratecold plasma electrically, though induction via microwaves is
also widely utilised. Cold plasma generation methods include: dielectric barrier discharge,
corona discharge, glidiig arc and plasma jetsOther techniques for electrical cold plasma
generation exist, which mostly are variations on the above methods and are generally

categorised by the spacing distance between the electrodes.

2.5.4 Dielectric Barrier D ischarge (DBD)

Dielectric barrier discharge (DBD) reactors use a pair of electrodes separated by either
one or two insulating barriers with dielectric properties, typically with a spacing of
approximately 1cm between the electrodes. The insulating layers prevent eleatal
discharges or plasma arcdut their dielectric properties allow the electrical potential
energy between the electrodes to produce columns of plasmasillustrated in Figure 2.6.
These columns contain highr levels of radicals and excited specie@Neretti et al,, 2017)
than the rest of the reactor.The position of theinsulating layers between the electrodes

does not affect the effectiveness of cold plasmw&ith some work utilising asingle barrier
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mounted equidistant between the electrodes to obtain two separateeactor volumes
(Kogelschatzet al., 1997).

ACvoltage High voltage ACvoltage

electrode ‘: ‘
Ground electrode ! I !

Figure 26.: Example delectric barrier dischargereactor crosssectionswith one (left) and

Y % ¥ XX XX

two (right) insulating layers

DBDreactors produce UV light through relaxation of excited species in the plasma. This
feature is used commercifly for the production of ozone and early atempts at
commercial production ofnitric acid and ammonia. It is also possible to use the reking
UV radiation for medical applications such as disinfecting skifLiu et al,, 2010, Uhmet al,
2012) or surfaces(Wolf et al., 2007).

DBDreactors require a supply of high votage AC electricity(Tian et al, 2016), which is
most effective with microwave to radio frequency AC Power can be suppled from a
typical wall socket with a transformer and a frequency converter to increase the voltage

and the frequency to thedesired values

A variant of DBD is called resistive barrier dischargéUhm et al, 2012). Thisutilisesan
electrode with a highly resistive cover, which allows much lower frequency electricity to
be usedlt is also possible to replace theesistive coverwith a semi-conductive layer, such
as gallium arsenide, which allow DC electricity to be $ed uncer specific conditions 680-
740V) (Fridman, 2008). DBDreactors, unlike many other types of plasma generation, can
tolerate relatively high pressures(up to 1 bar) compared tomany other plasma reactors
which require partial vacuums and produce little heating relative to the energy present
in the plasma. The DBD plasma field is highly energetic compared to other plasma
reactors, allowing high-energy reactions to occur more quickly butwastesenergy when

the plasma is shut oflunless energy recovery is performed
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Dielectric barrier discharge reactors can be any shape, with the restriction that the
electrodes must be aconstant distance apart throughout the reactoito prevent plasma
arcs. Most DBD reactors are either plate typer cylindrical: plate type hastwo plates
spaced less than 1cm apanvith a dielectric layer between cylindrical types haveone

electrode inside the oher.

The disadvantages of DBD are the low power numbkelectrical efficiency, often in the
range 0.%0.3, the limited range of discharge gap widthsand high ignition voltages. The
combination of a small gap betweenhe electrodes and the high voltage means plasma

arcs are possible at higher electrical current§Geet al, 2015).

DBD reactors with two dielectric barriers are resistant to fouling due to the insulated
electrodes(Khaniet al, 2015), and generally no catalyst is required. The most electdally

active zone of the reactor is at the reactor inner surfaces, whiatan act to degrade any
fouling (Karuppiah et al, 2012), making DBD reactors effective for fouling prevention

Using cold plasma to remove oxygen from bioil has been tested previously by
decomposing raw pyrolysis oils with ethane ina DBDreactor to produce hydrocarbons

and hydrogen(Khani et al, 2015). This obtained conversions of 3670%, depending on

plasma power, to gaseous hydrocarbons (GGCs) and hydrogen at selectivities of 24 and
72% respectively. Thisis effective for producing gaseous fuelbut is comparable to the
results of gasification studies(Hlina et al,, 2014). Other work using cold plasmaachieved

pure glycerol conversion of 70% to hydrogen and carbon monoxideat 80% selectivities

using a gliding arc plasma reactor(Zhu et al, 2009). 80W oold plasmawas used for dry

reforming of methane (Wang et al, 2009) using a fluidised bed of Ni/AbOs catalyst,

obtaining 11% conversion of methando longer hydrocarbonsat 25°C, increasing to 47%
at 500°C .

The ability of cold plasma to remove foulingfrom catalysts such as HZSMN} has been
successfullydemonstrated (Fanet al, 2015) in the presence of oxygen, rapidly converting
coke to carbon oxides and restoring full catalytic activity within5 minutes. The
prerequisite for oxygen tobe present toprevent fouling accumulation may notapply if
other oxygenated compounds are presenfThis has notyet been proven,and more work

would be needed to determine ittold plasma can prevent fouling during operation.
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2.5.5 Gliding Arc Plasma Reactors

Gliding arc plasma reactors use the arc discharge phenomentm produce a stream of
cold plasmaby passing a stream of the desired gas through plasma arn@erakhsheshet
al., 2010). The rapidly moving gas pulls the highy conductive plasmaarc along the
electrodestowards the outlet, which transitions from thermal to cold plasma as the arc
dissipates,and a streamof cold plasmaleaves at the gas outlet. The electrodes can be any
shape, such as conical, diverging or stigtit. Diverging is the most common type, often
knife shaped, with the closest approach betweethe electrodesnear the gas inlet and
diverging after that (Du et al, 2007). Figure 27 shows a cross section with a diverging
plasma stream being generatedlhe result is that the arc forms at the closest approach

and the plasma is pulled awayvith the gas stream.
lGas inlet

Nozzle ~_

—

Reactor lid Water inlet

Electrodes Electrodes
— | . |
40 mm Teflon spacers
1 mm
Plasma
Zone ~ | | Glass
11 Plates
. e 1mm
5 mm
20 mm

Figure 27: oss section of a gliding arc plasma reactdZhanget al, 2016)

The electrodes are aligned tothe direction of flow, which causes the arc to move along the
electrodes with the gasstopping when it reaches the endhen reforming at the closest
approach. Gliding arc plama reactors arerelatively simple to build and are mostly used
for gas conversion reactions such as steam reformir{¢haniet al,, 2014). Liquids can also
be introduced provided they arefinely dispersed, in which case the reactionaxurs on the
surface of the gazgliquid interfaces (Burlica et al,, 2010). The process caralsobe used for
solids by situatingthe solid in the path of the plasma streanHowever, process control is
significantly more complicated than other plasmareactors due to the continuously

changing plasma arcs and the plasma generated is less energetic than DBD plasma.
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2.5.6 Corona Discharge Reactors

Corona discharges are relatively weak dischargesompared to the other reactor designs
and only occur below atmospheric pressure in close proximity to a strong magnetic field
and an electrode with a small radius of curvatte. The original design featuredtwo
cylindrical electrodes inside an insulating reactor, with one mounted inside the other with
a short sepaation distance. This design isvery similar to a cylindrical DBD reactor, except
no insulating dielectric layers are usedHartmann et al, 2007). The electrode separation
iIs chosen in therange of 0.52cm to achieve discharges while maximising energy
efficiency. Compared to DBD reactors, the voltageeededand the discharge strengthare
much lower, but the process is significantly more energy efficient90% vs 50%) (Malik,
2010). However, pressures belovatmospheric and low voltages aregequired to prevent
plasma arcs (Hu et al, 2002). An alternative configuration is a multi-electrode
arrangement with multiple needle like anode electrodesin a grid around a central
electrode that acts as the cathode. This is an alternative for scaling up, as it maintains the
small radius of curvature for the electrodes and allows the diameter of the reactor to be
increased.However, orona plasma reactors ardypically scaled out byutilising multiple

reactors in parallel (Fenget al, 2009).

2.5.7 Microwave plasma reactors

Coldplasma can also be generated using microwavedicrowave plasmas have been used
for hydrogen generation from solid wasteqLupaet al, 2012) or methane (Czylkowski et
al., 2016) and for production of nanocrystalline diamond(An et al, 2015) and silicon
carbide (Menseret al,, 2016).

This method of cold plasma geeration is highly energy efficient (up to almost 100%) and
does not require electrodes(Czylkowski et al, 2016). However, the reactor has to be
enclosed to prevent loss of microwave energgnd the power systems are signficiantly
more complex. Additionally, all forms of microwave plasma havsaignificantly increased
bulk temperatures (from microwave heating) compared to electrical methods(Chang,
2001). Therefore, microwave plasmas often generate thermal plasma and are not well

suited to applications where low temperature operation is desirablé Chang, 200].

DBD was chosen for this work die to its resistance to fouling andplasma arcing

compatibility with liquid inpu ts andits relatively uniform plasma distribution. Qiding arc
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plasma reactors would be a feasible alternative but theesulting stream of plasmawould
be harder to isolate from the air and the plasma distributia would likely be less uniform
(Burlica et al,, 2010).

2.5.8 GasLiquid Cold Plasma

In theory, radicals and ions can diffuse into the liquidphase to allow radical driven
reactions to occur, but in practice the rate of diffusion into the liquid is very low. This
leads to significantly reduced performance with norgas phase feedstock¢Du et al,
2007). However, recent work has determined a method for using cold plasma two

phase systems, known as gdgjuid cold plasma(Malik, 2010).

Gas-liquid cold plasmaexposes botha gas andhe liquid feedstockto an electric fieldto
generate plasma predominantly along the phase boundary. Radicals forming at the
interface can escape into the gas phase or diffuse into the liquid to induce liquid phase
radical reactions, which geneally do not occur in thermal processesThis is illustrated in
Figure 2.8. As cold plasma hasa combination of low bulk temperature and high energy
species(Zhanget al, 2017) and its properties are altered by operating conditions and
reactor configuration (Flynn et al, 2013, Parket al, 2017), the process can be easily tuned

to select for any given dsired product.
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Figure 28: Gasliquid cold plasmamechanismshowing liquid phase radical generation

and propagation(Di et al,, 2016)

This technique has been used for waste water treatmeiiMalik, 2010), one step ammonia
production from nitrogen and water (Haruyama et al, 2016), along with facile
preparation of copper hydoxynitrate nanosheets (Di et al, 2016) from an aqueous
solution of copper hydroxynitrate. Under these conditions, théneterogenouscatalyst was
found to attract the liquid phase radicals and excited species due to the presence of acid
sites on the catalyst surfaceand the dielectric properties ofthe solid. This enhances the
catalyst activity and could potentially be used for other processeés theinvestigation
undertaken in this thesisaims to upgrade a liquid product, this behaviour may beaseful
at decomposing specific compounds in an energgfficient and clean manner.These
studies on gasliquid cold plasma also showed that heterogeneous catalysts can be
effective for promoting reactions under gadiquid cold plasma conditions(Di et al.,, 2016),
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which is of significant interest for improving the dynamics ofthe liquid phase

decomposition of non-volatile feedstocks such as glycerol.

A similar techniqueto convert methanol to carbon monoxide and hydrogenZhanget al.,
2016) usedtwo phasegliding arc plasma to inducehe decomposition of liquid methanol.
However,the processwas operatedwith a gas temperature of 80C, which is sufficient to
evaporate methanol without producing noticeable levels of liquid phase radals. This
achieved conversionsup to 95.6%, but further work at lower operating temperatures
would be required to establish the ability of gasliquid cold plasma to decomposdiquid

methanol.

2.5.9 Plasma modelling

Modelling of cold plasma kinetics wastudied previously for hydrocarbon polymerisation
(Yang, 2003 and for carbon monoxidereformation to carbon dioxide (Fenget al,, 2009).

In these studies, the extended Arrhenius equation was assumed to be applicable, and the
three constants required for each reaction were obtained by fitting the process to the data
using the ELENDIF kinetics solvefFenget al, 2009). The ELENDIF solver was designed
to calculate the rate of change of concentration for all expected excited states from the
corresponding neutral speciesBoltzmann differential equationswere solved iteratively
for each excied species present for each time step, which are derived from the predicted
reaction pathway. The cold plasma itselivas modelled as two separate fluids that are not
in thermal equilibrium, namely excited specieqrepresented by electron temperature)
and neutral species(represented by bulk temperature). The bulk temperature can be
measuredexperimentally via conventional methods, but the electron temperature must

be calculated separatelyas described below

In previous works (Thomas and JefShih, 1997 Zhu and Pu, 2010Shrestha, 2013, the
electron temperature was calculated using the line intensity ratio method. The line
intensity ratio method is a technique based on the Stark broadening effect, which dictates
that the optical emission lines of the gas in the plasma zone are broadened and shifted
from their regular locations due to the presence of an electric field, with increased electric
fields shifting the emission lines towards higher values in a linear relationship. To derive
the electron temperature, two emission lines corresponding to the carrier gasre
observed via optical emission spectroscopy (OES) on the plasma zqf&idman, 2008).

The ratio between the intensities of the emission lines and the intensities of the
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corresponding emission lines in the unexcited gas is recorded and used to calculate the

electron temperature according to equatior2.1.
e (2.2

Where:

R is the intensity ratio between two lines,

| is the intensity of a given spectral line
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gi is the statistical weight of state i
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Ei is the energy of state | (KJ)

K is the Boltzmann constant 2 kg s2 K1)

Teis the electron temperature (K)

This is the only established method for finding the electron temperature used in models

to date.

2.6 Summary

Asthe use of pure oils for producing biodiesel is costly andchisesenivronmental concerns
due to competition between land for fuel and land for food, waste cooking oils (WCO),
non-edible oils and algae are promising alternativesRroduction of biodiesel from waste
cooking oils is currently performed via transesterification and is hindered by the the
presence of FFAand/or water , whichleadsto rapid catalystdepletion via saponificiation.
To avoid this, extensive pretreatment is required to reduce water and FFAcontents to
below 0.1wt.% before use Even with pre-treatment, the product steamwould contain
soaps which generatesmore waste water from washing and methanol recovery is more

challengingdue to increased miscibility between the two liquid phases

Transesterification requires large amounts of methanol, which is unsustainahl&ther
alkyl donors could be used instead buthese are costly due to the low water content
requirements. Biodiesel is also primarily composed of FAME, which requires blending
wit h petrodiesel to be usable in unmodified enginedue to its poor cold flow properties,
volatility and tendency to polymerise Another challenge is that oils are generally

expensive to extract from the original biomass in large volume3he biodiesel produdion
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process could be optimised to require less unit operations using in situ transesterification.
However, this requires an extremdy large proportion of methanol compared to the oll
volume (600:1 ratio), which offsets any savinggrom reducing unit operations. Thermal
methods which do not require methanol are under consideration butthe product is rich

in FFA and the liquid fuel yield425-55wt.%) are much lower than transesterification

To address theseissues,the biodiesel production processwould require a reactor design
that can easily tolerate foulingand solids,and preferably not require large amounts of
methanol. Avoiding methanol usage wouldrequire cracking of the glycerol backbone in
the triglycerides, which implies a radical based pycess and would require high selectivity

to cracking reactions to avoid byproducts.

Most techniquesthat tolerate solids and fouling utilise high temperatures to decompose
any fouling deposits as they form and most reactors with improved process dynaias are
highly susceptible to fouling. However, ntrowave and plasma based reactors are capable
of processingboth solids and liquids and can continuously remove or decompose fouling
over time, so appear to be suitable for low temperaturebiofuel production from
triglycerides. However, neither of these techniques have been utilised fdriglyceride

utilisation to date.

Coldplasmacould havepotential for decomposingtriglycerides. Almost all work with cold
plasma is performed on a gas phase feedstock asetexcited electrons can only exist
within the gas phase. Howeverfriglycerides cannot be evaporated as theg thermally
decompose before their boiling point.As a result, the use of cold plasma fanitiating
decomposition of glycerol has not beerstudied to date, despite the far larger potential
throughput achieved when using a liquid feedstock fEA A O @00).I T&Eenable a
decompositionreaction to occurin the liquid phase ahigh power active plasma would be
required to produce decomposition products & the gasliquid interfaces due to mass
transfer resistances and the electrodes would have to be protected from theeiglyceride
decomposition products This suggests the use of dielectric barrier discharge plasma
reactors, as these includéhe dual barrier configuration that protects both electrodesAnd
generates the required radicals, ions and excited speciest high concentrations In
dielectric barrier discharge, thehighest energyplasma islocated close tothe electrodes,

which would act to reduce buling build-up and formation, and the barrierswould prevent

42



plasma arcing at high powers.The liquid phase radicals that arecreated in gasliquid
plasma systemswould help to prevent fouling and could potentially allow selectivities
that would otherwise be unfeasible Two phase cold plasmamay be tunable towards
cracking reactions, which would preferentially generate FAME angarticularly liquid
hydrocarbons from triglycerides, to create higher quality fuels that do not require

blending.

In this work, a selection offeedstocks from the biodiesel production processre used to
determine the effectiveness ofjasliquid cold plasma for decomposition oftriglycerides.
Thesefeedstocksare methanol, glycerol, waste glycerol,rapeseedoil and waste cooking
oil. The mechanism by which each feedstock decomposes was determined to facilitate
later process tuning. Finally, glucose andcellulose plasma decomposition wre
investigated to extend the applicability of the findings and determine the feasility of

producing biofuels directly from oil containing biomass
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Chapter 3. Methodology

This chapter describes materials, catalyst preparation, the methodologies and techniques
used to identify, quantify and analyse the feedstocks, catalysts and products.
Experimental procedure for the decomposition process with and without the assistance
of cold plasmawasdescribedalong with data analysis methodologiesNumerical methods

used in developing process models are also described.

3.1 Materials and chemicals

Three different carrier gases, namely nitrogen, helium and hydrogeffBOC, 99.99%
purity ) were used in cold plasma assisted decomposition. Nitrogen is commonly used as
a carrier gas in conventional thermal decomposition processes due to its kinetic stability
and therefore it allows comparison to this research. Additionally, nitrogen has a Ige
number of excited stateskl2.96eV (125.1 KJ/mol), which means that it can potentially
create a range of reactiongPark et al, 2017). Helium is a noble gas and thus has a highly
stable atomic structure, and hence a high energgitial excited state at19.2eV (Altshuler,
1953). Therefore helium allows extremely high energy reactions to occur that would be
unfeasible under other gaseqAltshuler, 1953). Hydrogen, with its low energy excited
state (3.7eV) (Dieke, 1958, was used to identify the #ect of hydrogen and hydrogen
radicals on the cold plasma assisted decomposition process of feedstecK his also
enabled comparison toHDOprocesses anddetermined if these deoxygenation reactions

can be initiated under cold plasma conditions.

Waste glycerol was kindly donated by Harvest Energy at Seal Sands, Teesside, UK. The
sample contained more than 20 inorganic elements of which potassium, sodium and
calcium contributed a large percentage, 4.06t.%, 0.21wt.%, and 0.03vt.% respectively,
while the others were at ppm levels (Table 3l) determined by ICROES.
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Table 3.1: Composition of inorganic elements in the waste glycerol sample (errors:+
1ng/g)

Element #1171 OAT O Element ng/g Element ng/g
Potassium 4063.1 Rubidium 878.27 Molybdenum | 41.764
Sodium 208.99 Lithium 641.00 Selenium 36.923
Calcium 28.068 Aluminium 454.27 Astatine 26.027
Silicon 4.8347 Zinc 295.68 Germanium | 11.501
Iron 4.3363 Chromium 264.81 Cobalt 11.199
Phosphorus | 2.5380 Titanium 161.01 Scandium 6.6575
Magnesium | 1.3661 Nickel 128.02 Zirconium 2.7235
Copper 85.346 Gallium 1.8157
Manganese | 72.937 Vanadium 15131
Strontium 53.871 Yttrium 0.3026

Ultimate analysis (CHN analysis) of the waste glycerol sample was carried out using a
Carlo Erba 1108 Elemental Analyseferror: +0.1wt.%) based on the standard BS I1SO
29541. The sample was found to have an empirical formula 6fOg 0 g . Higher H/C and
O/C ratios in waste glycerol than in pure glycerol (H/C=2.67 and O/C=1) were due to high
water content (9.45wt.%) and the presence of other oxygenated compounds from
biodiesel production. The composition of the waste glycerol comprised glycerol
(58.96wt.%), free fatty acids (FFA, 33.38t.%), glycerides (2.13vt.%) and traces of

methanol andsome metal salts as shown in Tde 32.

Table 32: Waste glycerol composition (dry badisjrors:+005wt.%)

Compound Composition

(wt. %)
Glycerol 58.96
FFA 33.38
Glycerides 2.13
Methanol 1.18
Inorganic s 4.35

Waste cooking oil (WCO) was kindly donated by locakstaurants in Newcastle Upon
Tyne. WCO was characterised in terms of its chemical composition and properties. Table

3.3 illustrates the composition of WCO, which comprised mainly glycerides (70.%8 % of

45



comprising 43.09wt.% triglycerides, 21.24wt.% diglycerides, 6.4Qvt.% monoglycerides),
FFA (12.43vt.%) and other compounds (glycerol, acetol and aldehydes). The sample did
not contain any metals above 1ppm levels with traces of sodium and potassium at 100ppb

levels.

Table 3.3: Composition of the WCO sanfeleors:+0.03wt.%)

Compound Composition
(wt.%)
Water 0.12
Acetol 0.23
FFA 12.43
Glycerol 1.80
FAME 3.31
Other fatty acid esters 9.18
C14-18 Hydrocarbons 1.47
C14-18 Aldehydes 0.73
Monoglycerides 6.40
Diglycerides 21.24
Triglycerides 43.09

Compared torapeseedoil (99%), WCOhad reduced levels of triglycerides(43.09%) in
favour of triglyceride decomposition products, predominantly diglycerides and FFALests

on the two feedstocksshowed that the WCO chain length distributiorwas similar to that

of the pure rapeseedoil (average chain length of 16.39 carbons for WCO vs 16.68 carbons
for the rapeseed oil) except with a greater prevalence of shorter chain fatty acids,
reflecting limited cracking reactions occurring during cooking.The fatty acid chain
lengths wereonly tested for a subsection of experimental rungn this work, asthe slight
differences in fatty acid chain length observed should have little effect on the

decomposition pathway(Abbot and Dunstan, 1997.

Several of the componentsn the WCO samplesuchas FAME andther fatty acid esters
(e.g. 2-oxopropy! fatty acid esterg, were not reported in other WCO characterisation
studies (Jainet al, 2011). However, FAME is known to be presenin WCO at low levels

due to the induction of limited pyrolysis during cooking, which produces traces of FAME
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(Kulkarni and Dalai, 200§. Oxopropyl fatty acid esters area dominant product of

triglycerides pyrolysis, along with FFA(Lien and Nawar, 1973.

The water content of the WCO sample was low (0.12wt.%4)ecause water is largely
immiscible with triglycerides and has a higher density. During cooking, the water would
form a layer below the triglycerides andthus be subjected to high temperatures well

above its boiling point and therefore be lost as vapour.

From ultimate analysis (CHN analysis) using afarlo Erba 1108 Elemental Analyser
(error: £0.1wt.%), the WCChad an oxygen content of 9.38wt.%compared t010.31wt.%
for rapeseedoil. The difference in oxygen content is due to the condensation reaction that
occurs during usefor cookingandthe resulting evaporation of water.A slightly lower H/C
ratio in WCQ 1.911 (12.37wt.% H) than that of freshrapeseedoils, 1.92:1 (12.44wt.% H)
was also observed, and iglue to hydrolysis, decomposition and oxidation occurring at

high temperature and evaporation of water from the cooking process.

In order to establish reaction mechanisms/pathways, pure chemicals suchsafresh
rapeseed oil (obtained from Marks & Spencer, 99% pure triglycerides) and glycerol
(99.5% purity from Thermo Fischer Scientific) were purchased. As methanol is a
potentially valuable decomposition product of glycerol and is a common contaminant in
waste glycerol, the decomposition of methanol was also studied, giving insight into
glycerol decomposition due to the similarity in structure and enabling clear reaction

pathways to be developed

3.2 Catalyst preparation and characterisation

The catalysts / packing materialsbarium titanate beads (BaTiQs) (99.5% purity, Alfa
Aesar), HZSIVb (99.95% purity, surface area: 410r#%q), zirconium (IV) oxide (99% trace
i AOAT O AAOGEOh vt I h-zegGlite €90.9%, sutfabeDdte:F660RIA I

Aesar) were prepared to a 0.5Lmm sizeby pelletizing, crushing and screening.

Ni/Al 203 was synthesized from high surface area alumina (surface area: 186y particle
size: 0.5mm 99.95% purity, Alfa Aesar) and nickel nitrate hexahydrate (99.9% purity,
Sgma Aldrich) via a wet impregnation method proposed by Bartholemew and Farrauto
(Bartholomew and Farrauto, 1976. Al2Os (100g, 99.9% purity) pellets were added to
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nickel nitrate hexahydrate (1M, 100mL). The mixture wasstirred vigorously at ambient
temperature for 1 hour to remove air bubblesfrom within the particles. The pellets were
extracted from the solution and dried in an oven set at 10810°C for 24 hours, to remove
unbound water molecules. The dried sample was then calcinated at 550°C in air for 5
hours to convert all nickel nitrate hexahydrate to nickel oxide This was then
hydrogenated using a hydrogen flowi20mL/min ) and 500°C for 24 hours to reduce nickel
oxide to nickel, which produces a more stable structure than obtained with lower
calcination temperatures (Bartholomew and Farrauto, 197§. The sample wasthen
reduced to the correct size range (0-Amm), which is the maximium particle size able to

fit into the plasma zone which minimizes pressure drop

The packing materials were characterized in terms of surface area, elemental distribution,
structure and crystallinity, to ensure consistency throughout this research and simplify

comparison with other works.

3.2.1 Scanning electron microscopy (SEM) with Energy-Dispersive x -ray

Spectroscopy (EDS) analysis

SEM is a method of using a beam of electrons to view the surface morphology of materials
at higher magnifications than conventional microscopes (x3%100,000 magnification
range). An XL30 ESEM was used in combination witBDSto determine surface topology
and elemental distribution. The sample was prepared in a clean fume cupboard with the
venting turned off to prevent loss of sample to the air and possible contamination of the
stub or samples. Preparing the sample entailed attaching a disk of double sidearbon
tape to the top of a stub in a clean environment, followed by introducing a small amount
of sample to the top of the carbon tape. The stub was then tapped on a clean surface to

remove any material that was not firmly stuck down.

The stubs were them mounted inside the vacuum chamber, which was then closed. The
vacuum was then turned on to extract the air and then the-say beam was turned on.
Three xray beam power settings were used throughout for different functions. The 5KV
beam is lower resoluton but updates faster and was used first to find areas of interest.
The 10KV beam was usetb take imagesonce an areaof interest was found, while the
25KV beam was used after this to perform E®on the area(Goldsteinet al, 2017). To
ensure the image was focusedorrectly, the magnification was increased beyond the

desired magnification until detail was lost. The focus and contrast were then adjusted to
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regain as much detail as possible, and the magnification was pulled back to the desired
value and the images tken (Mikmekova et al, 2011). Images were taken at x30, x500,
x1000 and x8000 magnification for all samples to show the structures at a variety of scales

and allow the catalyststo be compared accurately.

3.2.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a technique for determine the elemental composition of the surface of a material
and the chemical groups these elements are contained within. This technique is very
similar to EDX as described above, except that EDX measures the characteristrays
generated from the material while XPS measures the kinetic energy and number of
electrons lost. The same sample preparation methods used for SEM were also used for
XPS and the expéments were performed in a kalpha XPS analyser with a aluminium'K
X-ray source. 7 repeats were performed for each sample and the signal was averaged for

each sample before full analysis.

3.2.3 Brunauer ZzEmmett zTeller ( BET) analysis
Surface area and othemparameters such as the pore diameter profile and pore area
distributions of catalysts were determined using a Thermo Scientific Surfer gas

adsorption porosimeter.

100mg +0.1mg of the sample was placed inside the bulb of a burette. The burette was then
plugged with a rod and sealed by adding a closable valve section on top. This was then
hooked onto the degasser, and the burette valve opened to let air out. The burette was
then evacuated of any residual gases over 124 hours depending on the sample and
simultaneously heated to 120°C to extract aito achieve theminimum possible pressure
obtainable by the degassing pump. Degassing was performed at ¥2Gor all catalysts for
consistency and to avoid any surface deformation in the more fragile catalystsduas
zirconium oxide. After degassing, the burette was switched to a secondary vacuum for a
further 2 hours. As the secondary vacuum did not output additional gases, complete
degassing was confirmed to occur. After degassing was complete, the valve wasetl

and the burette moved to the BET machine.

Once the burettehad cooled, it was placed in a liquid nitrogerdewar, which cools the

sample and maintains its temperature to allow measurable amounts of nitrogen to adsorb
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during analysis. A Thermo Fischegcientific gas adsorption porosimeter was used for the

sample cooling and regassing steps.

The first step was to determine the dead space inside the sample cell. This was performed
by injecting a known amount of helium to the cell and measuring theesulting internal
pressure. Helium was used as it does not adsorb noticeably to any sample at the
experimental temperatures used The next step was to introduce nitrogen at low
pressures, corresponding to 0.05 of the expected number of moles af fdquired to create

a monolayer on the material(Sing, 2003, based off the mass ofhe sample andits
expected surface area. Since the method used is single point, only the surface area was
calculated, by plotting the gas reantroduction isotherm and using the gradient and

intercept to find the monolayer capacity and hence surface aréhi et al,, 2004).

3.2.4 X-Ray powder Diffraction (  XRD) analysis
To characterise the structure of the material further, aSToe STADI/P powder
diffractometer was usedto provide insight into the crystal structures of the material and

a measure ofts crystallinity.

The incident xray radiation was generated using a Cu ksource, which generates
wavelengths of precisely 1.54056A. The samples of catalyst were groundotas fine a
powder as possible, less than 10um, in liquid to reduce damage to the structure which
could affect the results. The sample was then removed from the liquid, immobilised on a
glass slide and loaded into the XRD central chamber. The aperture ke tradiation source
was then opened and the angle from the immobilised sample to the source changed to

detect which angles refract the incoming radiation.

The reflected radiation was detected on a JASGG50 U\zvis spectrophotometer and the

resultsDi | OOAA AAOCGAA 11 OEA OECi Al AT A OEA AT CI A
atomic spacing and arrangement.

3.2.5 CHN analysis

To confirm the findings of FTIR and GC analysis, CHN analysis was performed on the solid

products of glucose and cellulose ecomposition and during characterisation of waste

glycerol and triglyceride feedstocks. This analysis was performed in an Elementar Vario

MACRO cube, where a 0.1g sample of the sample was loaded into a vessel and placed on
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the sample carousel. A preun was conductedon astandard samplewith a known CHNO
ratio to check calibration, and the results confirmed against literature. Once the
calibration was tested, the solid sample in the vessel was loaded into the machine, filled
with excess oxygen and combusteat 1400°C. This converted all the carbon, hydrogen
and nitrogen in the sample to carbon dioxide, water and nitrogen dioxide. A scrubber was
used to reduce the nitrogen oxides back to nitrogen, catalysed by tightly packed copper

granules in a silica tubemaintained at 500°C.

Gas chromatography was used to separate the output gases, with a thermal conductivity
detector to find the quantity of each gas. The total mass of each gas and the mass of the
sample were then compared to find the CHNO ratio. Thissasned that all the remaining
mass in the sample not detected as carbon, hydrogen or nitrogemas oxygen. This is
generally accurate as the samples are organic and contain very low levels of inorganic
elements. For waste glycerol, where this is not the casiCROES was also performed to

find the inorganic ion content.

3.2.6 Fourier Transform Infra -red spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to identify the functional
groups present in the solid samples and support the results &@HN analysis. This was
carried out using an Agilent Cary 630 FTIR spectrophotometer for powdered samples.
The diamond crystal plate below the probe is first cleaned with acetone and wiped dry
with clean laboratory tissue. Then the probe was lowered and eontrast test was taken.
On successful completion of this test, the background signal was taken. The probe tip was
then raised and a 1mm covering of the sample was placed on the plate below the probe.
The covering was adjusted with a clean spatula to evncover the plate where the probe
fits with no gaps. The probe was then lowered again and the spectrum from 40@D0nm
was taken 3 times. The background signal was then subtracted from the average spectrum
to get the results for that solid. The solid cathen be removed and the probe cleaned again

with acetone before any further runs were performed.

This technique was also used for liquid analysis to identifyffunctional groups. A
ReactlIR4000 FTIR machine with a 16mm diameter Dicomp type probe was used i
wavelength region of 2400 to 2000 nanometres where the probe tip absorbs light. As the

liquid is not expected to be highly nitrogenous, this was judged unlikely to affect results.
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The absence of nitrogen was confirmed separately with CHN and gas chaagraphy,
and would have been retested with a different probe should nitrogen have been identified.
Before use, the detector is filled with liquid nitrogen and the probe head cleaned
thoroughly with acetone, then arranged with the probe facing down. A cdrast test was
then performed to check the gain on the probe was within acceptable limits and the probe
lowered into acetone for calibration purposes. The performance, signal to noise ratio and
signal stability were tested by running the probe in the acemne, and compared to

manufacturer specifications to check the accuracy of the technique.

Following calibration, a further contrast test was done to check the purge and probe
cleanliness status and the water background was taken to correct for the wateontent

in the air around the probe.

The sample for FTIR analysis was placed in a 10ml glass sample jar and the probe tip
lowered into the sample and gently agitated to remove any bubbles. The probe was set to
run one spectrum from 4000 to 600nm every mimite and repeated 6 times. The spectra
were then averaged once outliers were removed to give a spectra for that sample. This
was repeated for the other liquid samples from the same conditions, which gives43
spectra to represent that experiment. The FTIR rpbe, detector and sample jar
configuration is shown in Figure 3.5.2.1. The sample is then removed and the equipment
cleaned with acetone and the contrast test reun after cleaning. This cleaning was

repeated until the contrast test confirms probe cleanhess.

3.3 Experimental setup

Cross sectionsand imagesof the experimental set up used for cold plasma assisted
decompositionare shown in Figure 3.1 The reactor consisted of two c@xial quartz tubes
with one centred inside the other. The outer quartz tlbe was 30 cm long and had a 2 cm
inner diameter. The inner tube was 15 cm long with a diameter of 1.8cm, and was closed
at one end to protect the inner electrode. The inner electrode was mounted inside the
inner quartz tube while the outer electrode was orthe outside of the outer tube, as shown

in Figure 3.1(b). These dimensions gave the plasma zone a cross sectional area of
0.597cne. The electrodes were 12cm long, giving a total plasma volume of 7.16cnTo
illustrate this, a cross sectioml views of the reactorare shown in Figure 3.1(a, b) and a

side view inFigure 3.1(c).
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Figure 3.1 (a) cross section view of cold plasma reactor, (b) side view of cold plasma

reactor, (c) image of packed bed with ceramic wool band

Prior to each experiment, the system was continuously purged with the desired carrier
gas, i.e. hydrogen, nitrogen or helium (>99.999% purity, BOC Ltd.) for 30 minutes at a flow
rate of 50ml/min using a Bronkhorst EHlow mass flow controller (error: £0.03 ml/min).
When the system was aiffree, which was confirmed by gas chromatography (GC), the
flow rate of the carrier gas was adjusted to 40ml/min. A known flow rate of reactant was
continuously fed into the reactor at a Fjunction (Figure 3.2) to maintain a ratio of carrier
gas to liquid of 40:1 (vol/vol) using a WPI Al4000 syringe pump (error: £0.01ml/min) to

prevent reactor flooding and maintain a consistent phase distribution.
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Figure 32: Experimental setup for cold plasma induceddecomposition operating at

atmospheric pressure and temperature (a) and the gas/liquid distribution (b)

Under these conditions, the inlet feed was under the slug flow regime for all liquid
feedstocks, with the liquid forming pulses in the inlet line sepated by gas bubbles
(Neretti et al, 2017). An image of the inlet feed with slug flow is shown in Figure 3, with

3 liquid slugs visible in the line. This feed connects directly to the reactor, where the slug
flow causes bubbles to rapidly grow and break at thenlet, distributing the liquid over the
outer walls of the reactor. A constant stratified liquid distribution was observed to
consistently form under the liquid and gas flowrates used in the reactomatching the

pattern shown in Figure 32(b).
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When a packing material was used in the cold plasma reactor, the material was mounted
in the plasma zone with 1mm width ceramic wool placed at the base of the plasma zone
to hold the packing material in place. Ths is illustrated in Figure 3.1(c). Blank tests with
only ceramic wool were also performed for all feedstocks. These found that the presence
of the ceramic wool had no effect on the process compared to when no packiwgs
applied. The plasma zonewas filled with spherical particles of the chosen packing
material up to a depth of 8cm from the base of the plasma zone, reducing the plasma
volume from 7.16¢cn® to 4.48cn®. The packing material and ceramic wool disruiged the
flow so that turbulencewas generated, ensuring that the liquid was uniformly distributed

on the material. Evenly coating the packing particles with feedstock is desirable due to the
dielectric effect(Zhanget al, 2016) because plasma discharges occur between particles,

S0 an even coverage over all surfaces prevents arcing and the associated wasted energy.

The liquid and gas flow controllers were started at the same time as the plasma system
was switched on and adjusted tdhe desired power (e.9.10, 30 or 50W). The reaction was
typically carried out at atmospheric temperature and pressure though some later
experiments used external heating via a temperature controlled tubular furnaceThe
outlet of the reactor was fitted to a quench system comprising 2 sequential bottles
maintained at 60°C and 0°C to collect liquid products, using a water bath and an iceteva
bath. The experiments were run fod5 minutes, with longer 2 hour runs performed when
characterising fouling. A 45 minute run was chosen to allowthree gas samples to be
analysed, to confirm steady state was obtained. A longer run was also performedhé
two gas samples differed significantly. Nortondensable products were analysed online
using a GC. At the end of thd5 minute run, the flow of liquid was stopped and the gas
flow continued for 10 minutes with the plasma still active to convert residuamaterial in
the reactor. The plasma and gas were then turned off and the liquid samples were
collected for oftline analysis. Each set of experiments was repeated at least three times

to ensure repeatability.

The liquid yield was calculated based othe mass of liquid collected in the condensers
and the liquid remaining in the reactor. The liquid remaining in the reactor was
determined by weighing the reactor before and after the experiment to determine the

mass attributed to remaining liquids.
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When fouling or other solids were observed, the remaining liquids had to be quantified
separately. To do this, the reactor was weighed after completion of the experiment. The
reactor was then dried in an oven at 105°C for 4 hours to remove any volatien the
reactor and re-weighed with the difference representing trapped liquids. Some non
volatile liquids, such as glycerol,may remain after drying so the fouling mass
measurement may also represent some of these components. The gas yields were

determined by difference.

3.4 Analysis
3.4.1. Gas analysis

Non-condensable gas was analysed dime by a Varian 450GC. Runs wre performed at

a frequency of15 minutes online. If more frequent analysis was required, tedlar bags
were used to collect gas with an additioal valve before the bag to reduce leakage to the
atmosphere. A Varian 456GC consisting of 2 ovens equipped with one thermal
conductivity detector and 2 flame ionisation detectors previously calibrated with
reference gas mixtures was used. One oven hous8&dcolumns (Hayesep T0.5mx1/8"
ultimetal, Hayesep Q0.5mx1/8" ultimetal and Molsieve 13X1.5mx1/8" ultimetal) in
sequence to detect atmospheric gases. The second oven housed two columns: &ICP
5CB FS 25X.25 (0.4mm ID) for hydrocarbon analysis and a-@BFAX 52CB FS 25X.32
(2.2mm ID) for alcohols. The permanent gas colummngere set at a temperature of 100°C
for the full 13.25 minute run time. The hydrocarbon and alcohol columns uska separate
heating profile, which started at 40°C, heating by°Z/minute to 50°C, then by 8C/minute
up to 90°C, then 10C/minute to 120°C. The GC was calibrated for all hydrocarbons,

alcohols and permanent gases before any runs.

3.4.2. Liquid analysis
The liquid feedstocks and the liquid collected from the condensers were chargrised in
terms of their chemical composition and properties. The methods required deperd on
the liquid origins, as glycerol, triglycerides and FFA require specific methods and
separation. The water content was determined by coulometric KaifFischer titration
(error: £0.03wt.%). A Perkin-Elmer Clarus 500 GC equipped with 80m x 0.32mmID x
0.25um BPXBD20column and a 540C MS detector was used to identify compounds in the
liquid phase. A undiluted sample was used for enhanced sensitivity for the methah
samples due to the low boiling nature of the liquids. This was compensated for by using a
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being overloaded. 1ml of the sample and the feedstock were injected in2onl vials using

a 1ml disposable microsyringe and loaded into the autosampler. The column used during
GCMSanalysis was a30m x 0.32mmID x 0.25um BP-BD20 column as the components

are low boiling and are appropriate for polar liquids. A HP 6890 GC also equipped with a

30m x 0.32mmID x 0.25um BP>BD20 column was used to quantify compounds. The
heating profile for both GC methods was 4C initially, heating by 2C/minute to 50°C,

then by 8C/minute up to 90°C, then 10C/minute to 120°C. Functional groups were
identified using a ReactIR4000 with a 16mm diameter Dicomp type probe.

For glycerol and waste glycerol GC analysis, a selection of initial samples were diluted
20:1 in dicholoromethane and analysed in a GRS with an elite5 HP capillary column
for qualitative analysis purposes, using the temperature profile: initially 50°C held for 4
minutes, increased to 180°C at 15°C/min, then 7°C/min to 230°C, the®%C/min to 340°C
and held for 25 minutes. The high temperatures ensured that the glycerol present could
not remain in the column past the end of the run, necessitating a cleaning run between
samples. The identified compounds were quantified using a HP68@C withan elite-5 HP
on | @ m8c¢u cdpillafy coludruwith Helium asthe carrier gas and the same
heating profile, calibrated separately using stock solutions of the products detected by
GCMS. Glycerol and glycerides contents were determined accordingptBS EN 14105

2011 and calibratedwith glycerol and butan1,2,4triol stock solutions.

For the glucose and cellulose derived liquid products, the complex products (such as
levoglucosan, BHMF and furans) were analysed through GE@MS analysis only as
obtaining calibration samples for all of the detected productsvas cost prohibitive and
many rquired calibration samples were unavailable GEMS analysis was performed with
an elite-5 HP capillary column, using the temperature profile: 50°C held for 4 minutes,
increased to 180°C at 15 °C/min, then 7°C/min to 230°C, then 10°C/min to 340°C and held
for 25 minutes. Each peak was analysed based on their relative peakea; hence the

results are defined as area% instead of wt.% as uséaoughout this work .

Triglyceride derived samples required a more extensive procedure for GC analysis,
covering analysis of FFA and glycerides contenthe FFA content of waste glycerol was

determined by titration of 0.05 ml of waste glycerol diluted to 2 ml in chloroform
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containing a pH indicator solution. This solutionwas titrated to pH 7, as shown by the
indicator colour change, with agueous 0.05M NaOH. NaOH/ chloroform solutions were

prepared directly before use, to prevent changes in concentration from evaporation.

ICROES data was also collected for the raw waste glycerol to determine the residual
catalyst content from biodiesel production. As thenost common catalysts for biodiesel
production are potassium, sodium and calcium hydroxide, the run focussed on these
elements primarily. A broad spectrum test was also performed to detect any other
elements, which were not present at 1mg/L levels or above. This was also performed for
waste cooking oil to detect dissolved inorganic elements. Waste glycerol was extensively
diluted in water to address the high sample viscosity before ICOES, which would

otherwise interfere with the operation of the nebuliser.

To fully analyse triglyceride derived samples, 5 analyte samples of 1ml volume were
collected: 3 for analysis of fatty acid, FAME, acetol and propanal/propanone and the
fourth for analysis of glycerol and glycerides. FTIR and Karl Fischer titration were

performed on the final sample.

Sample 1:
Hexane extraction

The first sample had the FAMEpther fatty acid esters, and liquid hydrocarbons
/aldehydes extracted from the analyte via mixing with 10ml hexane and agitating for 10
minutes. FAME, other fatty acid esters and liquid hydrocarbons are soluble in hexane, but

FFA (approx. 0.39/100g solubility)and other products are not.

Liquid/liquid separation from hexane

Liquid/liquid separation with acetonitrile (1:1 hexane to acetonitrile volumetric ratio)
was performed on the hexane fraction, to separate esters (e.g. FAMEQx®propy! fatty

acid esterg from C14-18 hydrocarbons and aldehydes.

Acetonitrile soluble fraction

The acetonitrile soluble fraction was analysed according to the standard BS EN I1SO 5508
in a HP6890 gas chromatogram with a G®ax column to detect and quantify FAME and

other fatty acid esters. The analysis was repeated 3 times and the results averaged
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(outliers removed and an extra repeat performed). Triglycerides from the initial sample
were also contained in this sample, butwvere not eluted as a sharp peak. Column
conditioning via a pure acetonitrile sample injection and temperature hold at 24%C for

20 minutes was performed to remove triglycerides from the column in between runs.

Acetonitrile insoluble fraction

The hexane fraction was also analysed using a HP6890 GC using helasthe carrier gas.
The heating profile was 150°C for 1 minute, heating at a rate of 10°C/minute up to 210°C
and maintained for 10 minutes. The liquid hydrocarbons and aldehydes were calibrated
for using a stock solution of liquid hydrocarbons and G®S aralysis with an identical
column to the HP6890 and identical run parameters. The analysis was repeated 3 times

and the results averaged (outliers removed and an extra repeat performed).

Methanol dilution of hexane insoluble fraction

The hexane insoluble aalyte was separated from the hexane surface and diluted in
methanol. This was then analysed using gas chromatography using the same heating
profile and column to measure acetol, propanal/propanone and FFA content. The analysis
was repeated 3 times and thaesults averaged (outliers removed and an extra repeat
performed). Glycerol and monglyceridesdiglycerides were also present, and were
eluted during the run as extremely broad peaks. These peaks were ignored as the content
of these components was analysedeparately. Column conditioning was performed at
240°C for 20 minutes with a pure methanol injection after every 8 run to ensure no

contamination from glycerides wasallowed to accumulate

GCMS analysis was also performed for a selection of the abo®C runs to confirm the

identity of the peaks found. No inconsistencies were observed.

Sample 2:Methanol dilution

Further tests were needed to ensure that no loss of FFA or FAME was incurred when
performing the separation with hexane and methanol of sampl1. To address this, sample

2 was also used to analyse acetol, FFA and propanal/propanone content.
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The analyte mixture was diluted at a 1:19 ratio in methanol, and analysed using a HP6890
GC. The carrier gas used was 2ml/min helium, and the heatipgofile was: 150°C for 1

minute, followed by heating by 10°C/minute up to 210°C then maintained for 10 minutes.

Standard samples of acetol, propanal/propanone and FFA were also run for calibration
purposes. The GC runs were repeated 3 times and the resuhveraged (outliers removed
and an extra repeat performed). Column conditioning was performed at 240°C for 20
minutes with a pure methanol injection after every 2nd run to ensure no contamination

from glycerides occurred.

Sample 3:Titration with NaOH

The FFA content was confirmed by titration of the @ sample, diluted 40:1 in chloroform,

with aqueous NaOH according to the method below.

The triglyceride derived sample was accurately weighed (x1mg) and placed into a
suitable Erlenmeyer flask containingchloroform at a 1:40 volume ratio of analyte:
chloroform. A pH indicator solution was then introduced, and the solution was titrated to
pH 7, as shown by the indicator colour change, with 0.05M NaOH in chloroform. NaOH/
chloroform solutions were prepared directly before use, to prevent changes in

concentration from evaporation.

The FFA concentration is calculated using the&tandard formula:
FFA concentration (mmol FFA/g sample) =—.

Where N, V, and W denote the molarity of the titrant (mmol/ml), thevolume (ml) of

titrant, and weight (g) of sample, respectively.

This titration was performed 5 times for each sample, discounting outliers before

averaging.

Sample 4:Glycerol and glyceride content determination

Sample 4 was used to determine glycerolma glycerides content. The initial drying was
performed by introducing 3A molecular sieves equal to 15% of the total sample volume
for 24 hours in a tightly sealed container, followed by Coulometric &l-Fischertitration

to confirm the water content was below 0.1wt.%
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A 0.1ml sample of the dried waste glycerol was then analysed for glycerides according to
the 2011 BS EN ISO 14105 standard for glycerides analysis. This was compared to
reference samples of butarid,2,4-triol, triglycerides and glycerol to calculate the resulting
yield of glycerol and glycerides. To confirm the results, 2 repeats of eaderivatized

sample were performed, and a third if the results were inconsistent.

3.4.3 Solids analysis

The only solid products observed in this work were theresidue detected on the reactor
and catalyst after triglyceride decomposition runs and the solid residue from glucose and
cellulose. The solid residues were first tested for solubility in polar and nopolar solvents
(methanol and hexane). The solid mass fractigmomprised of soluble componentswas
measured by reweighing after dissolution then compared to the original solid weight. The
soluble solid was analysed by GC/GMS using the same procedure as the correspding
liquid fraction. For triglyceride derived solids, none of the deposits contained insoluble
components. However, the glucose and cellulose solid residues were largely insoluble and
were analysed further using SEM, BET and CHN analysis, as detailezkittions 3.2.1, 3.2.2
and 3.24 respectively.

3.5 Numerical methods

The cold plasma itself was modelled as two separate fluids thatare not in thermal
equilibrium, namely excited species and neutral species, representing the electron and
bulk temperatures respectively, as used in previous worksThis work models reactions

in both phases usingthe modified Arrhenius equation as shown inequation 3.1, with
plasma initiated reactions using the electron temperature and other reactions using the

bulk temperature.

Q o'YQ— (3.1)

Where K is the rate constant of the reaction
A is the preexponential factor
T is the temperature inKelvin (electron temperature if the reaction is plasma
initiated, bulk temperature otherwise)

n is the temperaturedependence(Vinu and Broadbelt, 2012

Ea is the reaction activation energy in KJ/mol

R is the universal gas constant (R=8.314 KJ/mol K)

61



To develop a plasma model based on the modified Arrhenius equation, it is necessary to
determine the electrontemperature, in addition to other constants specific to individual

reactions.

3.5.1 Electron temperature

In previous works (Thomas and JefShih, 1997 Zhu and Pu, 2010Shrestha, 2013, the
electron temperature was calculated using the line intensity ratio method The line
intensity ratio method is a technique based on the Stark broadening effect, which dictates
that the optical emission lines of the gas in the plasma zone are broadened and shifted
from their regular locations due to the presence of an electric field, with increased electric
fields shifting the emission lines towards higher values in a linear relationship. To derive
the electron temperature, two emission lines corresponding to the carrier gas are
observed via optical emission spectroscopy (OES) on the plasma zgf&idman, 2008).
The ratio between the intensities of the emission lines and the intensities of the
corresponding emission lines in the unexcited gas is recorded and used to calculate the

electron temperature according toequation 2.1 (Section 2.5.9).

To determine the electron temperature using this method, optical data for the plasma
during operation is required to quantify the intensity of the optical emissions. This
method has been demonstrated to be effective at apprariating the electron
temperatures for corona discharge plasmagShrestha, 2012. With a DBD reactor, the
plasma zone is hidden within the reactor so no locationsvere available to mount the
optical probe to permit this method of calculating the electron temperaturé Thomas and
JenShih, 1997 Zhu and Pu, 201). Therefore, an alternate method for calculating the
electron temperature was enployed, which uses the power input to the reactor as a

means of approximating the electron temperature.

The energy introduced to the reactor over the residence time was calculated directly

using equation 3.2:

0% Qi "R (3.2)

Where the power factor is the efficiency of the type of plasma reactor, which is
determined experimentally. The plasma power isaccurately determinedfor the
process from a wall mouted power meter, while the residence time can be

measured based on reactor volume and input flowrates.
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The electron temperature (Te) was approximated from this based on the assumption that
the ratio between the electron temperature and the temperature ofaseous ions is D
which is a typical value forDBD plasma(Xi-Ming and YiKang, 2008 Isoardi et al,, 2011).
Using this ratio allows an approximate electron temperature to be derived by calculating
the temperature of the ions, primarily either nitrogen or hydrogen. The number of
molecules of nitrogen/hydrogen in the reactor was calculated from the gas density and
molecular weight, and the energy per molecule was calculated by dividing Energy in by
the number of molecules. This gives a value for the ion temperature, which is thased
as theelectron temperature. This can then be converted to eV to obtain an approximation

of the electron temperature.

The validity of this approximation was tested by comparison with experimental data for
electron temperatures in dielectric barrier discharge reactors(Zhu and Pu, 2010
Gangwar et al, 2015 at 30W, 50W and 100W plasma power input in a nitrogen
environment. At100W plasmapower, the calculationused in this workgaveTe = 4.099¢eV,
compared to 3.9eV measure@Zhu and Pu, 201). At 50W, Teis approximated as 2.188eV,
compared to 2.4eGangwaret al, 2015) while Te=1.409eV at 30W, measured as-1.4eV
(Nazet al, 2012, Gangwaret al, 2015). As the values obtained from the approximation
are sufficiently similar to literature (given the range of sources), to within £10% of actual

values, this approximation was used in model development.

3.5.2 Model design

Based on experimental data and the paramets described in section 3.5.1, aimulation-
basedmodel of cold plasma decomposition was produced for methanol and glycerol to

aid understanding of the process and enable comparison to other studies.

The liquid phase reaction and interphase mass transfer effectsere assumed to affect
only the observed activation energy of the process, based on the liquid being observed to
prevent decomposition of liquid products except at high powers. The simulation as
simplified by assuming that the process was equivalent to a batch process of duration
equal to the residence time ofL1 seconds with an additional 10 seconds with no power
input to simulate the effect of liquid condensation and termination reactions be&teen
radicals. This is a reasonable assumption since the residence time is constant for the liquid

and the conversion is too low for annular mixing to have a significant effect.
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Each component that is expected to be generated or otherwise be present duripigsma
decomposition has a differential equation in the computational model. This equation
(equation 3.3) is derived from each reaction that forms or depletes that component and

is of the form:
— B ® W L BV (3.3)

Where:

. ET AEAAOAO OEA DPOT AOAO 1T &£/ All OAoOI ©
miis the number of moles of component i

Kitis the derived rate constant of reaction J at time t

NiF is the concentration of component i in the forward side of reaction |

ajj is the stoichiometric coefficient of the reactant i in reaction j,
where ajjF represents reactions that generate component i

ajRrepresents reactions that consume component i

The plasma models developed in this thesis for methanol and glycerol decongimon use
the modified Arrhenius equation to determine the rate of all predicted reactions and
utilise thermal kinetics data for the reactions between the radicals, while the constants
were developed using prior plasma kinetic datafrom literature sources for plasma
initiated reactions. The fitting process for the plasma initiated constants was performed
numerically due to the network of reactions making graphical methods impractidale.
The modified Arrhenius equation is very commonly used as a basis fohemical models,
which should allow easy comparison with other kinetic data and models. The thermal
kinetics used for nontplasma initiated reactions were obtained from literature and used

without modification to determine the values of K for each reaction.

The initial kinetic data for the methanol model was obtained from previous plasma kinetic
studies, where carbon monoxide reformation (Thomas and JerBhih, 1997 and
hydrocarbon conversion were investigated Yang,2003). Initial kinetic values for 7 of the
12 proposed initiation reactions under cold plasma conditions are available in these
sources. The remaining 5 utilise thermal kinetic valueging et al, 2003) for the initial

values.

For the glycerol model, the values derived during the methanol model were used directly

as initial values where appropriate, with additional plasma kinetic values obtained from

64

ET OEA



(Hemings et al, 2012). Data for the remaining reactions was unavailable so thermal

kinetic data was utilised as initial values.

The methodology for improving the fit of the kinetic values to effectively model the
decomposition process was to iteratively fit the kinetics to the data available, which is
illustrated in Figure 3.4below. The model was run at allliree powers with the initial
kinetic constants and the rate constants at each power recorded. The pagtivation
constants of the methanol/glycerol decomposition reactions were scaled in proportion to
each other to obtain acceptable estimates of the conwaon at 50W as the greatest
conversion was achieved at this power. The activation energy and temperature
dependence were then tuned proportionally to fit the process to the conversion at all
three power values. The modelling approach was tailored for thewo feedstocks, as
methanol produced only unstable initial products while glycerol produced acetol directly.
For methanol, the distribution between the generation of dominant products (e.g. CO,
CHs) was fitted for by modifying the parameters of the initialdecomposition reactions to
reflect the relative yields of these products. The glycerol model kinetic parameters were
fitted for using the intermediate products (e.g. acetol, methanol) as well as dominant
products, using the relative yields of each to tunéhe model. Once this was achieved,
fitting for products that required multiple reactions to form (i.e. CQ and G+
hydrocarbons) was performed on the relevant reactions using the relative yields of each
at all powers. This produced aroadly accurate simuhtion, which was then optimised
using an iterative least sum of squares method on the individual products, weighted

according to their yield at 50W.

65



Inputinitial Plasma Input thermal reaction

kinetic constants constants
A J - ‘
Final Plasma
Run ;ﬁf:::t all L - Kinetic constants
¥ Modify pre- Yes
activation +
constants
Does conversion match 4 Sum of errar No
experimental data? ey
Mo minimised?
r F 3
Yes .
Do the initial product Mo Modify initial Calculate sum of :::::‘rn
vields match * reaction error for all kin;ti's
experimental data? kinetics products -
r Yes L Y
N ]
a -
Do all product yields r:ﬂod;',irun
match experimental » propags Re-run model
trends? reaction
’ kinetics

Yes

. |

Figure 3.4 Procedure for fitting kinetic model constants to experimental data

3.6 Definitions

The selectivity of the process relates to the proportion of the converted material that

becomes the desired product. This is defined in the mass% form as:

¢

—nn (3.4)

Yy : ﬁ
Where: S« is the selectivity to product P from reactant K
Np,in IS the total mass of component p entering the reactor
Nk,n IS the total mass of component k entering the reactor
Np,out iS the total mass of component p leaving the reactor

Nk, out iS the total massof component k leaving the reactor

This equation is also used for molar selectivity, where i and Nsout are replaced by the
total moles entering and leaving the reactor.

The process yield is also defined, which is the mass proportion of the inptiat is
converted to a desired product. This differs from selectivity in that it depends on the total
mass input instead of the proportion of the input that is converted. The yield is defined

as:
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A (3.5)
h
Where: Ys is the yield of product P
Np.in is the total mass of component p entering the reactor
Ns,iniS the total mass entering the reactor

Np,out IS the total mass of component p leaving the reactor

The final definition for the product distribution is the conversion, which is used here as
the proportion of the material input that is converted to another compound. This is

written as:

A L (3.6)
h
Where: X is the conversion
Nrin is the mass of reactants entering the reactor

NroutiS the mass of reactants leaving the reactor

For pure feedstocks, this definition is sufficient, as there is only one component of interest
in the inlet stream. However, for waste glycerol and waste cooking oil, the desired
products are also presehin the raw material, so defining the conversion and selectivities

is problematic. For waste glycerol, this is done by treating glycerol, FFA and glycerides as
the reactants, as these comprise over 95wt.% of the feedstock and are not useful products.
For waste cooking oil, monglycerides, diglyceridesand triglycerides are counted as the
feedstock, as nothing decomposes to them except other glycerides, which releases other
products. This only accounts for around 80% of the feedstockut FFA for this feedstock

is a significant product due to the high yields possible.
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Chapter 4. Cold plasma assisted liquid methanol decomposition

This chapter describesthe establishment of the feasibility of two phase gadiquid cold
plasma assisteddecomposition. Methanol was used as a model compound &nable
understanding of the mechanisms and the effects of cold plasma operating conditions on
deoxygenation because it is the simplest alcohol and shares many chemical bonds with
other model compounds such as glycerol and triglycerides. The effects of plasma power
and carrier gas (also known as purge gas) on the methanol decomposition pathway and
products were studied, with a focus on the range of products that can be derived without
catalysts/packing materials or additional reagents. From the range of products at the
outlet of a reactor, the full mechanism of the cold plasma assisted decomposition of
methanol was establishedand compared to thermal processes in terms of radical
products and kinetics.A kinetic model of the process was developed based on the product
distribution and used to derive appropriate activation energy and preexponential

constants for the cold plasma iitiated reactions.

Although cold plasmainitiated methanol decomposition haseen studied previously this
was performedin the gas phase at very low methanol contents (20ppm methanol in2N
(Hsiaoet al, 1995, Derakhsheshet al., 2010) compared to this workor exclusively studies
hydrogen evolution rates(Zhanget al, 2016). In this chapter, liquid methanol was used
to study whether cold plasma promoted alternative reactions in a multiplgphase system
and if the presence of a bulk liqud phase has any novel effects on the plasma activity and
the composition of the outputs.Based on experimental data recorded in Section 4.1, a full
mechanism of liquidphase methanol decomposition was developed and validated via
comparison of the model ouputs to literature data under identical conditions. The
proposed mechanism successfully explained the presence of the unexpected liquid

products.

Analysis of experimental results and the kinetic model informed later studies on glycerol
decomposition due b its structural similarities to methanol. Comparison of derived
kinetic data to thermal kinetics demonstrated that cold plasma is a viable alternative in

terms of conversion and selectivity.

4.1 Effects of plasma power and carrier gas on methanol decomposition pathways

Table 4.1 shows that methanol conversion increased with increasing plasma power for all
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three tested carrier gases (K, Nb and He). This is because increasing the plasma power
increases the rate of formation of excited species, whiclnduce the decomposition
process(Du et al, 2007, Bahri et al, 2016). The carrier gas had a significant effect on the
conversion of methanol. For example,25.92% conversion was achieved in H
environment but only 13.75% in Nz at the same plasma power of 50W. The conversion
was in the order B> He > N with very different product distributions, except for the case
at low plasma power i.e. 10W. COwas only produced under N and He whereas high
yields of CO (9.69wt.%) and gaseous hydrocarboii€:1-Gs) (14.44wt.%) were obtained in
a H environment. In contrast, He environmentat 50W produced similarly high levels of
CO (7.90wt.%) with moderate hydrocarbon yields (5.54wt.%), byields (1.46wt.%) and
traces of propanal (0.96wt.%) and methyl methanoate (0.73wt.%) whereas AN
environment at 50W produced high vyields of ethanol (1.80wt.%) with moderate
hydrocarbon yields (5.89wt.%). These differences suggest that different pathways are

favoured for each carrier gas.
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Table 4.1: Cold plasma assisted decomposition of methanol at atmospheric conditions
(temperature and pressure) at a ratio of liquid to gas of 40:1 (vol/vol) and residence
time of 11 seconds in the absence of a catafizsor: £2%)

Carrier gas H2 N2 He

Plasma power (W) 10 30 50 10 30 50 10 30 50
Gas yield (wt. %) 296 | 12.07  24.13 | 4.20 8.46 10.20 4.63 7.41 15.87
Conversion of methanol (%) 3.81 | 13.15| 25.92 | 5.15 10.83 13.75 5.54 11.42 18.17

Yield of gaseous products (wt.%)
CQ - 0.41 1.27 0.92 0.38 1.59 0.96
H2 - 0.45 0.67 0.81 - 0.53 1.46
CoO 123 | 487 | 9.69 | 2.85 2.67 2.58 2.24 2.36 7.90
CHs 121 161 | 289 | 041 0.80 3.94 0.89 0.59 2.04
CHs 0.52 | 556 | 11.33 | 0.09 2.87 1.67 1.07 2.32 3.05
GsHs - 0.03 | 0.22 - 0.17 0.28 0.05 0.02 0.45
Liquid product yields (wt. %)

Ethanol 0.06 044 1.21 0.45 0.75 1.80 - 0.54 0.14
Propanal - - - - - 0.96
Methyl methanoate - - - - - 0.73
Water 0.79  0.64 | 0.59 0.50 1.62 1.75 0.91 3.47 0.47
pH 6.31 494 | 472 5.55 6.08 5.34 5.98 4.76 591

The main products obtained from liquid methanol decomposition in cold plasma were

gaseous (total gas yields comprise 6493% of the total conversion) and comprised

primarily COz, CO, Hand light hydrocarbons (G-Gs). The product yield distribution was

very different from that obtained from conventional thermal processes and other cold

plasma work, where B (15.1%) and CO (35.4%) yields dominate, and only traces of
hydrocarbons (G-C) (1.1%) and CQ (0.5%) were detected(Derakhsheshet al, 2010;
Zhanget al, 2016). All of these indicate the product distribution is significantly affected

by reactor designs(Bichon et al, 2007), multi-phase reactions(Bichon et al, 2007,
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Derakhsheshet al, 2010), feedstock concentration and power inputsZhanget al, 2016).

Prior studies (Bichonet al,, 2007, Derakhsheshet al, 2010) demonstrated that gas phase
methanol could decompose in the presence of coflasma to produce hydrocarbons (&
Gs), water and CO via two dominant pathwayg$Reaction 4.1) decomposition to methyl
and hydroxyl radicals via GO bond splitting (Geet al, 2015 and decomposition to
methoxy and hydrogen radicals via €H bond splitting (Bichon et al,, 2007, Derakhshesh
et al, 2010, Geet al, 2015, Zhanget al,, 2016).

O—H o :
/ — | * H Ea = 428KJ/mole
H3C CH3
Methoxy radical Hydrogen radical
methanol
O—H
/ — CHy + OH Ea =358KJ/mole
H3C
Methyl radical ~ Hydroxy radical
methanol

Reaction 4.1: Primary initiation reactions for methanol decomposition

Of these two pathways, the formation of methyl and hydroxyl radicale/ould dominate
due to lower GO bond energy (358KJ/mol) than the €H bond (428KJ/mol). The
formation of methanol cation radicals(CHOH.)also occurswhich further decompose to
CO and H. Derakhshesh et al. reported that the two dominant initiation reactions in DBD
plasma for gas phase methanol (400ppm methanol) decomposition ireldnvironment are
formation of methyl and methanol cation radicals, of which thdormation of methoxy
radicals was less favared (Derakhsheshet al, 2010). The theorised initation reactions
above are supported by the observation of their derivatives (F} GHs and ethanol) in
Table 4.1. As these initiation reactions are included in the mechanism proposed in this
work (Reaction 4.1 and 4.2), the reaction kinetics approximated by this source are

utilised in the modelling section (Section 4.2) below.

Another study (Hsiaoet al, 1995) on methanol cecomposition with cold plasma achieved
73% conversion. This is a much higher conversion than was obtained in this study

(25.92%) (Table 4.1), likely to be due to the methanol in previous work being gas phase
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which facilitates plasma decompositionKoetaet al, 2012). Additionally, the presence of
abundant oxygen is likely to affect the reaction pathway, so a full corapson of kinetics

is not practicable. Therefore, only limited comparison can be made between this and
earlier work, which generally are in accord with respect to products and likely
mechanisms. The primary decomposition pathway was confirmed to be the fmation of
methyl and methanol cation radicals and their further decomposition to mostly kHand

carbon oxides(Hsiaoet al,, 1995).

The methoxy radicals can reform into methanal via isomerisation when in the presence
of hydroxyl radicals, releasing wate as a byproduct (Reaction 42) (Tsang and Hampson,
1986; Di et al,, 2016).

o

o
. O
oo T | =
2
\H CH; CH,
Methoxy radical Hydroxyl radical + H,0 Methanal

Reaction 4.2 Reformation pathway for methoxy radicals to methanal

It is known (SanFabian and PastotAbia, 2007) that in a N2 plasma environment, excited
nitrogen atoms and molecules (N*4S,2D, 2P) and N*(A 3t .*)) are generated, with the
lowest excited energy state at6.1eV. These excited states were generally quenched
rapidly at atmospheric pressure andwere unlikely to contribute significantly to the
reaction, with the possible exception of the triplet metastable state of nitrogen, N *(A
3ty*) and excited nitrogen atons, N* €D), which could initiate the decomposition of
methanol. The wide range of excited states offers a wide range of available energies,
permitting a greater variety of reactions (Harling et al, 2005). He, with its very high
energy excited state (>19 eMDing and Chen, 201)), the highest first excited state
possible, produces some extremely energetic species that can allow reactions that are
otherwise impossible. H2 has a low energy excited state (around 3.7 efBaulch et al,
1992; Fridman, 2008)) and is easily converted into hydrogen radicals, allowing rapid
hydrogenation. These excited stas are illustratedin Figure 4.1, with the exception of He,
which isonthe scale atl9eV. As can be seen, whild has the lowest energy excited states,
the concentration of electrons capable of exciting His greater than the proportion

capable of excithg Ne. Electrons below the excitation energy of the carrier gaare capable
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of inducing gas phase reactions but are unable to diffuse into the liquid phase, unlike the

excited species and decomposition products.
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Figure 41: Electron energy distribution showing carrier gas excited stategéMichelmore
et al, 2013)

Theoretically, based on activation energiesthe formation of methane would be the
dominant pathway at low powers via the methyl radical route (288KJ/mole). Methane
will be formed (CHs- + H = CH) as well aslonger chain hydrocarbons due to the
propagation steps(e.g. CH + Ch:-= CHs). As shown in Table 4.1the highest methane
yield was observed inthe Hz environment, except at 50W plasma power. However, from
Table 4.1, CO was formed at low plasma power i.e. 10W under all carrier gases-A.2
wt.%) despite the dissociation of the @H bond requiring a high activation energy
(428KJ/mole) (4.43eV), which is higher than the electron energy under H3.7eV). The
generation of CO under klcan be explained by generation of G¥H- radicals via €4 bond
breakage followed by isomerisation to methanal (160KJ/mobr 1.65eV) (Wiest, 1996
and dehydrogenation to CO(296KJ/mobr 3.06eV) (Koeta et al, 2012), which require

much lower activation energies and are lower than the electron energy underKi3.7eV).

Theyield of methane was higher tharthat of ethane in B and Ne at 10W and N at 50W.
However, at other powersthe ethane yield wasat least 10%higher than that of methane

(0.89vs 1.07wt.%) ina He environmentand 300% higher in a Hz environment at 50W
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(2.89 vs 11.33wt.%) This is unexpected as ethane is expected form from reactions
between two methyl radicals, but in the presence of hydrogen radicals (>0.45wt.% #)
(Table 4.1),methyl and hydrogen radicalsreact to generate methanemore rapidly than
ethane (Tsang and Hampson, 1986 This is becausethe reaction between 2 methyl
radicalshasamuch lower rate constant Gx10-11cm3moleMs™) than the reaction between
methyl radicals and hydrogen radicals 3.5x1019%cm3mole™st) (NIST). This suggests an
alternative pathway to ethane exists. It was repded (Yetter et al., 19891Ing et al., 2003
that methoxy radicals could be converted to methoxymethane via reactions with methyl
radicals, then reform to ethane by hydrogn radical attack (Reaction 48). This reaction

pathway provides an expanation for the unexpectedly high ethane yields.

CHj
CH,

s PR — | + Hy0 Ea=14.47KJ/mol

\ CHs

CH,
Methoxy Methyl Methoxymethane Ethane
radical radical

H3C—b + CH,

Reaction 43: Formation of ethane via methoxymethane decomposition

The reduction in ethane content (from 2.8wt.% at 30W to 1.67wt.% at 50W) in N2
environment is most likely due tothe decomposition of ethane to methyl radicals via
cracking reactions,which are known to occur under cold plasmgOuni et al,, 2009) and
have high rate constants at typical cold plasma electron temperatures (2.3x10

cm3moleMst) (NIST).

The extra methyl radicals formed from ethane cracking would be consumed by the
formation of ethanol in the liquid phase (predominantly CH radical attack on methanol

cation radicals (Reaction 4.4 due to the increased methane yield at 50W).

. . H3;C——CH,
H,C——OH + CH, —_— \ Ea=0.7KJ/mol
OH
Methanol Methyl Ethanol

cation radical radical

Reaction 4. Proposed route for formation of ethanol

The highest conversion (25.92%) and hydrocarbon (€G) yields (14.44wt.%) were
obtained in the Hz carrier gas, whichis unexpected due taits low energy excited state
(3.7eV). This implies that the conversion of methanol requires a lower electron

temperature, which is likely due to the greater proportion of electrons that can excite H
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to generate liquid phase radicalgFigure 4.1). As radicals and other excited species can
diffuse into the liquid phase but electrons cannot(Di et al, 2016), this results in B
introducing more radicals to the liquid phase at any given power and hence increasing the
rate of decomposition reactions. However, as hydrogen radicals typically decompose
molecules by substitution, GH and OH bonds are less likely to be affected under H
(Neretti et al, 2017). This would increase selectivity to hydrocarbons through
decomposition of the CO bond, as observedt was found that H carrier gasflowrate at
the outlet was lessthan at the inlet, indicating its consumption during radical attack and
stabilizing other radicals. The consumption of Hduring cold plasma treatment was
determined by the use of a makaip gas, i.eN2. The amount of H consumed during the
decomposition process increased with plasma power, for example 3.67 &min at 10W,
15.12 cn®/min at 30W and up to 25.67cn$/min at 50W. These termination reactions do
not require additional energy as both reactants are radicals andill therefore occur
under all conditions (k=1.5x1010cm3moleMs™) (NIST) when H: is abundant
(Derakhsheshet al, 2009). Hydrogen radicals would also prevent dehydrogenation via
excited species interactions, such as conversion of methanol teethoxy and methanol
cation radicals. The formation of methyl and methoxy radicals from initial methanol
decomposition (Reaction 4.} is expected to occur under kK and thus permits the
formation of methoxymethane under H carrier gas (k= 5.5x10'2cm3moleMs™) (Reaction
4.3). The increased hydrogen radical concentration would promote hydrogen radical
attack on methoxymethane due to increased reactant concentratior¥ etter et al, 1989),

explaining the inaeased ethane yields.

The formation of CQ in N2 and He environments is most likely from the reforming of
methoxy radicals to CO, which in turn reacts with a hydroxyl radical to produce formate
radicals, which then reform to CQ@ (Reaction 4.5 (Yetter et al, 1989 Troe, 2007).
Theoretically, formic acid could form from hydrogenation of the formate radicals, but no
formic acid was detected during analysis under any conditions indicating

dehydrogenation to CQdominates.

(0]
. 0)
// + OH > \C':/OH ——®» 0—C—0
C
Carbon Hydroxyl Formate Carbon
Monoxide Radical radical dioxide

Reaction 4.5Formation pathway for carbon dioxidaa formate radicals
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The formation of methoxy and hydrogen radicalsReaction 4.) has the highest energy
pathway at 428KJ/mole and requires decomposition of an Bl bond. As a result, the
reactions of the methoxy decomposition pathway do not occur in B2 environment, as
evidenced bythe lack of CQdetectedunder Hz (formate radical to CQ requires O-H bond
splitting). The prevalence of this pathway isalsolimited under N2 and He, with products
such as methyl methanoate and Gt low yields due to the higher activation energy. In
a H environment, the abundant hydrogen radicals would ract with hydroxyl radicals to
form water with a 5.06KJ/mole exotherm, competing with formation of formate radicals
by removing hydroxyl radicals from solution through both elimination and evaporation.
This would also occur under the other carrier gases fim hydrogen radicals released via

dehydrogenation of methanol.

Although methanal (HCHO) and other aldehydes were observed in conventional thermal
decomposition processes (Table 2) (Bichonet al, 2007), methanal was not detected in
this study. This could be due to the instability of methanal in the presence of highly
energetic electrons causingts rapid decomposition to CO and kH(Koeta et al, 2012),
which is an explanation for the relatively high CO yields (9.69wt.%). In a He environment,
a small amount of propanal (0.96/t.%) was detected at 50W plasma power. Thiadicates
that aldehdyes can be generated but are decomposed by the plasma if they are in gas

phase.

Unlike conventional thermal decomposition studies of methano{lng et al, 2003, Balat,
2008; Brudnik et al, 2009, Van Bennekomet al, 2011), ethanol and methyl methanoate
were generated in the presence of cold plasma. Ethanol could be generated via a reaction
between methyl radicals and methanol cation radicals (initial methanol decomposition
products) (Reaction 4.4, or from ethyl radicals and hydroxyl radicals (secondary
decomposition products). Previous cold plasma work utilised lower methanol
concentration (10ppm) in the gas phas€Derakhsheshet al, 2010). In this sourcegthanol
was not detected at 22W cold plasma in Nenvironment. This thesis detectedtraces of
ethanol (0.45wt.% at 10W)at similar conditions (Table 4.1). Thismay indicate that the
presence of a liquid phase under cold plasma conditions increases selecttowards
liquid products. As shown in Table 4.2, in conventional thermal processes CO20HCQ+
H2 were the main products. The pyrolysis studies bying et al, 2003) do notcomment on
H2 formation, but its generation isstrongly suggested byperforming an elemental mass

balance onthe results (Table 4.2).
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Table 4.2: Comparison of methanol thermal decomposition methods from literature

Conventional Conventional Superecritical Catalytic steam

Thermal decomposition conditions reforming
methods (Van Bennekom (Bichonet al,

(Ing et al, 2003) | (Inget al, 2003) et al, 2011) 2007)
Temperature (°C) 800 600 514 255
Liquid flow rate 0.04 0.008 0.0133 0.0941
(moles/second)
Carrier gas/solvent Methane Methane Water Steam
Pressure (bar) 5 5 260 1
Catalyst N/A N/A N/A Cuzn/AlCz
Residence time 1 2 15 300
Conversion (mol%) 43 98 55 39

Product Yields (mol%)

CHO 7.4 1.2 - -
(6{0) 31.8 87.3 14.4 0.1
CHi 3.8 9.4 4 -
CcQ - 0.02 25.5 14.2
H2 - - 56.1 85.7
CHs - 0.01 - -

A methanol/water mixture decomposition was performed using gliding arc plasma
preheated to 80°C where the liquid phase methanol was exposed to an indirect plasma
stream (Zhanget al, 2016) with 92% conversion to produce Hz (63mol% yield) and CO
(26mol% yield). Gliding arc plasma often induces a combination of thermal and cold
plasma effects, but the arc was not used for conversion directly and thgre-heating
temperature was too low for methanol decomposition. This means the decomposition
would be predominantly due to cold plasma effects. The selectivities to carbon oxides and
hydrocarbons closely resemble that of methanol pyrolysis at 600°@isiaoet al,, 1995; Ing

et al, 2003), excep that the required residence time is longer and conversion is less
extensive, indicating that the thermal decomposition mechanism is likely to be similar to

cold plasma decomposition.

The use of catalytic (Cu/AlQs) plasma reactors for liquid phase plasra decomposition of
methanol have been studied previouslyGeet al, 2015. Adding steam enhanced the

conversion due to catalytic stream reforming, increasing the yield ofdHFor exampleat a
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carbon: steam molar ratio of 1:1, more than 80% conversion was achieveslith a long
residence time (12 minutes vs 11 secondsgnd comparable gas flow rate (25ml/min N).
The study reported that the thermal decomposition onset temperaturewas largely
unaffected by cold plasma, but the conversiowas markedly increased in the presence of
plasma (Geet al, 2015. This indicates that the increased temperature increases the
effects of the cold plasra. Increased Hyield, decreased CO yield and the presence of £O
under cold plasma at thermal decomposition temperatures appear® indicate that the
plasma primarily promotes steam decomposition, which lines up well with gatquid cold

plasma theory(Di et al, 2016).

Methyl methanoate can be produced from esterification of formic acid and methanol in
the presence of a catalyst such a80 at ambient conditions(Mendow et al,, 2011; Chen

et al, 2014b). Typicd acidic esterification (Reaction 4.§ occurs via the addition of a
hydrogen atom from an oxonium ion (HO*) to the carbonyl oxygen to produce a diol
group and an electropositive carbon atom. The alkyl molecule attaches to the
electropositive carbon, trarsferring the electropositive zone as the ester bond forms
(Bender, 1960Q. This electropositive area is stallised by releasing an oxonium ion (kiO*),
which reforms the original carboxylic acid oxygen to a carbonyl group, leaving an ester
(Huber et al,, 2006). This is known as Fischer esterificatiorand requiresan acid catalyst
to supply oxonium ions(Sobkowiczet al, 2009). Inthe He environment at 50/ plasma
power, around 0.73vt.% methyl methanoate (Table 4.} was produced in the absence of
a catalyst. This could be due to interactions between formate radicals and methanol
(Reaction 4.6, but this has beerpreviously shownto require residence times n excess of
10 hours without a catalyst due to high activation energies (246KJ/mole)Sobkowiczet
al.,, 2009). In cold plasma, hydrogen radicals would have to be substituted onto the
carbonyl oxygen of formate radicals in the presence of methanol. This is energetlga
unfavourable, which would explain why it only happens under He at 50W, as He has the
highest excitation energy of the three carrier gasesl@eV or1833 KJ/mol), which is much
higher than the activation energy required for these reactions (20450KJ/mol). The
excitation energy has to be significantly larger than the activation energy due to the liquid
phase preventing excited electrons from decomposing the liquid components. This limits
decomposition to the liquid surface and formation of liquid radicalss required to induce
bulk liquid decomposition. As the liquid is electrically conductive, a proportion of the
incoming energy is dispersed as hedFridman, 2008). These factors combined man that

significantly higher excitation energy is required for this reaction to be observed.
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HC—OH HC HyC \
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Formic acid Methanol Ester hydrate Methyl Methanoate

Reaction 4.6 Typicalacidic esterification reaction mechanism

As shown in Table 4.1the yields of water and hydrocarbons were comparable to those
obtained in conventional thermal decomposition(Tsang, 1987 Iwasaet al, 2000; Bichon
et al, 2007). The conversion of methanol in cold plasma ssisted decomposition
(maximum 26% in H at 50W) (Table 4.1) was lower than that ithermal decomposition
(39-95%) (Table 4.2). These indicate that cold plasma assisted decomposition follows the
reaction pathway of the conventional thermal processs.In addition, polymerization of
methyl radicals to form long chain hydrocarbons (Tsang, 1987, and formation of
methoxy radicals (Derakhsheshet al, 2010) (Reaction 4.3 occur, which require high
activation energiesand do not occur under thermal conditionswvithout a catalyst (Bichon
et al, 2007). These reactions can occur in cold plasma due to initiatiion via radicals and
energetic electronsinstead of high temperatures (Tsang and Hampson, 1986 As the
energetic electrons are unable to decompose liquid phase products rapid{yi et al,

2016), products of these reactionganaccumulate.

The residence time used in this work was around.1 seconds, similar to most thermal
processes performed at 800°C). Cold plasma produceshigh energy radicals at lower
operating temperatures (60°C)than pyrolysis (600°C), which permits accumulation of
products that would be unstable under pyrolysis conditions (Ing et al, 2003
Kongpatpanichet al, 2011). This was observed experimentallyas methyl methanoate

propanal and ethanol were generated under cold plasm@able 4.1).

The reaction mechanism developed from experimental data for cold plasma
decomposition of methanol is illustrated inFigure 4.2. The reactions are shown with their
kinetic activation energies (Ea) to provide evidence oftheir feasibility and to support
earlier arguments on which reactions occur at low powers (i.e. 10W)n addition to
plasma initiated reactions, Figure 4.2 shows propagation and termination reactions
between excited species. These reactions between excited species have activation

energies below 10KJ/mol and occur spontaneously even in the absence of a plasma field.
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Figure 4.2: Proposed mechanisms of cold plasmassisted methanol decomposition
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Carbon Monoxide formation
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HO

Figure 4.2 Proposed mechanisms of cold plasma assisted methanol decomposition

4.2 Computational modelling of methanol decomposition and validation

A mechanistictwo phase plasma model wagprohibitively complex to develop with the
software and dataavailabledue to the requirement for mass transfer resistances, multiple
types of energetic species with different mass transf characteristics and an
unpredictable fluid distribution profile. To approximate for the presence of two phases,
these electron generation reactions and mass transfer resistancegere lumped into the
activation energies to account for generation of exad species and their transfer into the

liquid phase.

Modifications to the activation energy were found to provide an acceptable
approximation of the dual phase behaviourdue to the excited species generation having
a separatedefined activation energy(Fridman, 2008) and mass transfer between phases
being considered as a single mass transfer resistancehis meant that changes to the pre
exponential constant and temperature dependance couldot be used to model liquid
phase reactions effectivelyHowever, the use of this assumption doesean that the model
would be inaccurate if used for gaseous methanahs the activation energies wuld be

significantly overestimated.

The initial content of methanol and water was defined in the model at a concentration
corresponding to the methanol:Nz flowrate ratio of 1:40 and the plasma zone volume of
7.16cn® as defined in chapter 3.

Cold plasma assisted mthanol decomposition was modelled by inducing 12nitiation
reactions, with initial kinetic parameters derived from previous plasma decompaosition
studies (Yetter et al, 1989 Thomas and JefShih, 1997 Yang, 2003 Derakhsheshet al,
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2010) or from NISTwhere unavailable These initial paameters are shown in Table 8

below.

Table 43: Initial model constants from literature

Reactions A N Ea Reference
(Pre- (Temperature | (Activation
exponential dependence) energy)
constant) (s 1) (KJ/mole)
H, —» 2H. 1.7 x108 0 119.94  (Yang, 2003
(Derakhshesh
CH:OH— CIDH. + H. 1.64 x10 2.55 384.7 etal, 2010)
0 (Derakhshesh
CHOH— CH+ OH. 3.26 x10 2.05 378 etal, 2010)
(Derakhshesh
CH:OH— GD. + H. 1.19 x10 2.39 416.7 etal, 2010)
(Derakhshesh
10
CH:OH— CHOH.. %H 2.03 x10 1.22 361.5 etal, 2010)
GHs —» GoHs. + H. 1.53x107 -0.06 1214  (Yang, 2003
GHs —> CHb. + Chb. 2.17X102 17.6 2980 | (Yang, 2003
GHs—> GHy. + H. 4.0X107 -0.05 119.8  (Yang, 2003
CGHi—> GCHo. + H. 5.0X107 -0.07 1192  (Yang, 2003
— . i (Thomas and
CHO CO -H 2.11X10 1.1 296.0 JenShih, 1997
CH, —> Chb. +H. 5.16x105 -0.642 169.9 | (Yang, 2003

These kineticparameters were then modified using theexperimental data obtained from
this study. In addition to cold plasma induced reactions, radical propagation and
termination reactions detailed in the mechanism shown in Figure £ were also modelled
using kinetic data obtained through NISTTsang and Hampson, 198ang et al,, 2003). A
script was set up to calculate the rate constants andas solved using ODE45 overrall

second residence time obtained from this study.

The interval time step with this method and solver is variable and responds to the rate of

change of reactants to maintain consistent accuracy using the Newtd&aphson method
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with a pre-defined tolerance value. The interval size is determined as the interval where
the errors in the component values between the projected next step and two steps of
halved interval are below the specified tolerance value. This is derived iteratilyg starting
with a time step of 0.5 seconds. If the sum of the error for all reactants is below the
tolerance, the larger step was used, while if the error was too large, the smaller step was
selected and the process reun until the error was within tole rances. A scalar tolerance
of 10-3 was used, as reducing the tolerance further was found to have no effects on the
process outcome, defined as the sum of the modulus of the difference between the
predicted values of the small and large step sizes. Oncedprocessis complete a matrix

of the concentrations with time of each component is output This records radical
components at significant yields These concentrations arghen used as inputs for a
second pass with a plasma temperature of zero to simulathe gas bottle at the outlet
guenching radical species. The same matrix of outputsas then converted into wt. %

using their molecular weidnts.

The derived plasma initiated reactions are shown in Table 41, with kinetic constants
derived from fitting to experimental results under N environment. Thereactions listed

in Table 43 only included the initiation reactions, which are not shown as reversible as
the reverse reactions are reactions between already excited species and thus are assumed
to have rateconstants independent of plasma power. The full range of propagation and

termination reactions included in the model are shown in Figure 2.above.
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Table 44: Cold plasma initiated reaction kinetics

Reactions

Ho —» 2H.

CHOH—»
CHOH—>
CHOH—>
CHsOH—>

CiOH. + H.
CH+ OH.
GiO. + H.
CHOH.. +:H

GHs —» GHs. + H.

CGHs —» CHs. + Chb.

CsHg —» GsHrz. + H.

GHio—» GHo. + H.

CHO —»

CO +&H

CHi —» CHs. + H.

Plasma kinetics (exp erimentally derived)

Thermal kinetics (NIST)

A

(pre-exponential

constant) (s?)

5.40E07
5.67E05
7.44E04
9.62E-05
1.67E07
1.53E05
1.53E05
2.30E06
2.80E06
1.67E04
5.16E07

N

(Temperature

dependence)

-0.681
-0.612
0.781
-0.681
-0.06
-0.06

-0.681
-0.642

Ea

(Activation energy)
(KJ/mole)

119
923
2488
2833
6309
122
122
121
121
18.3
170
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A

N

(pre-exponential | (Temperature

constant) (s?)

6.12E9
2.16E8
1.97E7
9.62E6
2.12E13
8.47E18
2.57E5
1.58E16
1.58E16
2.11E7
1.39E1

dependence)

-0.2
0
-0.4
0.76
1.2
-2.7
-0.2

-11
-4.5

Ea
(Activation energy)
(KJ/mole)

426
280
285
376
362
432
296
408
410
296
435



In comparisonto thermal data shown in Table 4.3the preexponential constants (A) for
plasma initiated reactions were around 100 times higher than those from the thermal
processes. This can be explained by the high levels of electrically charged particles such
as radicals and ions in the gas and liquid phaseMany of the excited species, including
radicals, are electrically charged by the electron collision, and will strongly attract other
charged species of the opposite polarity. This enhances the likelihood of alsibn and
hence increases the rate of collisions in both phases. In theory, catalysts should also have
increased rates of collisions, as catalysts would also become charged as a result of
exposure to plasma and hence attract molecules from the gas phasktlee opposite
charge. The simulated presxponential constants would also increase tamirror the

increased activation energies identified under cold plasma.

However, the simulated activation energies of the reaction are often significantly higher
than those of the thermal decomposition reactions, whiclgreatly reduces the overall
reaction rate. This is unique to the methanol decomposition reactions and is due tioe
model accounting for the mass transferbetween phasesand radical propagation
behaviours. The order of magnitude increase in the activation energy suggests that the

liquid phase is very effective in preventing decomposition of liquid phase components.

Some reactions, however, have greatly decreased rate constants compared to the thermal
reaction. For example, ¢hane dehydrogenationhad a thermal pre-exponential constant

of 8.47x1018 cm3mole™st compared to 1.53x10° cm3moleMs™ with cold plasma. This is
partially offset by the higher activation energy (432KJ/mol thermally vs 122KJ/mol for
cold plasma) and temperature dependence-2.7 thermally vs -0.06 for cold plasma).
These differences indicate that plasma can effectively dehydrogenate hydrocarbons at
relatively slow rates at all powers but that the plasma power has much less effect on the
hydrogen yield than predicted by thermal kinetics. This may explain the increased
abundance of hydrocarbons other than methane in this study. These were nmeported in
thermal decomposition studies (Van Bennekomet al, 2011) and only traces were
detected in previous plasma induced decomposition work¢Raju et al, 2013, Geet al,
2015).

Another significant difference is the decomposition of methanal, where the pre
exponential constant is increased from 2.11x10cm3mole™s™ to 1.67x104 cm3moleMst
by employing coldplasma. This difference is amplified by the activation energy, which

drops sharply from 296KJ/mol to 18.3KJ/mol with cold plasma decomposition. This
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reflects the extremely rapid decomposition of aldehydes in cold plasma discovered prior
to this work (Koetaet al, 2012).

The results from the model were compared to experimental data for validation purposes
and to determine any other effects that may be occurring in the reactor. The comparison
data is tabulated below inTable 45.

Table 45: Comparison of experimental data and simulation results Nerpurged
plasma.

Experimental data Simulation data

10W 30W 50W 10W 30W 50W
Methanol Conversion) 5.15 10.83 13.75 2.16 10.64 14.85
H, (wt. %) 0.45 0.67 0.81 0.41 0.51 0.53
CH, (wt. %) 0.41 0.80 3.94 0.14 2.09 2.99
GHs(wt. %) 0.09 2.87 1.67 - 0.57 1.20
GHs (wt. %) - 0.17 0.28 - 0.01 0.03
CO (wt. %) 2.85 2.67 2.58 1.07 2.07 1.70
CQ (wt. %) 0.41 1.27 0.92 0.09 1.12 1.23
CHO (wt. %) - - - 0.04 0.19 0.25
Ethanol (wt. %) 0.45 0.75 1.80 0.19 1.15 1.28
Water (wt. %) 0.50 1.62 1.75 0.22 291 4.55

Comparison of model and experimental data showd strong correlation in terms of
conversion and product distribution, which remaired consistent regardless of plasma
power and effectively followed trends in product distribution and yields. Ratios between
products were also predicted effectively. However, inconsistencies exist, some of which
could potentially be addressed through further modification of the model design and
kinetic parameters, such as accumulation of GOOthers, however, may provide insight
into the existence of additional interactions and reactions, requiring further study and

subsequent modelling efforts.

The modelcorrectly predicted an increased conversion with increasing plasma power.
More accurate results were obtained at 30 and 50W, with up t862% more water and
methane predicted than found experimentally. CO, ethane and propane were under
predicted up to 1.8wt.%, 2.3wt.% and 0.25wt.% respectively, observed at 30W. Despite
the yield of CO being under predicted at all powers, the CO: £@tio is close to the

experimental ratio e.g. 1.85 simulated compared to 2.10 experimentally. At 50W, £an
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be decomposed into @ and CO(Aerts et al, 2015, Zhanget al, 2017), which was not
included in the simulation due to its slow rate and the rapid depletion of £ resulting in

little effect on the model outcomes from preliminary model designs.

The experimental profile of methane yields (0.41wt.%, 0.8wt.%, 3.94wt.%)annot be
accurately fitted for with kinetic values given these reaction pathways. This is because the
profiles of methane and water yields (0.5wt.%, 1.62wt.%, 1.75wt.%) were inconsistent
relative to each other, due to water being formed from OH radicals,hich are produced
from the same reaction as the Citadicals which generate methane. Experimental data
indicated the formation of methoxymethane from methoxy radicals and methyl radicals
was the dominant mechanism for ethane formatior{fPanet al, 2007). This was assumed
to be unaffected by plasma in the model as it is a reaction between already excited species
(Thomas and JerBhih, 1997. At higher powers, ethane from methoxymethane
reformation can decompose to methane readilyk= 2.3x10-"cm3mole™st) (NIST). The
inability to achieve a close fit for methane yields may indicate that the kinetics of
methoxymethane formation are increased by the presence of cold plasma, which would
increase ethane and hence methane yields, partlarly at high powers. This would reduce
the discrepancy significantly and likely enable close kinetic fitting for methane. The yields
of all longer chain hydrocarbons are lower in the model than observed experimentally (by
>29%), which may also indicate hat methyl and ethyl radicals are more active in cold

plasma than predicted.

The water content in the model is significantly elevated at powers 30W (by 80- 162%)
compared to theexperimental data (Table 41). This may be an indication that generated
ethanol decomposes to hydroxyl radicals and hydrocarbons, which has been found to be

kinetically viable in previous work (Auprétre et al, 2002) (k=6.35 x 105cm3mole™s).

Minor discrepancies between the model and the actual data can be explained by the
assumptions that were used in producing the model, detailed @hapter 3.5. In particular,

it was assumed the gas: liquid distributionwas constant. However, the temperature of the
cold plasma reactor increases while in operation due to plasma heating, potentially
reaching temperatures where methanol boils (68°C). It is also likely that the two phase
system, with methanol in both phases du#o evaporation and with turbulent liquid: gas
mixing, had very different dynamics to plasma and methanol without heatingFridman,
2008).
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The electron temperature was assumed to be constattiroughout the reactor, which is
unlikely to be true as electron temperature is known to depend on distance from the
electrodes (Shrestha, 2012, and the presace of liquid may also influence it. This could
explain why the modelwas less accurate at low powers. At low powerdhe uneven
electron temperature distribution meansthat methanol decomposition can only occur in
certain regions. At higher powers,electron temperatures are sufficient thoughout and
thus the overall reaction rate would likely be unaffected by the uneven temperature

distribution .

Overall, the model and actual data agrekas to conversion and yields at all powers, with
some unexpected differaces that suggest additional reactionshat were not captured
For example, he differences between themodel and experimental data suggest that
decomposition ofwater to hydroxyl and hydrogen radicals is possibleat higher powers
(Burlica et al, 2010). The yields oflong chain hydrocarbons were also underestimated,
which may be an indicator that eithemmethyl-methyl or methyl-methoxy radical reactions
are more rapid than predicted by literature(Yang, 2003. As the differences areelatively
minor, this suggess that the processwas well represented by theproposed reaction

mechanism.

The derived kineticswere also applied to the H and He runs, with corrections for the

energetic state and relative abundance of H
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Table 46 Comparison o$imulationresults andexperimentaldata for cold plasma decomposition of methanol maAdd He over a range of
plasma powers (1:60W)

H2 He
Experimental data Simulation data Experimental data Simulation data

10W 30W 50W 10W 30W 50W 10W 30W 50W 10W 30W 50W
Conversion (%) 3.81 13.15 25.92 6.88 13.88 16.81 5.54 11.42 18.17 7.14 14.74 17.10
Hy (wt. %) - - - 1.81 6.44 6.27 - 0.53 1.46 0.09 0.26 1.87
CHs (wt. %) 1.21 161 2.89 0.10 2.28 3.48 0.89 0.59 2.04 0.74 4.39 7.38
CGHs (wt. %) 0.52 5.56 11.33 - 0.18 0.43 1.07 2.32 3.05 0.01 0.40 0.96
GsHs (wt. %) - 0.03 0.22 - - - 0.05 0.02 0.45 - - 0.01
CO (wt. %) 1.23 4.87 9.69 1.07 1.63 1.46 2.24 2.36 7.90 4.75 2.70 2.76
CQ (wt. %) - - - - 0.10 0.14 0.38 1.59 0.96 0.02 0.19 0.28
CH.O(wt. %) - - - 0.05 0.14 0.17 - - - 0.25 0.25 0.35
Ethanol (wt. %) - - - 0.03 0.45 0.47 - 0.54 0.14 0.28 0.77 0.93
Water (wt. %) 079 | 064 | 059 | 013 | 299 | 998 | 0901 | 347 | 047 | 101 | 578 | 257
Propanal (wt.%) - - - - - - - - 0.96 - - -
Methyl methanoate (wt.%) - - - - - - - - 0.73 - - -

89



In general, the kinetics derived for theNz carrier gas provided a good fit for the He
environment, with conversions matching up well and product yields following similar
trends. However, the yields of carbon oxides under Heere significantly under-predicted
(2.76wt.% vs 7.9wt.% COat 50W). This suggests an increased rate of dehydrogenation
reactions under He, which would also explain the oveprediction of water (2.57wt.% vs
0.47wt.% at 50W).Predicted mnversion for Hewastoo high at10-30W (14.7 vs 11.4%)
and too low at 50W (17.1 vs 18%), which was the inverse of what happerd for N2. This
appears to be due to an oveprediction of methane yield at high plasma powers
(7.38wt.% vs 2.04wt.%), which could be becauséHe favaurs dehydrogenation reactions

over cracking and deoxygenation reactions, as discussed$action 4.1

Under a H carrier gas, the conversiorwas well represented at lower powers (13.88 vs
13.15% at 30W) butwas significantly underpredicted at 50W(16.8 vs 25.9%). This is due
to very large yields of ethanegecorded experimentally that are not explained by the model
(11.33wt.% vs 0.43wt.%). As the N2 model did not consider the formation of
methoxymethane as a plasma induced reaction due tbbeing between already excited
species, predicted yields of ethane will be lower tharexperimentally observed. This
pathway is therefore a likely method for the formation of the missing ethane. Ethane
formation via methoxymethane was also discussed as a potentia@action under Ne, but
the discrepancy in ethane contentvas much less significant for Mthan Hz. This further
supports the methoxymethane pathway as the explanation, as abundant hydrogen is
required to reduce methoxymethane to ethaneMethane yields were slightly over-
predicted (3.48wt.% vs 2.8wt.%), suggesting thatormation of methyl radicalsis limited

under Ho.

Predicted CO yields were much lowen the Hz environment than in He(1.46 vs 2.76wt.%
for He at 50W)which was opposite to that observed exgrimentally (9.69 vs 7.90wt.% for
He at 50W) This could bedue to the decomposition of methoxymethane to ethane anctO
as detailed inSection 4.1(Figure 4.2 Reaction 12.

In general, the model developed focold plasma assisted methanalecomposition ina N
environment produces a good fit for the FHand He carrier gas environments, except for
the yields of ethane and CO for X and the carbon oxides yields for He. These
discrepancies can be attributed to additional reactions that do not occur undé¥z, such
as formation of methyl methanoate, or could be due to changes in reactant concentrations

due to the different carrier gas excited states. These need to be investigated further.
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The model and mechanismwere also applied to predict theresults of other cold plasma
assisteddecomposition studies Table 47 summarisesthe modelling results derived from
the proposed mechanism in this study for the experimental conditions of other studie#\
good agreement between modelling and experimentaesults was observed irgliding arc
plasma decomposition in terms of conversion, with similar yields of hydrocarbons and
water. However, the CO yieldvas underestimated by 56% whereas the CQ yield was
over-predicted. These discrepancies may be partigl due tothe gliding arc plasmastudy
utilising a co-feed of water and methanol at a 1:1 ratio while this simulatiormodel is
based o a pure methanol feedstock equal to the methanol flowrate. This would explain
the higher R vyields, as water decomposesat hydrogen and hydroxyl radicals, where
hydroxyl radicals often reform to water via attack on @4 bonds (Derakhsheshet al,
2010). However, this contradicts the yields of CO, which would be further converted to
CQ if an abundance of hydroxyl radicals were present. Of note is that the summed carbon
oxide yields only differ by 1.2mol%, which indicates that the difference is that gliding arc

plasma does not induce the conversion of CO to £43 rapidly as DBD plasma

For the corona dischargestudies, the CO: Cé&ratio was predictedwell for the 300°C run
(4:1 ratio) but not individual yields, (around 93-95% difference, shown inTable 47).No
other gaseous productswvere reported for this work. The discrepancies carbe explained
as the workusedfiltered air as the carrier gas instead oNz, therefore oxidation reactions
were part of the processA good agreement in the conversion was achieved tite lower
temperature (120°C) corona discharge runHowever, the yields of carbon oxides are still
under-predicted by 80-85% (Table 47). This may indicate that temperature effects are
highly significant.
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Table 47: Prediced product distribution

this study forother plasma studies

and conversiamsing the model proposed in

Gliding arc plasma Corona discharge plasma Corona discharge plasma

Experiment Simulation Experiment Simulation Experiment Simulation
Plasma power 300W 300W 62W 62W 62W 62W
Temperature (°C) 120 25 300 25 120 25
Methanol flow rate 0.5 0.5 0.026 0.026 0.026 0.026
(mol/min)
Methanol 75.2 68.62 52.1 16.80 15.0 16.80
Conversion(%)
H, (mol %) 41.6 33.34 - 3.70 - 3.70
CH (mol %) 1.8 2.22 - 3.93 - 3.93
GHs (mol %) 1.7 1.17 - 0.55 - 0.55
GHs (mol %) 0.50 - 0.01 - 0.01
CO (moto) 23.1 9.70 42.5 2.29 13.75 2.29
CQ (mol %) 0.2 12.39 9.6 0.65 3.75 0.65
CHO (mol %) 0.42 - 0.14 - 0.14
Ethanol (mol %) 4.95 - 0.24 - 0.24
Water (mol %) 6.9 3.93 - 5.30 - 5.30
Reference (Zhanget al,, 2016) (Hsiaoet al, 1995) (Hsiaoet al, 1995

4.3 Summary

In summary, gasliquid cold plasma initiated methanol decomposition at atmospheric
pressure and temperatureproduced up to 14.44wt.% of hydrocarbons comparable to
thermal processes at >300°C. The carrier gas had a significant effect on the process
dynamics, indicating that product distributions can be tuned effectively via choice of
plasma power and carrier gas. Methanal was not detected in the cold plasma bthanol,
propanal and methyl methanoatgonly in He environment) were recorded at trace levels
(up to 1wt.%), whichwould be a topic forfurther investigation. The interactions between
the liquid and gas phases are likely to be the cause of the differendemm other studies

in the gas phasesuch as the CO/CQatio, in the presence of cold plasma. Gdgjuid cold
plasma is unique in that plasma induced radicals diffuse into the liquid phase and liquid

phase products from radical reactions are protected fnm plasma decomposition by the
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bulk liquid, allowing them to accumulate. This may have potential for inducing thermally

unfeasible reactions such as esterification or hydrogenation of GO

In terms of carrier gas,Hz promoted the formation of CO and longechain hydrocarbons,
Nz increased ethanol and R yields, while He producel more CO and unique liquid phase

products such as propanal and methyl methanoate.

A complete mechanismhas been developed for methanol decomposition and validated
using experimental results and other data available in literature. The simulation
predicted trends and values in product composition effectively foN2 carrier gas. The
discrepancies between the moddihg and experimental results appear to indicate that
both water and CQ decompose under>30W cold plasma and the standard kinetic data

for radical interactions underestimates the actual process under gas liquicbld plasma.
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Chapter 5. Glycerol decomposition

In this chapter, the effects of plasma power and carrier gas i.e2 ldnd N2 on the
decomposition of glycerol were studied. The full reaction pathway of glycerol,
representing poly-alcohols, under cold plasma was established. He was not chosena
carrier gas, as discussedoreviously in Chapter 4, asit had little improv ement in terms of
conversion and product selectivity compared to Nz. This first section of this chapter
covered pure glycerol decomposition via gasiquid cold plasma. From experimental data,
the mechanism was determined. The glycerol decomposition processs then simulated
using numerical methods to determine rate constants and other kinetic data. Finally,
decomposition of waste glycerol was performed to determine the feasibility of using gas
liquid cold plasma for valorising waste glycerol. The work demustrated the potential
advantages of direct cold plasma treatment of waste glycerol within commercial

processes, as refining waste glycerol is unfeasible in small and medium biodiesel plants.
5.1 Glycerol decomposition

5.1.1 Effect of plasma power and carrier gas on process performance

Table 5.1illustrates the results obtained from cold plasma assisted decomposition of pure
glycerol over a range of plasma power of 280W in two different types of carrier gas (H
and N). The conversion increased withplasma powerunder both carrier gases similar
to the case of methanol decomposition as described iGhapter 4, though maximum
glycerol conversion (53%) is noticably higher than the maximum methanol conversion
(25.9%) . In a N environment, the conversionof pure glycerol was found to be 4.5 times
higher than in a B environment for all tested plasma powers. A possible explanation for
the lower conversion under H could be because abundant hydrogen radicals terminate
other radicalsthrough rapid hydrogenation, thereby stabilising the decomposing glycerol
(Kongpatpanichet al,, 2011; Salciccioli and Vlachos, 2012due to its low energy excited
state (3.7eV)(Baulchet al, 1992 Fridman, 2008) compared toN2z (12.97eV).

As discussed inChapter 4, N has a wide variety of high energy excited states, several of
which are capable of initiating decomposition of alcohols such as methanol or glycerol.
The wide range of excited states offers a wide range of available energies, permitting a
greater variety of reactions (Harling et al, 2005). Glycerol decomposition requires more
reactions than methanol(Van Bennekonet al, 2011) due to its larger size so the presence

of higher energy species fronNz could have a significant effect on conversion.
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Furthermore, it was reported (Hoanget al, 2008, Valliyappan et al, 2008a; Hemings et
al., 2012 'Waste glycerol gasified to make hydrogen,’ 20J)@&hat in the presence of either
cold plasma or high temperature, Hlwas the dominant product (70-85mol% selectivity)
from glycerol decomposition. The formation of hydrogen was via dehydrogenation
reactions on thekinetically favoured G-H bond (k=1.97x107 cm3/molecule s1) compared
to the O-H bond (k= 7.52x1014 cm3/molecule s1) in the glycerol (Hemingset al, 2012).
Inhibition of this pathway due to the abundance of the product hydrogen and the reverse
reaction being kiretically feasible (k=5.12x10° cm3/molecule s1) (Le Chateliers
principle). The significant differences in conversion between th two carrier gases
indicate that dehydrogenation via the deomposition of GH or OH bonds is the primary

initiation reaction for glycerol as observed in literature (Hoanget al, 2008).
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Table 5.1 Product yields and properties derived from cold plasma assisted pure
glycerol decomposition at a liquid to gas volume ratio of 1:40, residence timé& of 1
seconds without packing/catalyst (erra£o)

Carrier gas H2 N2
Plasma power (W) 10 30 50 10 30 50
Conversion (%) 2.89 6.41 11.72 12.10 28.86 52.99
Unreacted glycerol 97.11 93.59 88.28 87.90 71.14 47.01
(wt.%)
Total gas yield 0.1 0.7 24 04 51 16.3
(wt.%)

Gaseous product yields (wt.%)
CQ - - 0.25 0.17 1.04 151
H2 - - - 0.22 242 7.39
(6{0) - 0.44 1.64 - 1.33 6.20
CHu 0.06 0.08 0.23 - 0.22 0.52
C2Ha/C2Hs 0.04 0.18 0.25 0.01 0.07 0.58
GsHs - 0.01 0.03 - 0.01 0.09

Liquid product yields (wt.%)

Methanol 0.83 0.60 - 2.10 0.79 8.93
Ethanol - - - - - 0.03
Propanol - - 1.25 0.15 0.21 0.01
Propenal - - 0.21 - - -
Acetol 1.27 3.67 4.51 7.97 17.18 15.48
Water 0.60 0.78 1.17 1.13 1.77 2.26
Methyl Methanoate - - - - - 0.84
pH 4.98 4.85 4.18 5.52 4.90 434

Conventional thermal decomposition of glycerol has been widely studied and shown to
produce gaseous hydrocarbons (ZCs), propenal and acetol depending on the choice of
temperature, pressure and catalyst(Atong and Sricharoenchaikul, 200%. Partial
oxidation of glycerol at 600-800°C using Ni/AkO: catalyst produced gaseous
hydrocarbons as the main products withH2z and CO as byroducts (Atong and
Sricharoenchaikul, 2009. In contrast, more than 90%H2 and CO vere producedin a 2:1
molar ratio in an inert environment witho ut a catalyst at 600-800°C (Zhu et al., 2009).
Low temperatures (300-400°C) favoured the formation of propenal and acetdMohamad
et al, 2011) regardless of catalyst choice. 2859% propenal and 35% acetol yields were
obtained over 24 hours at 275 C using Bronsted acidic ionic liquid catalystéMunshi et

al., 2010). Reactive distillation with a copper chromate catalyst(Chiu et al, 2006),
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achieved vyields ofup to 85% acetol at 240°C.In comparison to noncatalytic methods,
cold plasma is effective at generating acetol, but not compared to selective catalysts such

as copper chromate.

The carrier gas had significant effects othe product distribution. As shown in Table 5.7,
the decomposition of glycerol in he liquid phase produced mainly acetol, e.g. 4.%4.% in
the Hz environment and 15.48nvt.% in the N2 environment (equivalent to 29-38%
selectivity to acetol). More CO was produced inthe N2 environment (6.20wt.%) than in
the Hz environment (1.64wt.%) at the same power input i.e. 50W, but the selectivity to CO
(yield increases proportionally with conversion) was unchanged, indicating that

hydrogenation of CO does not occur under these conditions

The generation of both @Hs and GHs can be observed via G@nalysis, but poor separation
between the two reveals a bifuricated GC peak, whiclprevents these from being
guantified separately. The relative peak heights indicate the yields of2lds dominate
under all conditions (60-80% CGHs by peak height) but GHs is present under all
conditions. In contrast, no propene was detetced, as addition of a methyl radical to ethene
generates a propane radical, which is unlikely to dehydrogenate to propene under the

hydrogen concentrations (>1wt.%)observed.
O R OH O .
AN —> // + OH
C

Formate Carbon Hydroxyl
radical Monoxide Radical

Reaction 5.1Formate radical dehydratiofiKoetaet al., 2012

CQ was produced at all tested powersrn the N2 environment but only at 50W inthe H2
environment at low level (0.25nt.%), which indicates that R inhibits the formation of
CQ, likely via dehydration of formate radicals to CO as shown Reaction 5.1(Majewski
et al, 2010), instead of dehydrogenation taCQ. Zhu et al(Zhu et al, 2009) recorded that
a low level of CQ (1.4mol%) was obtained underall temperatures for liquid glycerol
pyrolysis but higher yields of CQ (14.9mol%) were observed when using glycerol diluted
in water (32wt.% glycerol) which would support the formation of CQ from CO and
hydroxyl radicals without additional heating. The work of Hoang et alHoanget al.,, 2008
also showed the watergas shift reaction as the cause &Q formation, which means that
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CQ formation should be favoured by lower temperature operation and occurs in the
gaseous phase generated during pyrolysisAdditionally, a low yield of water detected
(<3wt.% compared to a predicted 8wt.% given the degree of glycerotlehydration)

despite being a decomposition product for one of the initiation reactions, indicating its

consumption via another reaction, which would likely be CQ formation.

For conventional decomposition of glycero{Mohamadet al, 2011), the primary pathway
is via the degradation of a € bond to generate acetol and wateReaction 5.3 due to G
O being the lowest energy bod (358KJ/mol). Isolation of acetol is challenging due to its
rapid decomposition to propenal (acrolein) under thermal decomposition conditions
(>270°C) (Reaction 6,Figure 5.1), with more favourable kinetics than acetol formation
(k=3.13x10° vs 5.64x1® cm?/molecule s') (Hemingset al, 2012).

OH .
ch/ (‘:H2 (|3H3
(|:H — M — N

7N H,C OH HC” 0
H,C OH |
| | OH
oH OH
Glycerol l,2lpr0pand101 Acetol
radical
+  OH * H

Reaction 5.2Primary glycerol decomposition pathway

From Table 5.1 it can be seen thatcetol and water yield increased with plasma power
but only a small amount of propenal (0.2vt.%) was detected at 50W in Hlenvironment.
The presence of high yields of ££14/C2Hs and CO (up to 0.58wt.% and 6.20wt.% &0W
under Nz respectively) confirms the hypothesis that propenal forms from acetol but
decomposes further to CO and2B4, as opposed to acetol being stable undptasma. As
discussed inChapter 4 (Section 4.1), volatile aldehydes are known to be susceptible to
decomposition in cold plasma from literature, so it is likely that propenal decomposes
further in the gas phase in these experiment@oetaet al, 2012). This suggests that gas
liquid cold plasma could be used for the removal of toxic propenal from waste streams at
low temperatures. Propenal is abundantly produced during waste glycerol incineration
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and requires high temperatures (1000-1300°C) to remove completelydue toits continual
formation from acetol/glycerol during combustion despite its relative instability (Floyd
et al, 2007). Cold plasma could be utilised to decompose the propenal to less harmful

products, allowing lower temperature operation and hence reducing costs.

Propenal is unstable and thermally decomposes ta:B4 and CO withor without a catalyst
at above 250°QFloyd et al,, 2007, Kongpatpanichet al, 2011, Hemingset al, 2012), of
which CO wasobserved at significant yields (62wt.%) in both carrier gases compared to
other gaseous products. This also explains much higher yields ofHz produced than CH
(Kongpatpanichet al, 2011, Hemingset al, 2012) as propenal decomposition generates

CGHa directly from without requiring methyl radicals.

OH

e
H,C OH OH
2 . ~ -
| CH, H,C H,C
/CH\ —_— | + | — + H
HzT OH OH HC‘\ HC\
OH o)
OH .
Glycerol Methanol cation Ethandiol radical Glycolaldehyde Hydrogen

radical

Reaction 5.3Initial decomposition pathway from glycerol gdycolaldehyde

In parallel to decomposition to acetol via € (346KJ/mol) or GH bond splitting
(358KJ/mol), GC bonds (348KJ/mol) can also be broken to generate methanol cation
radicals and ethendiol radicals, shown inReaction 5.3 The ethendiol radicals could
decompose further to two methanol cation radicals butare more likely to isomerise to
glycolaldehyde (Reaction 5.3 (Yeet al, 2012) as the ethendiol radical is an unstable
intermediate (Joe Chong and Curthoys, 1981Glycolaldehyde isalso unstableat room
temperature (Salciccioli and Vlachos, 2012and easily decomposes to CO and ¢fCui
and Fang, 201). This pathway would indicate that high yields of both CHand methanol
would be observed. This was confirmed by experimental data showim Table 5.] i.e.
0.52wt.% and 8.8Bwt.% respectively at 50W N. However, the yield of methanol was much
higher than that of CH (300% higher except for the 50W in H environment, asshown in
Table 5.]). This can be explained by abundant hydroxyl radicafsom glycerol and acetol
decomposition reforming a significant amount of Ckto methanol. Methanol was then
decomposed into CO through dehydrogenation as explained by the pathways detailed in
Chapter 4 (Figure 4.2.
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In contrast tothe generation of radicals and ions, gs-liquid cold plasma can only generate
free electrons in the gas phasdespite theelectron temperature and densitybeinghighest
near the liquid surface (Zhu and Pu, 201). These electrons cannot readily attack the
liquid components as the energy is easily dissipated through intermolecular bonds but
are effective in the gas phasé€Burlica et al, 2010). Therefore, volatile components are
likely to be affected than the less volatile components. At 10W, methammn accumulate
as the temperature generated from cold plasma heating wasgell below its boiling point
(42°C). As the plasma power increased from 10 to 30W, the reactor temperature rose to
56°C, sufficient to evaporate a slight portion of the methanolThis exposesit to excited
electrons in the gas phase resulting in rapid decomposition and hence a reduction in
methanol yield from 2.1wt.% to 0.79wt.% from 10W to 30W (able 5.1). At 50W, the CC
bond decomposition becomes more favourable due to rapid dehyakion
/dehydrogenation and methanol can accumulate (8.93wt.%). The more rapid formation
of methanol with 50W in Ne environment (Table 5.1) was reflected by a 280% increase in

the total yield of CH, GH4 and GHs, along with formation of traces of ethanal

In summary, glycerol decomposition to acetol and water, and to ethandiol and methanol
radicals, are the dominant initiation reactions via either thermal or cold plasma initiation
in the absence of a catalyst. Splitting of aCbond (346KJ/mol) generate methanol cation
and ethandiol radicals while splitting of GO (358KJ/mol) or GH (411KJ/mol) bonds
initiates dehydration of glycerol to acetol(Hemings et al, 2012). The other plausible
pathways that can result from bond splitting are formation of 1,3 propandiol from €
bond decomposition followed by hydrogenation, and formation of glyceraldehyde (3&-
Dihydroxypropanal) via O-H (459KJ/mol) bond splitting. Splitting an GH bond is likely to
have little effect on the process both due to its high activation energy and the dominant
feasible reformation products of glyceraldehyd€Wu et al,, 2013b) are glycolaldehyde, CO

and water, which are also generated in the 2 main pathways.

These pathways explain the presence of most of the products detected with an excepti
of CQ. CQ was noted to form under H at low levels (0.25wt.%) at 50W, but was
generated underthe N2 environment at all tested plasma powers. This trend was also
observed for methanol Chapter 4), which proposed a reaction between hydroxyl radicals
and CO to produce formate radicals followed by reformation t€Q as the source of the

CQ. This reaction was also noted to occur under thermal conditions with a cataly§Zhao
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et al, 2014), suggesting decomposition of formate radicals as the source 6> from
glycerol. The formation of methyl methanoate (as detected uredt He in Chapter 4) also
provides evidence of formate radicals generation, as does the significantly reduced pH of
plasma treated glycerol compared to untreatedpH 7.1 untreated vs 4.2-5.5 after cold
plasma). The formation of methyl methanote inN2 for glycerol despite high energy He
being required for methanol may be due to to a higher levels of formate radicals present

in glycerol, which is supported by lower pH values for glycerol than methanol.

Propanol formation is not predicted by the propose pathways. However, the
intermediate between glycerol and acetol can potentially be stablised by hydrogen
radicals, (Figure 5.1, Reaction 2)gs discussed previously. This produces 1,3 propandiol
and propanol, and ethendiol radicals from € bond splittingcan be similarly stabilised to
form ethendiol. This would produce increased yields of propanol in the presence of
abundant H, which is observed when comparing the Hand N2 carrier gases. Propandiol
and ethendiol are not detectable in the liquid outputswhich is most likely due tothe low
prevalence of this pathwaydetailed in literature (max 1.25wt.%), resulting in yields

below the detection limits of analytical instrument.

Comparison of the final decomposition product yields for glycero(Section 5.1) and
methanol (Section 4.1) reveals details on the hydrocarbon production pathway, which
will enable future process optimisation towards specific products. The relative yields of
hydrocarbons and CO for methanol decomposition are approximatell:1 but for glycerol
the ratio is approximately 1:5. This is because glycerol primarily decomposes to ketones
and aldehydes via dehydration reactions after any-& or GO bond is broken, which do
not occur for methanol. These ketones/aldehydes then decqmose to release CO,
resulting in anincreased CO yieldChiuet al, 2006). Another factor is that the formation
of hydrocarbons from glycerol requires at least two bonds to be broken (e.g. aCCand a
G-C torelease CH from glycerol), as opposed to one bond (©) for methanol (Li et al,
2009).

5.1.2 Mechanism

There were three possible routes for glycerol decompositionof which two dominant

initial reactions produce either methanol cation radicals and glycolaldehydeReaction

5.3) or acetol and water Reaction 5.3, which are shown aboveln the final pathway,
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methanol cation radicals form if a carborcarbon bond is brokenwhereas acetol forms if
a GH or OH bond is broken. Splitting a € bond directly releases a methanolation
radical and leaves an unstable ethandiol radical. This ethendiol radical sponteously
reforms to glycolaldyde (Hemingset al, 2012), releasing a hydrogen radical Reaction
5.3).

The removal of a hydroxyl radical from glycerol causes the alcohgtoup on the adjacent
carbon to react with the destabilised area, prompting refomation to acetoReaction 5.23.
A hydrogen radical is also released, resulting in a net release of water from this reaction.

The process is illustrated in Figure 5.1.

Further decomposition of acetol yields propenal Figure 5.1, Reaction § methanol, CHs,
CO Figure 5.1, Raction 8), ethene and formate radicalsHigure 5.1,Reaction 7). The
glycolaldehyde formed typically decomposes into methanol cation radicals and methanal
(Figure 5.1, Reaction 11)Cui and Fang, 201}, which are converted to methano(Geet

al., 2015 and formate radicals respectively via Reactions4land 12 in Figure 5.1

Reaction pathways were established for conventional pyrolysis of glycergdValliyappan
et al, 2008g Fernandezet al, 2009, Hemings et al, 2012). Based on the similarities
between the product distributions in literature and shown experimentally in Table 5.1,
most thermally induced reactions also occur during the gabquid cold plasma

decomposition process.

However, aldehydes were detected in theonventional thermal process up to 48%
(Yamaguchiet al, 2010, Kongpatpanichet al, 2011; Hemingset al, 2012) but were not
detected under cold plasma. The absence of ketones/aldehydes is linked to the instability
of aldehydes in the plasma phase as short chain aldehydes can evaporate and be rapidly
decomposed by plasma to form CO and hydrogen radicals. Althougllehydes are
resistant to attack by hydrogen radicals due to the lack of low energy bonds other than
GH (Troe, 2007, Koetaet al, 2012), they are prone to attack by free electrons in cold
plasma, leading to the removal of hydrogen atoms to formGXWiest, 1996 Buszeket al,
2011). The formation of CO from methano(Chapter 4) provides evidence of rapid

aldehyde decomposition due to its similar structure.

However, the presence of propanol in cold plasma treated glycerol but not in conventional

pyrolysis indicates that either hydroxyl radicals can attack &Hs /propyl radicals in the
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gas phase or hydroxyl radicals are removed from glycerol without inducing reformation
of the remaining OH groups to C=0 groupg-igure 5.1,Reaction 2). Hydrogenradicals
cannot induce these reactions due to the very high bond energy ofC=0O bonds

(799KJ/mol, 8.28eV), which prevents radical attacks from occurring.

The low yields of ethanolunder both carrier gasessuggestthat ethanol formation is via
removal of hydroxyl radicals from glycero| as hydroxyl radicalattacks would occur on
both G:H4/C2Hs and GHs, which would also generate propanolAs propanol was not
detected, this indicates that hydroxyl radical attack is not the dominant mechanism.
However, ethanol was not formed except at 50W plasma power irEnvironment despite
the high concentration of GH4/C2Hs compared to GHs (0.58wt.% vs 0.09wt.%).
Hydrogenation of the reaction intermediates during acetol generation from glycerol
would permit removal of hydroxyl radicals without producing acetol. This would be more
prevalent under Hz, which was observed in the propanol yields with and withoutH2
(1.25wt.% vs 001wt.%).

The presence of propenal in the liquid product stream suggests that the propenal
decomposition reaction acts primarily in the gas phase, supported by the fact that
aldehydes are unstable in cold plasm#dKoeta et al, 2012). This may also be due to
energetic electrons not being ale to enter the liquid phase to induce decompositiorof
propenal in that phase, while gaseous products can be decomposed by these energetic
electrons (Chiu et al, 2006). The more rapid decomposition in the gas phase would
enhance the rate of acetol decomposition relative to glycerol decomposition, reducing the

acetol yield as plasma power increase(Hu et al,, 2012).
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Figure 5.1:Proposed Reaction pathways for glycerol decompositiorContinued overleaf
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Figure 5.1 Proposed reaction pathways for glycerol decomposition

In summary, gasliquid cold plasma decomposition of glycerol produced more

hydrocarbons and alcoholsand less aldehydeshan conventional thermal decomposition

This is becausegasliquid cold plasma primarily converts alcohol groups to hydroxyl

radicals, while thermal decomposition results in predominantly aldehyde groups and
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hydrogen radicals. The dual phase allows heavier products such as metharethanol,
propenal and methyl methanoate, to be isolated. However, the rapid decomposition of
volatile and gaseous components observed under cold plasma allows acetol production

without generating significant yields of the potentially harmful by-product, propenal.

5.2 Kinetic studies of glycerol decomposition

The initial content of glycerol was defined in the snulation based on the experimental
glycerol: gas flowrate ratio of 1:40 and the plasma zone volume of 7.16énThe model

was based on the principles discussed iGhapter 3.5.

The proposed reactions initiated by cold plasma assisted glycerol decompositicare
summarised in Figure 5.2 The kinetic parameters used for these proposed plasma
initiated reactions were initially derived from thermal data (Kongpatpanichet al, 2011;
Hemings et al, 2012). Without modification, these initial unmodified values predict
complete converson to gaseous products as the electron temperature was significantly
higher than the bulk temperature used in thermal kinetic studies. These kinetic
parameters were then modified to predict cold plasma behaviour based on the
experimental results which are shown in Table 5.2 along with initial values from

literature.

In addition to plasmainduced reactions, radical propagation and termination reactions

detailed in the mechanism in Figure 5.1 were modelled using kinetic data obtained
through NIST. Thesepropagation and termination reactions are not considered plasma

initiated and so the model utilises thermal reaction constant data for them without

modification (Tsang and Hampson, 198ang et al,, 2003).

The simulation utilised the rate coeefficient to derive rate constants for each reaction at
each time step and integrated the results using ODE45 over the 11 second residence time
utilised experimentally. Once this finished, a matrix of theoncentrations with time of
each component was output, which still contained abundant radicals. These
concentrations were used as inputs for a second iteration to simulate reactions occurring
upon exiting the plasma reactor and before detection. The sameatnix of outputs was

then converted into wt. % as shown in Table 5.3.

For process optimisation, thismodel also aimed to clarify the range of radical reactions
that occur via fitting simulated data to the experimental processncreasing confidence in

the proposed mechanisms
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Figure 5.2 Proposed plasma induced reactions of glycerol decomposition
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Combining the reactions in Figure 5.2with the set of radical reactions determined
experimentally (Figure 5.1)allows the product distribution at the outlet to be predicted.
Some of the initiation reactions have praletermined constants from previous sources,
such as oxidation of methyl radical§Pratt and Wood, P84) and production of formate
radicals (Yetter et al, 1989). The remainder were either derived inChapter 4, derived
from literature data for thermal decomposition or through comparison to reactions with
known parameters when no kinetic data was availablélhese kinetic valuesvere usedas
starting values and modified to fit the data more accuratelyaccording to the procedure in

Figure 3.4
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Table 5.Zold plasma and thermally initiated reaction kinetic data for glycerol decomposition

Plasma kinetics (experimental)

Thermal kinetics (Hemings et al., 2012) (NIST)

Reaction
number
(Figure

5.2)
1

O N OB WN

PR RrR R R R R R
© o N U~ wN RO

Reaction
H> 2 H.
H20O H. + OH.

Glycerol  Acetol + H. + OH.
Glycerol  Ethendiol + CHOH.
Acetol Ethenol + CHO

Acetol CHOH. + ethanal
1,3propandiol Propenal + O
1,3propandiol + H. Propanol + OH
Ethanal CO + &HH.

CHO CO+H

Methanol OH. + GH

Methanol CEOH. + H.

Ethendiol Qycolaldehyde + H.
Ethendiol  2*CHOH.
Glycolaldehyde CHO. + CFOH.

CH CHs. + H.
GH.4 2 Ch.

GH4 CHs. + H.
GHs GH7. + H.

A
(pre-exponential
constant)

1.70&03
3.62E01
2.87E02
5.54E04
6.53E-03
4.43E04
5.94E04
7.53E08
1.53E01
6.67E+03
7.94E03
4.94E03
1.62E-03
1.53E01
1.67E01
5.16E01
1.53E01
8.53E01
7.52E-02

N

(Temperature
dependence)

0
-0.781
-0.681
-0.612

-0.08
-0.12
-0.612

-0.06
-0.081
-0.612
-0.612
-0.781

-0.12
-0.062
-0.642

-0.06

-0.06

-0.03
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Ea.

(Activation

energy)
(KJ/mole)

99.7
152.1
385.2

416
609.3
425.3
353.7
241.3
100.6

15.0
150.2
1415
150.6
925.3

10.0
141.3
100.6
100.6
141.3

A

(pre-exponential
constant)

6.12E9
2.56E-12
6.64E-11
3.32E11
1.66E-8
8.3E12
3.02E10
2.11E7
1.9767
2.16E8
1.34E8
7.21E6
1.39E-1
2517
1.41E5
2.62E8

N

(Temperature
dependence)

-0.2
1.9
0

ool o

0.9
-11
-0.4

0.3
0.1
-4.5
15

-2.7

Ea.

(Activation

energy)
(KJ/mole)

426
360
65
53
80
167

322
296
285
280

157
166
435
282
432
408



5.2.1 Modelling results and validation

The pre-exponential constants of cold plasma assistedecomposition could be up to 6
orders of magnitude higher than those in a thermal process. This is partially offset by the
increased activation energies implemented to account for the mass transfer limitations
between the gas in liquid phases and the inaltty of electrons to induce liquid phase
reactions directly. The increased preexponential constants are supported by the
difference in reaction time between cold plasma and thermal decomposition being1D00
given the same conversion. This ratio is knowior glycerol initiation reactions, which
have typical reaction times of 1660 minutes when pyrolysed without a catalyst at 650G
800°C (Floyd et al, 2007, Valliyappan et al, 2008g Valliyappan et al, 2008b). These
differences between the thermal and plasma kietic parameters imply that plasma
induces many more collisions between reactant and excited species than in thermal
processes. This is reasonable based on plasma theg¢Rridman, 2008, Di et al,, 2016), as
the two phase system limits the reaction to the gabquid interface, which has arelatively
high surface area compared to the reactor volume. Additionally, up to 90% of the
incoming energy is converted into heat, which was observed as an increase in

temperature from 18°C to 4570°C over 1l seconds in the plasma zone.
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Table 5.3Conparison ofsimulationresults and actual data for glycerol decomposition
in Nb over a range of plasma pows{10-50W)

Experimental data Simulation data

10W 30W 50W 10W 30W 50W
Conversion (%) 11.74 25.03 43.85 10.14 21.17 43.96
Ha (wt. %) 0.22 2.42 7.39 2.80 5.37 9.47
Acetol (wt. %) 7.97 17.18 15.48 5.98 12.17 11.68
Water (wt. %) 1.13 1.77 2.26 0.41 2.85 2.02
Methanol (wt. %) 2.10 0.79 8.93 0.88 0.34 10.04
Ethanol (wt. %) - - 0.03 - - -
CHO (wt. %) - - - 0.02 0.02 0.07
Methyl methanoate (wt.%) - - 0.84 - 0.01 0.52
Propanol (wt. %) 0.15 0.21 0.01 - - 0.01
Diols (wt. %) - - - 0.06 0.08 0.20
CHs (wt. %) - 0.22 0.52 - 0.15 1.79
GHa (wt. %) 0.01 0.07 0.58 - 0.01 2.24
GsHg (wt. %) - 0.01 0.09 - - 0.01
CQ (wt. %) 0.17 1.04 1.51 - - 0.24
CO(wt. %) - 1.33 6.20 - 0.17 5.68

As shown inTable 5.3 the trends in product yields and conversion versus plasma power
were similar in both modelling and experimental data. However, modelled conversions
were around 15% lower than the experimental values. The yields sbmeproducts were
underestimated i.e. 2530% for acetol, 60% except at 50W for methanol, 10% for CO and
85% for CQ. In contrast, hydracarbons and water yields were overestimated by 40
130%.

The discrepancies between modelling and experimental data could be due to the
assumption of constant electron temperatureas discussed itsection 4.2. Prior work with
dielectric barrier discharge (Rahel and Sherman, 2005Zaima and Sasaki, 2014has
shown that the highest electron temperature was near the inner wall and lowest at th
midpoint between the two walls and can vary by more than 0.6 eV (7,000°K) from the
average within a 2mm discharge gapGangwaret al,, 2015), which is an indicator that the
electron distribution is non-constant. If the even electron temperature assumed by the

model was correct, the high electron temperature throughout would ensure even

113



exposure to high energy species and hence the extent of neersion would be
independent of position (Rahel and Sherman, 2006 An uneven distribution at higher
powers would cause conversion to be location dependant, resulting in more fully
decomposed products from high conversion areas (CQ;H:) and lower yields of
intermediates such as aceto(Thomas and JetShih, 1997. However, the conversion
would become less location dependant as the power increased due to gueater
proportion of the reaction volume having sufficient energy to initiate reactions. The
predicted conversion would hence become more accurate as the power increased as

observed inTable 5.3

The inconsistent energy density theorisedexperimentally would mean material near the
walls is more likely to be decomposed to hydrocarbons and water, while material near
the middle of the reactor would be less affected than predicted. As a result, yields of
intermediates such as acetol and methanol would likelype higher in the actual system
than predicted by the model. The CO deficit could be explained by the uneven electron
distribution (Zaima and Sasaki, 201das the reactions that form CO require high energy

(>400KJ/mol) and require multiple dehydrogenation reactions(Hemingset al, 2012).

The absence of propanol in the modelling resultsekperimental values 0.0 0.21wt.%)

at lower powers can also be attributed to propanol formation requiring high levels of
hydrogen radicals to hydrogenate acetol or propenal. Propanol is known to form during
thermal processing(Atong and Sricharoenchaikul, 2009Hemingset al, 2012) but has not
been observed to form in plasma decomposition processes except in the presence of
abundant Hz, which supports this theoretical pathway(Zhuet al, 2009). This is reflected

in the model results as itis predicted at high powers, where hydrogen radicals are more
abundant. The absence of diolgethendiol or 1,3 propandiol) from the experimental data
(Table 5.1and Table 5.3 is only partially explained by this effect, as diols should still be
recorded experimentally, just at lower lesels. However, this may be due to being unable
to identify them with the low yields of diols present as discussed irgection 5.1. Diols have
been encountered in thermal decomposition of glycerdlYeet al, 20124 Ai T AEtal, AO
2016) but not in cold plasma(zZhu et al, 2009). However, the cold plasmditerature
sources focus on gas phase products and dotramalyse the liquid, so diols may be present
below the minimum detection limits but unrecorded given the variety of diotderived

products that are present after cold plasma processing.
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To address these discrepancies, a new model simulating two phase duiow in the
reactor would be required, which would incorporate an electron temperature
distribution that takes account of the varying fluid distribution. Simulating two phase flow
effectively would require producing a mesh for the plasma zone, generating fluid
dynamics model and producing discrete reaction pathways for each phase. This was not

feasible as part of thighesis, but would be very useful if performed as further work.

These factors can also explain the differences in conversigmedicted by the model and
observed experimentally. At low plasma powers, the higher electron temperature near
the walls permits conversion of reactants when the overall conversion would otherwise
be low (Thomas and JefShih, 1997 Rahel and Sherman, 200®Derakhsheshet al,, 2010).
Elsewhere, conversion is largely unaffected as the electron temperature elsewhere is too
low for decomposition to occur at a noticeable ratéZhu and Pu, 201). Comparing the
results at 10W to 30W and 50W follows this trend, as the selectivity to intermediates

reliably lower than observed in thermal processes.

As no literature data exists for glycerol decomposition nder hydrogen either thermally

or under cold plasma, this modelvas developed to reveal additional effects on the data
introduced by the presence of Husing the experimental data obtained only within this
study. The kinetic parameters derived from experinents in a N2 environment were also
used to model glycerol decomposition undemz, with the results shown inTable 5.4
below. To account for the absence of excited nitrogenous species, a secondary set of
initiation reactions were included that utilise hydrogen radicals as an initiator in addition

to the originals. This was done only for the initial reactions athe observed activation
energy for these reactions were the highest observed’hese additional reactions are
plasma propagation/ termination reactions and hence utilise thermal kinetic data
directly. The differences in the electron temperature for a given plasma power between
the carrier gases wereaccounted for by modifying the electron temperature calculation

by using the physical constants (e.gmolecular mass) for the new carrier gas.Beyond
these, changes to the reaction kinetics should not be required as the same species are
available under both carrier gases except for excited nitrogen species, whiekclusively

act as a reaction initiator Any differences between the carrier gases would hence be due
to differences in theparticle/electron energy distribution for the two carrier gases, which

this model aims to investigate.
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Table 5.4 Comparison oSimulationand experimentaresults fordecomposition of
pureglycerol undeiH: environmentat all powers

Experimental data Simulation data
1ow 30w 50w now 20w 25W 30w 50w
Conversion 2.95 5.97 9.33 2.16 5.83 = 10.35  21.16 @ 43.44

(%)
Acetol (wt.%) 1.27 3.67 451 1.21 3.42 6.12 12.17 @ 11.68
Water (wt.%) 0.60 0.78 1.17 0.81 2.28 3.78 2.85 2.02

Methanol 0.83 0.60 - 0.07 0.07 0.37 0.34 | 10.04
(wt.%)

Ethanol - - - - - - - -
(wt.%)

CHO (wt.%) - - - 0.01 0.01 0.01 0.02 0.07
Propanol 0.15 0.21 1.25 - - - - 0.01
(wt.%)

Diols (wt.%) - - - 0.05 0.05 0.05 0.08 0.20
CH: (wt.%) 0.06 0.08 0.23 - - 0.01 0.15 1.79
GHa (Wt.%) 0.04 0.18 0.25 - - - 0.01 2.24
CsHg (wt.%) - 0.01 0.03 - - - - 0.01
CiHio (Wt.%) - - - - - - - -
CO (Wt.%) - - 0.25 - - - - 0.24
CO (Wt.%) - 0.44 1.64 - - 001 | 017 | 5.68

The results in Table 5.4 showed significant differences between modding and
experimental data, except at 10W where thepredicted conversion and yield of acetol
agreed well with experimental data(conversion: 2.16wt.% vs 2.96wt.%) §ield: 1.21wt.%
vs 1.27wt.%). The predicted conversionwas around 300% higherat 30 and 50W with
inconsistent selectivity of products This could be due talifferences inreaction kinetics
between No and H.. However, therewere many similarities in trends between model and
experimental data. Acetolwas the dominant productand carbon oxide yieldswere well
represented, though formation of methanol was underestimated at lower powers
(0.83wt.% vs 0.07wt.% at DW). The model predicted hydrocarbon yieldselatively well,
except at 50W (e.g. 0.23wt.% vs 1.79wt.% Gkt 50W). Propanol however, was not
predicted by the model except as traces at 50W, whereas it was present at moderate yseld

experimentally.
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Modification of the plasma power profile provides a significant improvement in the fit
between model and experimental data. This can be observed Trable 5.4 showing that
the model data for a plasma power of 20W producd a product distribution and
conversion tha matched well with the experimental data at 30W. Similarly, a simulated

run for a plasma power of 25Wmatched well with the experimental data atb0W.

As the model converts plasma power to electron temperature, this apparent reduction in
effective plasmapower suggests that the presence dflz is lowering the mean electron
temperature in the reactor relative to the equivalent N experiment. This is likely to be
related to the energetic states of Hland Ne. Theionised state of Hz is at 13.6eV, so
electrons cannot generatehydrogen radicals with energies above that, limiting the
effectiveness of radical induced decompositiorfCrance, 1988 Das and Bhattacharyya,
1992). Electrons can exist above th&3.6eV threshold, but are generally incapable of
decomposing liquid phase components due to dissipation of the energy via intermolecular
bonds. N has much higher energetic states (>12.96eV), sodlange of excited states does
not limit radical induced decomposition for Nb. This would not be significant for methanol.
However, glycerol cannot evaporate (boiling point: 283C) so is not affected by electrons
directly. This explains the reduced convernsns under H compared to N observed
experimentally and also the oveprediction by the kinetic model as these effects were not
included within the model. The 20W and 25W modetiata significantly underestimated
the experimental gas phase yields at 3%/ and 50W for the same reasor{e.g. 0.01 vs
0.23wt.% CH), as decomposition of the volatile products to gases can be initiated by
electrons(Duet al, 2007). Hence, these reactions would be underestimated by the model

as the maximum energetic state of electrons was not constrained.

In summary, the cold plasma assisted decomposition daflycerol under N can be
accurately simulated with the kinetics derived, validating the model under the range of
conditions studied. The modelprovided a good fit for both conversion and most
components, and accurately descriéd the trend in product yields compared to
experimental data There were some significant discrepancies between predicted and
experimental data, primarily in CQ vyield (Table 5.3). These appear to indicate that
reactions that are not initiated by plasma may still be affected by it, gsibly through

electromagnetic radiation or free electrons, though this has not been studied to date. Any
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further discrepancies can be attributed to gadiquid plasma effects or mass transfer

limitations that would require a sophisticated model beyond thescope of this work.

The kinetic constants should not be affected by thehoice ofcarrier gas, as Ndoes not
participate in the reaction other than as a reaction initiator, although the relative reaction
rates will change due to differences in the electron energy distribution and the relative
concentrations of reactants and intermediates. Despite thithe model does notrepresent
the Hz data effectivelyat higher powers(Table 5.4), causing significant underprediction
It was, however, found that setting the plasma power within the model to a lower value
(i.e. 25W and 20W instead of 50W and 30W respewtly) provided a much better fit. This
is likely to be due to theH2 limiting the maximum energy of a given radical/ion given its
energetic states which would distort the Paschen curve and reduce the proportion of

excited species capable of inducing a reaon.

5.3 Waste glycerol

Waste glycerolaby-product of alkaline catalysed biodiesel production, was decomposed

O1 AAO AT1T A Pl AOGI A xEOE OEA AEI 1T &£ OAOOETI ¢ OEA
obtainable product selectivity and conversions. ater stagesof experimentation utilised

packing materials (BaTiQ or Ni/Al 203) to focus plasma or act as a catalyst respectively,

and werealso tested for fouling resistance.

5.3.1 Effect of operating conditions on waste glycerol conversion in the presence

of cold plasma

Table 5.5shows that increasing plasma power increased the conversion of waste glycerol.
This is due to high energy level electrons contributing to the collisions with gas molecules,
creating different energy level excited specieéPark et al, 2017). However, the degree of
conversion and product yields strongly depends on the carrier gas. Theegree of
decomposition was in the order: He> kK N2 for FFA but N>>He>H for glycerol.
Therefore, if acetol is the desired product, the process should be operated i N
environment whereas b and He are the preferred choice of carrier gas if hydrocarbon

gases are desired.
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Purification of liquid products such as acetol and other products (formate radicals and
propenal) from treated feedstock would be straightforward due to the large differences
in boiling points of the compoundg Mohamadet al,, 2011). Other methods such as solvent

extraction (Li et al, 2011d) and membranes(Wanget al, 2015) can be also applied.

Table 5.5shows that up to 91 % waste glycerol was converted ind\plasma at 50 W and
the yield of acetol was high at all tested powers. The glycerol content in waste glycerol
was mainly converted into acetol at 50W in Aplasma, which was also observed for pure
glycerol. The 22 % reduction in acetol yieldobservedwhen increasing power from 10W
to 30W could bedue to the instability of this compound (Chiu et al, 2006), which
decomposed further to form formate radicals (5.6Wt.% at 30W), CH and CO. At 50W, no
formic acid was observed but a significant amount of CQvas formed. This can be
explained due to formic acid decomposing further to CCat higher powers, as observed
in Chapters 4 and 5. It can be also concluded that the rate of acetol formation is faster than
its decomposition at high powers. This is in comast to the results ofSection 5.1, where
acetol yields equilibrate at high powers. The difference can be attributed to the other
compounds in waste glycerol that consume energy when they decompose, which would
reduce the energy available for glycerol corersion. The use of waste glycerol is known
to reduce glycerol conversion for thermal processe¢Valliyappan et al, 2008b), which
supports this argument. Itwas also observed that irthe N2 environment, Hz production
increased with increasing power. This could be explaineby the coupling effect of small
hydrocarbons i.e. @G into Cs-Ca.

Sgnificant amountsof CO and hydrocarbons (mainly £ were formed in He plasmaTTable
5.5). Acetol yield decreased with plasma power from £63wt.% at 10W to 63wt.% at
50W. The lower yield of acetoin Hethan that in the No environment could be because the
high erergy level of excited He cleaves strong chemical bonds. Acetol decomposition
generates CO, resulting in at least 145 % more CO produced than the other carrier gases
under any conditions. However, a low conversion of glycerol molecules was observed
becauseonly a small fraction of excited He is formed due to the distribution of electron

energy (Zhanget al,, 2017).

In contrast, in aHz2 environment, the conversion was mainly from the decomposition of

FFA in raw waste glycerol to form mainlyhydrocarbons and oxygenated compounds of
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which more than 60 % of the gaseous products werei&. This can be explained by the
low energy level of excitedHz and abundant hydrogen radicals in the system. A high yield
of formic acid obtained at 50 W (2Wt.%) could be the result of stabilising COOH radicals
derived from FFA decomposition, and is supported by thebsence oformic acid detected
for pure glycerol (Table 5.1)under the same conditions. No C{and only a small amount
of CO (4.Wt.%) was observedat 50W due to limited decomposition of acetol in a

hydrogenating environment(Li et al, 20094 A T H Eet al, 2006).
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Table 5.5Yields and produdistribution obtained from liquid waste glycerol decomposition in the presence of cold plasma at atmospheric
temperature and pressure without catalysts under different cargageswith a residence time of 14econds

Power, W 10 20 30 50
Carrier gas Hz N2 He [\ Hz N2 He Hz N2 He
Conversion, % 28.91 65.91 54.62 65.12 29.77 67.91 50.37 35.04 91.11 52.74
+2.3 +4.6 +3.2 4.5 +2.7 4.4 +4.1 +3.1 4.4 +4.7
Total gas yield, 22.9 21.1 30.0 24.4 £0.93 26.3 25.5 38.2 12.8 38.2 46.7
wt.% +1.0 +0.81 +0.97 +1.31 +0.91 +1.71 +0.62 +1.01 +2.29
CO - - - 1.87 - 3.46 - - 10.79 -
H> - 0.91 - 0.96 - 1.01 - - 2.72 0.46
CH 9.33 7.14 1.60 5.19 8.17 3.25 2.75 1.63 4.44 1.37
(6{0) - 2.14 15.01 6.81 - 8.56 17.32 4.70 9.90 23.51
CHa 13.57 10.91 12.54 9.37 7.32 7.82 16.50 2.80 6.36 19.28
GHs - - 0.52 0.21 5.73 0.88 1.17 1.86 2.40 1.25
CsHio - - 0.33 0.03 5.05 0.56 0.46 1.84 1.58 0.83
Liquid products 6.01 43.91 24.63 42.38 3.5 40.59 12.16 22.21 52.2 6.3
yield, wt.% +1.39 +3.84 +2.19 +3.52 +1.46 +3.61 +2.44 +2.55 +3.45 +2.42
Formic acid - - - 1.17 3.13 5.67 - 21.48 - -
Propenal 0.59 - - - - - - 0.73 - -
Acetol 5.42 44,91 24.63 41.21 0.37 34.92 12.16 - 52.20 6.30
Unreacted feedstock, wt.%
Glycerol 62.01 14.00 42.82 22.86 62.70 23.19 48.68 59.70 2.00 46.80
FFA 7.59 7.54 1.18 6.89 5.71 5.46 0.05 4.96 3.81 0.02
Glycerides 1.49 3.55 1.39 3.43 1.82 3.44 0.90 0.29 3.08 0.44
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FTIR analysis Figure 5.3 shows that OH groups in the liquid phase were mostly
converted to ketones instead of to water as reflected by the trend of water content
presented in Figure 5.4below. This can be seen from the significant changes in theHD
G-H and C=0 peaks at 3300cf 2900 cm! and 1700 cm? respectively. A slight increase
in the GH peak Figure 5.3a)) could be a result of hydrogenation. The hydrogenation of
glycerol would require the replacement of a hydroxyl radical with hydrogen or
hydrogenation of C=C bonds formd from removal of alcohol groups to other oxygenated
groups. All the peaks in the range 702500 cnr! decreased after plasma treatment, which
is an indicator of shorter chain hydrocarbons in the products. This is supported by the
formation of hydrocarbonsin the gas phase. The same behaviour was observed indad

He plasma as shown in Figures 5 & ¢) respectively.
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To date, direct conversion of waste glycerol to high value added liquid products has not
been reported. However, conversion of waste glycerol into gases at high temperatures
(650-800°C) has been studied Valliyappan et al, 2008a Dianningrum et al, 2014).
Dehydration of pure glycerol under high temperature water and C£via catalytic reactive
distillation was reported (Chiu et al, 2006, Yamaguchiet al, 2008), with the yield of
acetol varying from 26-60wt.% depending on catalysts over >1 hour reaction time. By
using cold plasma in this study, without a catalyst and at ambient conditions, ®2.%
acetol from waste glycerol was obtained at around 16 second residence time alongside
14.78wt.% hydrocarbon gas (G-C), 2.72wt.% H2 and 9.90m.% CO. The selectivities to
acetol, CO and propenal are within the error range of the results obtained for glycerol, but
the conversions obtained for waste glycerolwere greatly increased relative to pure
glycerol (92.1wt.% vs.52.99wt.%). This has not been observed for other processes
(Dianningrum et al, 2014), and may be linked to the gasquid cold plasma mechanics.
Cold plasma is established to bmcapable of exciting reactions in the liquid except at the
phase boundaries with excited electrongDi et a., 2016), but radicals are capable of
diffusing into the bulk and inducing reactions therg(Burlica et al,, 2010). Waste glycerol
contains more volatiles than pure glycerol such as methanol, water and formic acid (Table
3.2), which can be decomposed to radicals more easily than glycerwicreasing the rate

of liquid bulk reactions and hence conversion.

Based on the trend of acetol and gaees (hydrocarbons and COyields with cold plasma
power, it can be concluded that the acetol formation pathway in cold plasma is similar to
that observedin thermal processing, where glycerol dehydrates at the secondary OH to
form acetol. Propenal is the product of the dehydration of the primary OH group
(Kongpatpanichet al, 2011). Propenal could decompose to ethene and formate radicals
(Munshi et al, 2010, Hemingset al, 2012), of which the latter can dehydrogenate further
to CO(Troe, 2007, Van Bennekomet al,, 2011). In this study, propenal was not detected
except in the presence ofHz, which is due to the instability of aldehydes in cold plasma
(Koetaet al, 2012). It was also n¢ed that the water content decreased in the presence of
plasma, which suggests that OH radicals are formed from the water and maintain an

equilibrium.
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Figure 5.5 Proposed mechanism of cold plasma assisted waste glycerol decomposition

Formic acidand hydrocarbons were the products of FFA decompositiofLi et al,, 20113).
The formic acid is likely then dehydrogenated to CO particularly in the absence of
hydrogen radicals. However, from the experimental data, no correlation between FFA
content and CQ formation was observed which suggests that CClormation in Nz is
dominated by another reaction. The OH radicals formed would react with CO, and in turn
dehydrogenate toCQ (Li et al,, 20075 Fenget al,, 2009; Li et al, 20118). This only occurs

in N2, which suggests that the energy required for this pathway is closest to the energy of
nitrogen radicals. Formic acid is generated under certain conditions at yields of up to
21wt.%. The proposed mechanism for cold plasma assisted glycerol decomposition is

shown in Figure 5.5 above.

5.3.2 Effect of packing material and catalyst in the presence of cold plasma
Packing materials (e.g. BaTi€) had a slight effect on the conversion but enhanced the
decomposition of acetol into gaseous products such &ydrocarbons and COTable 5.9.
However, the degree of decomposition was lower for ADz than BaTiQ. This is because
the packing materials and their properties alter the electric field, consequently electron
energy by varying the discharge gap D) and/or the gas densityn (proportional to gas
pressure) (Eliasson and Kogelschatz, 199Rerts et al, 2015) . When introducing packing
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beads, the discharge gap in the DBD reactor is the gap between the beads, which is much
smaller than the gap without packing materials (1.5 mm), thereby enhancing local electric
fields. This occurs due to refraction of thelectric field as shown inFigure 5.6 making the
local electric field nonuniform and stronger than the external sources. Furthermore, the
strength ofthe electric field near the contact points between the beads can be significantly
higher than that in thevoid by a factor of 1&250 depending on the shape, porosity, and
permittivity of the beads (Fridman, 2008). An increase in dielectric constant/permittivity

of materials can result in a further increase in electric field, particularly near the

contacting points (Aerts et al, 2015).

Z

Figure 5.6 Schematic discharge gafD) and discharge line (a) without packing and (b)

with packing material

When the catalyst Ni/AbOs was embedded in the plasma zone, up to 99wt.% waste
glycerol was converted into gaseous productdNi/Al 203 is a common hydrodeoxygenation
catalyst(Bartholomew and Farrauto, 1976 and therefore was used to examine the ability
of integrated Hz production from plasma and deoxygenation of the liquid at near ambient
conditions. When a catalyst is introduced, chemical reactions in the plasma occur as both
gas phase reactions and as heterogeneous reactions on the catalyst surfgdiganget al,
2017). Therefore, a catalyst may significantly influence the plasma chemistry. The
interactions between DBD plasma and catalysts are complex as the catalyst with its
dielectric properties can modify the electric field and the electric field mayaffect catalyst
effectiveness, i.e. altering the surface properties of the catalyst to allow operatiabmuch
lower temperatures and more effectively These plasmaatalyst interactions have been
studied for CQ decomposition (Kraus et al, 2001); (Zhanget al, 2017). The conversion
was slightly reduced when increasing power to 50W due to thebserved formation of

plasma arcs.
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Table 5.6 Effect of packing materials and catal/sh conversion and product distribution under a &hvironment at7 seconds residence

time
Packing material No packing BaTi& Ni/Al 203 Al203
Plasma power, W 50 10 30 50 10 30 50 10 30 50
Conversion, % 56.98 26.85 45.29 60.97 44.82 99.13 83.96 7.99 21.43 40.86
+2.03 4.7 5.9 16.2 4.3 +0.5 4.1 2.8 4.5 4.7
Total gas yield, wt.% 27.6 18.92 44,79 +4.71 | 60.71 £5.50 | 38.55 +2.03 | 99.13 +0.42 | 83.94 +4.05 4.26 14.91 £1.72 | 34.12 £2.16
+0.97 +1.82 +0.82
ca 8.96 6.49 8.23 13.80 23.81 44.98 11.11 - 4.05 9.99
Ho 3.35 0.24 1.50 2.45 1.22 7.02 4.94 0.06 0.41 131
CH: 3.66 - 0.44 0.87 0.38 3.46 2.77 0.99 1.18 2.27
Co 7.63 0.96 7.45 12.21 2.99 34.81 53.50 0.87 7.74 15.89
G 2.46 4.43 11.44 14.72 8.07 5.36 6.31 1.50 1.00 3.83
G 0.93 2.93 4.17 6.74 2.08 1.88 2.39 0.39 0.37 0.52
G 0.61 3.87 6.03 7.59 - 1.61 2.30 0.45 0.17 0.31
G - - 5.52 2.32 - - 0.61 - - -
Liquid products, 29.29 7.55 +2.88 0.50 0.26 7.08 0.20 0.02 3.73 6.52 6.74
wt.% +1.67 +1.19 +0.70 +2.28 +0.08 +0.05 +1.96 +2.81 +2.53
Propenal - 0.23 0.05 0.04 0.81 0.01 0.02 0.02 0.05 0.13
Acetol 29.29 7.32 0.45 0.22 6.27 0.19 - 3.71 6.47 6.61
Unreacted feedstock, wt.%
Glycerol 34.52 64.06 47.60 35.19 52.81 0.81 15.24 58.26 46.22 31.47
Fatty acids 5.17 8.21 6.37 3.47 2.01 0.04 0.60 31.54 30.34 25.89
Glycerides 3.42 0.88 0.75 0.37 0.17 0.01 0.08 2.21 2.01 1.78
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Figure 5.7shows that thewater content in the liquid phasewas around 50% lower than
that in the feedstock and remained almost constant atwk.% or 6wt.% with increasing
power in the case of BaTi®and AkQOs. This is because the decomposition of28 into OH
radicals andthe generation of water via dehydration pathways were irequilibrium. With
Ni/Al 203, the water content remained similar to that in the raw material up to 25W and
then sharply decreased to zero at 30W. This was due to the consumption of OH radicals
by hydrocarbons and ketones, followed by decomposition to formarbon oxides. An

increase in the water content at powers above 30 W was due to plasma arcing

(heterogeneous environment).
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Figure 5.7 Water content at variousplasma powers for packing materials and catalyst
Ni/Al 203 at 7 seconds residence timeinder N2

After 1 hour operating time, the conversion of waste glycerol in the presence of Ni/ADs
significantly decreased, by approximately 3&t.%. This is due to fouling, which is in
agreement with previous studies (Atong and Sricharoenchaikul, 2009 The same
behaviour was observed for AIOs but not for BaTi®. The spent and fresh Ni/AOs
catalyst was then analysed using BET, SEM wHDSand XRD. For the fresh catalyst, SEM
EDSanalysis Figure 5.81) showed large particles of diameter of 0-8 mm with mainly Ni,
Al and O elements with a ratio of O/Al comparable to that reported in literaturéOlefjord

and Nylund, 1994 Chyrkin et al, 2017). In contrast, SEM images of the spent Ni/AD3
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catalyst show rounded surfaces with very few pores and bubble like nodes visible
I'T OEA Isifack Bigukel58P From XRD analysisKigure 5.8), the spent
catalyst had an additionalreflection at 21°, indicating a partial coverage of solid
carbon on the surface(Li et al, 2007b). Thevery high degree of foulingwhich
occurred within the 1 hour running time was carbon based but contained
significant potassium content (up to 15.5%). The nodules fored at the areas
where carbon accumulatel. The resulting fouling on these points retaied OH
groups so more waste glycerol adherto it, building up into a nodule. The pores
were largely cloggedwith waste glycerol and some depositscould be formed
internally. The sample was also regenerated successfulhja pyrolysis at 450°Cand
analysed, whichshowed no significant differences from the initial catalyst Figure
5.8c) as evidenced by the similarconversion and product distribution obtained
over the regenerated catalyst. Additionally, when the sp# catalyst was
regenerated at 550C in N2, the additional peak at 2% disappeared. It was found
(Mok et al, 2013, Jiaet al, 2017) that spent catalysts can be regenerated by cold
plasma at lower temperatures ad with shorter residence times than by

conventional regeneration methods. However, this is not in the scope of this study.
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Figure 5.8 SEM image of at x6500 magnification of (a) fresh, (b) spent and (egenerated
catalysts and (d) XRD of fresh, spent and regenerated NiA8k.

5.3.3 Modelling and validation

As the earlier model forcold plasma assistedglycerol decomposition was designed for
pure glycerol feedstocks, it did not include decomposition reactions for FFA and therefore
cannot accurately model these components. However, process Yyields can be
approximated by regarding the other feedstock compoents as unreactive and predicting
each product yield based on the initial glycerol content (58.96wt.% from Tabl&.2). This
allows the contribution of the other feedstock components to be determined by
comparison separately from glycerol decomposition. The model parameters utilised in
pure glycerol modelling were used directly without modification with the other
components of waste glycerol included as unreactive additiong.he results of this are
shown in Table 5.7
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Table 5.7 Comparison between modellingnd experimental data for cold plasma
assistedvasteglycerol decomposition underzNased on initial glycerol content

Modelling data Experimental data
Plasma power, W 10w 30W 50W 10w 30W 50W
Glycerol conversion, % 4.09 8.38 15.34 76.26 60.67 96.61

Gas yields (wt.%)

CC - - 0.14 - 3.46 10.79

H2 0.62 111 2.49 0.91 1.01 2.72
CHs - 0.09 1.04 7.14 3.25 4.44
CO - 0.10 3.29 2.14 8.56 9.90
CHa - 0.01 1.30 10.91 7.82 6.36
GsHs - - 0.01 - 0.88 2.40
CHio - - - - 0.56 1.58

Liquid yields, wt.%

Formic acid - 0.01 0.30 - 5.67
Propenal - - - -
Acetol 3.47 7.06 6.77 4491 34.92 52.20

Modelling underpredicted the conversionof glycerol in the waste glycerol feedstocky
80%. This indicates that introducing more volatile components into the feedstocind
impurities (alkaline metals) has a very significant effect on glycerol conversion and
product yields. This is as expected, as many of the dominant products of wastgggrol
decomposition (Table 5.5 (e.g. C@and hydrocarbons)are highly unlikely to derive from
glycerol decomposition and over 40% of the reaction inputs are assumed as unreactive.

This may also indicate that the alkaline metals can act as catalysts.

Hz yields from modelling agreed well with experimental data.However, the yields of
carbon oxides were significantly underpredicted, especially C& which was
underpredicted by >98%. This is an indicator that these components primarily arise from
decomposition of another feedstock component, most likely FFA or FAME. £€n be
generated from FFA by splitting the hydrocarbon chain adjacent to the carboxylic acid
group followed by reformation to CQ. In contrast, formation from glycerol requires
formation of methanol followed by hydroxyl radical attack. As can be seen Figure 55,
the pathway from FFA requirel far fewer reactions, which supports the theory that FFA
is the source of the abundant C£n the experimental data. The lower levels of CGGhown
with pure glycerol provide more evidence to support this conclusion (02wt.% vs.

10.79wt.%). The hydrocarbon yields are similarly higher in the experimental data, as FFA
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cracking generates hydrocarbons directlyThe ratio between conversion and acetol yields
shows that the model predicted a greater selectivity to acetol than observed
experimentally. At 50W, the modepredicted 44% selectivity, while the experimental data

indicated 54% selectivity.

In summary, the model significantlyunderpredicted the conversion and yields fromwaste
glycerol decomposition, which indicates that the decomposition products fronother
components such as FFA assist with inducing glycerol decomposition that the alkaline

metals in the waste glycerol have catalytic eftds.

5.4 Summary

In this chapter, the decomposition of glycerol was studied with plasma power and carrier
gas asindependant variables. The use of Nincreased conversion by more than 400%
relative to equivalent Hz experiments, thought to be due to the dminant pathways being
initiated via dehydrogenation reactions. Compared to thermal processes, ghguid cold
plasma assisted decomposition of glycerol produces a greater proportion of
hydrocarbons and alcohols as opposed to aldehydes, whickas linked to the rapid
decomposition of aldehydes in cold plasma. The two phaseld plasma system permits
many intermediates such as methanol, acetol and methyl methanoate to be isolated, as
the liquid phase prevents excited electron induced reactions in the bulk, hich has the
effect of protecting liquid phase intermediates and permitting higher selectivities to these

products.

The reaction mechanisnof glycerol decompositionwas proposed to beprimarily through
dehydration of glycerol to acetol and cracking of glycerol to methanol cation radicals and
glycolaldehyde. A full model of the glycerol decomposition process was developed and
used to determine the probable radical formation and interactin pathways that occur
under cold plasma treatment of glycerolHowever, themodel underpredicted the yields

of carbon oxides and liquid phase intermediates and overprediet hydrocarbon yields,
but the trends in the product yields were similar to those olbserved experimentally.
Attempts to modelthe decomposition of glycerol ina Hz2 environment revealed that the
presence ofH: appeared to lower the effective mean electron temperature. This is

attributed to the relatively low maximum energy level of H (13.6eV) preventing the
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formation of higher energy radicals. This was not observed for methanol in Chapter 4 as

methanol is volatile enough to be decomposed by electrons directly.

For waste glycerol,the carrier gas was found to be a significant factor in theonversion
and product distribution. Hz carrier gas favours the formation of hydrocarbon products
and propenal, and preferentially decomposes FFA molecules; darrier gas produces the
highest yield of acetol due to preferentially decomposing glycerol. Hmarrier gas favours
CO and preferentially decomposes glycerides. The effect of reaction time was more
pronounced than packing materials. Approximately 99% waste glycerol was converted
into gaseous products at 30W, of which 7wt.% wald2 when using Ni/Al20s. The Ni/Al 203
catalyst deactivated quickly within a 1 hour operating time due to the deposition of
carbons and impurities from the waste glycerol feedstock i.e. potassiunfhis indicates
that cold plasma is effective at extending the lifespan of catalysiader fouling conditions,
but is not capable of regenerating fouled catalyst with the plasma powers utilised. Further
study would be needed to establish if higher power cold plasma is capable of regenerating
these catalystsHowever, the catalystcould be regenerated easily in 550°C oxygen free
N2. This study reveals opportunities to convert waste into high added value products over
a short period of time at near ambient conditions with the products easily tuned according

to demand.

Extending the glycerolmodel to waste glycerol @ve a generally poor fit in terms of

product yields. Thisindicates that decomposition of other waste glycerol components
such as FFAr water assist with the decomposition of glycerol, likely through generating
radicals thatinitiate glycerol decomposition. The alkaline metals may also contribute by

acting as homogenous catalyst
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Chapter 6. Cold plasma assisted triglyceride decomposition

Triglyceride containing sources are one of the key renewable sources for biofuel
production. However, sources of pure triglyceridedor biofuels are limited and often
compete for land with food production. Therefore, the use of more sustainable and
plentiful waste triglycerides is desirable. The most common method of converting
triglyceride s into biofuel is alkaline catalysed transesterification with methanol to form
fatty acid methyl esters (FAME). However, the process generates aroundwit(®% low
value waste glycerol (4075% purity) and is prone to fouling via saponification,
particularly w hen the feedstock contains highevels offree fatty acids (FFAs) and water.
Catalytic cracking of triglycerides at high temperatures (typically >360°C) and ambient
pressures to produce liquid fuels has been studied. However, the catalyst is prone to
fouling, requires a greater specific energy input and the selectivity to liquid hydrocarbons

is low (typically < 48%).

In this chapter, cold plasma assisted triglyceride decomposition was studied in
comparison with conventional thermal decomposition tounderstand the role of highly
energetic electrons on the decomposition of triglycerides, thereby establishing reaction
mechanisms. Pure triglyceride were considered first to study the processwithout the
effects of impurities. This entailed determinationof the effect of carrier gas, plasma
power, external heating, residence time and the presence of packing material/catalysts in
the plasma zone. The proposed mechanisms were then appligdwaste cooking oil. The
effects of these variables were analysed taletermine a detailed mechanism for
decomposition of pure triglycerides and compared with the results from treatment of
impure triglycerides to determine the effects of the impurities on the cold plasma

decomposition process.

6.1 Pure triglycerides

6.1.1 Effects of plasma power and carrier gas

Table 6.1revealed that the conversion of triglycerides together with the yields of gaseous
components increased with increasing plasma power for both Nand H: carrier gases
with and without additional heating. Fa example, the conversion increased from 176%
to 50.94% in Nz carrier gas and from 33.62% to 51.83% in Hz carrier gas when increasing

plasma power from 10W to 50W. This is due to the generation of an increased
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concentration of excited species at higher plasma powe(Shrestha, 2012. These excited
species trigger initiation reactions(Paulmier and Fulcherj 2005), thereby increasing the
rate of decomposition.

Table 6.1 Cold plasma assisted decomposition of pure triglycerides without cagalyst

at a residence time ofllseconds and gas to liquid ratio of 40:1 (vol/vol) at atmospheric
pressure(error:£5%)

Method Cold plasma Thermal only Cold plasma
with external
heating
Carrier gas Hz N>
Plasma power 10 30 50 10 30 50 N/A N/A 50 50
(W)
Temperature N/A N/A N/A N/A N/A N/A 250 300 250 300
°C)
Conversion (%) | 33.62 | 39.40 | 51.52 | 17.06 | 33.91 | 50.94 | 12.50 | 18.05 | 52.37 | 68.83
Solids (wt.%) - - - - 0.02 | 0.20 - - 0.23 -
Total gas yield 4.02 6.64 | 10.59 | 2.36 6.81 | 1441 | 0.55 3.26 | 19.82 | 37.73
Gas yields (wt.%)
CQ 0.57 0.84 169 | 0.71 1.02 1.90 0.13 1.47 2.20 2.83
H2 0.83 0.99 1.47 0.92 1.46 1.89 0.36 1.07 3.00 7.01
(6{0) 0.53 1.71 1.82 0.23 2.76 6.99 0.04 0.44 | 10.01 | 17.57
CHs 1.80 2.67 484 | 0.39 1.11 1.85 0.02 0.25 3.36 7.40
G 0.21 | 0.26 | 047 | 0.08 | 0.30 | 0.98 - 0.02 | 1.00 | 1.79
G 0.07 0.13 0.22 0.04 0.08 0.65 - - 0.22 0.85
07} 0.01 0.04 0.08 - 0.08 0.17 - - 0.03 0.29
Liquid yields (wt.%)
Water 1.86 | 0.15 | 0.15 | 0.16 | 0.09 | 0.20 | 0.16 | 0.18 | 0.53 | 2.50
Acetol 0.90 0.12 0.45 | 0.02 0.03 0.09 0.01 0.02 0.01 0.15
FFA 10.97 | 10.25 | 13.61 | 2.83 6.25 9.48 6.96 7.73 5.04 6.93
Glycerol 0.23 0.01 0.02 - 0.01 0.01 - - - 0.02
FAME - 0.01 | 0.02 - 0.01 | 0.02 - - 0.03 | 0.10
Other fatty acid - 0.01 | 0.06 - - 0.01 - - 0.02 | 0.06
esters
C14-18 - 0.01 0.02 - 0.01 0.02 - - 0.01 0.03
Hydrocarbons
Monoglycerides 5.64 7.68 | 10.34 | 4.08 7.14 | 10.34 | 1.75 2.27 9.14 7.47
Diglycerides 10.00 | 1452 | 16.26 | 7.61 K 13.54  16.16 | 3.07 460 | 17.75 | 13.84
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Table 6.1shows the carrier gas hd a strong effect on product distribution/yields. The H2
environment promoted condensation reactionso generate FFAs and water, as evidenced
by an increase in the yield of FFA by30% (e.g. 13.61wt.% vs 9.48wt.%) A higher yield
of methane in K than in Nz (4.84% in H vs. 1.85% in M) can be explained because
abundant hydrogen radicals favour the stabilisaon process (CH- + H= CH) compared
to propagation to form longer chain hydrocarbons (Ckl + CH:- =GHs + H or CHs- + CH:- =
CHs) (k= 2.68 x1010vs 2.00x101 cm3/molecule s1). This suggests that blcarrier gas is
more suitable for generating gaseous hydrocarbons from triglyceride decomposition. In
contrast, N> favoured the formation of carbon oxides (CO and GJand H, indicating that
the No carrier gas promotes dehydrogenation reactions. A smallnaount of CO was
detected (0.44wt.%) at 300°C without plasma, as shown ifable 6.1, which supports this
hypothesis. This was also reported in literature(Billaud et al, 2003) for thermal

decomposition processunder a N environment.

The liquid products were at relatively low vyields at all tested powers for both carrier
gases, with only FFA and glycerides exceeding 10wt.%. This is as expected as cold plasma
only initiates reactions at the gasliquid interface or via liquid phase radicals generated at
the phase boundary(Di et al, 2016), thus limiting the decomposition rate of nonvolatile
liquids. For example, at 10W in Henvironment, 33.62% triglycerides converted into
10.97wt.% FFA 5.64wt.% monoglycerides and 10wt.% diglycerides. However, when
triglycerides were treated with cold plasma at close to thermal decomposition
temperatures (i.e. external heating at 308C), a 26% increase in conversion was observed
(increasing from 50.93% to 68.89%). Additionallyincreasing temperature increased the
total gas yield (from 14.41wt.% without heating to 19.82wt.% at 250°C then to 37.Bwt.%

at 300°C).

A reduction in the water yield in H from 1.86wt.% to 0.15wt.% when increasing plasma
power from 10W to 30W could be beause water decomposes to hydrogen and hydroxyl
radicals at high plasma powers(Sein et al, 2012), which are then consumed in the
generation of CQ. This also explains why the water content remained almost cstant
between 30 and 50W despite the increase in FREQ increases from 0.84 to 1.69wt.%)
Thelow water content of the products(0.16wt.% at 10W) at all powersin Nzis due to this
decomposition reaction occurring at all plasma powers, likely due to thiigher energy

states of N. This is in contrast to H, where thisreactiononly occurs atb I x A 80@/. The
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decomposition of water isevidenced bythe increase in Hand CQas a result of reactions
between hydroxyl radicals and carbonaceous species (sues CO or FFA), followed by
decomposition to CQ and hydrocarbons (Buszek et al, 2011, Koeta et al, 2012).
Additionally, CQ and hydrocarbons can potentially react inthe plasma environment to
form H2 and CO, which may account for the high CO vyields undee Bnvironment
(6.99w1t.% vs 1.82wt.% under Hz at 50W) and smaller than expected increases in GO
(0.71wt.% at 10W vs 1.90wt.% at 50W under B).

Cracking of the FFA hydrocarbon chaingvas reported previously during catalytic
decomposition ofrapeseedoil to break FFA into hydrocarbons and C£Bielansky et al,
2012). This work also highlightedthat the fatty acid chainsin triglyceride moleculesare
likely to alsodecompose, but could not confirm thisThe yield of FFA was lower in bithan
in Hz for all tested plasma powers. This is because tl@undant hydrogen radicals under
H2 react with other radicals to produce stable products (e.g. GH+ H- © # ¢) (k=2x10-
1ocm3molel s1vsk=3.1x1017cm3molel s for an equivalent radial initiation reaction). In
contrast, the N2 environment supplies highly energetic excited species X13eV),
permitting more rapid cleavage of @C/C=0 bonds to hydrocarbons, tHand CQ. A similar
pathway was reported in conventional thermal decomposition of octadecanoic ac{&hin
et al, 2012).

Triglycerides are known to lose one, two or three fatty ester branchesduring
decompositionto form diglycerides, monoglycerides and glycerol respectively, along with
FFAs Reaction 6.) (Bokade and Yadav, 2000 This was previously established as the

dominant reaction becausethe ester bond (CO) has the lowest bond energy.

R O O
\ 4 4
—O0 0—=cC o0—

/ /N w R /N
o) H,C—CH R \ H,C—CH R
—3» C—OH +

H,C—O / H,C—0Q
o
C=—0 c=—=0
R R
Triglycerides FFA Diglycerides

Reaction 6. De-esterification of glycerides
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Although splitting of GC bonds to produce FAME is also technically possiblRdaction
6.2), low yields of FAMEare typical due to the higher dissociation energy of the € bond
(351KJ/mol vs 296KJ/mol) and the lower rate constant (2.5x1® cm3/molecule st vs
7.8x100 cm3/molecule s1) (NIST).

R
4 /
//C —O\ /O —C\ /O — C\
1 R
o) H,C—CH R +2H \ H,C R
— c—oO +
H,C—0 / \ H,C—O,
CHs \
C=0 C=0
/
R R
Triglycerides FAME Diglycerides

Reaction 6.2Cracking glycerides to generate FAME

The yields of monaglyceridesand diglycerides increased with increasing plasma powers,
i.e. 5.64wt.% to 10.34wt.% for monoglycerides and 10.0&%.% to 16.26wt.% for
diglycerides in Hz. Although the same behaviour was also observed in conventional
thermal processes (10-40 seconds residence time)(Wiggers et al, 2009), the de-
esterification rate was much higher in cold plasma process at atmospheric temperature
and combined cold plasma and heating than in conventional thermal process at the same
temperature range of 253300°C (Table 6.1).

Diglyceride and monoglyceride yields were 3.0Wt.% (diglyceride) and 1.75wt.%
(monoglyceride) in thermal decomposition at 250C compared to 17.7%t.%
(diglyceride) and 9.14wt.% (monoglyceride) at 50W and 29°C or 7.6wt.% (diglyceride)
and 4.08wnt.% (monoglyceride) at 10W (Table 6.7). The electron temperatureunder cold
plasmafollows appropriate electron energy distribution curves, whichhave the greatest
probability values near the effective electron temperature, which ecreases as the
electron temperature increases as shown in Figure 4.XMichelmore et al, 2013). This
implies the majority of electrons are low energy but a small proportion hae a very high
energy level. The relative proportions depend on the plasma power anchrrier gas.At
any given power, electrons of sufficient energy to decompose triglycerides are present,
but with increased plasma powers, the proportion of electrons with suficient energy

increases rapidly. The liquid phase feedstock prevents electrons from decomposing
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triglycerides directly, but electrons can excite Wor gaseous decomposition products to
give excited species. These species can be of higher energy thanattvation energyfor
thermal decomposition of triglycerides to glycerides and FFA, (220KJ/mol, equivalent
2.23 eV)(Wako et al,, 2017) with the proportion with sufficient energy increasing with

plasma power.

As shown inTable 6.1, although deesterification of triglycerides occurred, the glycerol
yield was very small (0.020.02wt.%) except for10W in Hz environment (0.23wt.%). This
was due to the decomposition of glycerol to acetol, which was reported under the effect
of temperature (Chiu et al, 2006; Li et al, 2009, Quispeet al, 2013) and cold plasma
(Harris et al, 2018). With H: asthe carrier gas, hydrogen radicalsvere more abundant,
which would favour de-esterification reactions (Reaction 6.) and induce radical

termination reactions(e.g. CH- +( ¢ Q)# (

A small amount of viscous past€<0.1g) formed on the reactor surfaces at high powers
(30-50W), both with and without external heating, but did not affectglyceride conversion
over a4 hour operation period. Thepastewas analysed by GC and bd FTIR analysis and
resembled oxopolymerised glycerides as detailed in relatively low temperature
triglyceride pyrolysis studies (Paulose and Chang, 1978/ersteeghet al, 2004; Brihl,
2014). Oxopolymerised glycerides would form when two triglyceride molecule chains
interact with hydroxyl radicals, allowing the affected hydrocarbon chains tdorm cross
linkages Reaction 6.3 (Paulose and Chang, 1978rthl, 2014).

Hydrocarbons Oxopolymerised hydrocarbons

Ra Rz Ra Ra

M H,C H,C He” T
H,C
/ + . — lH + c|:H —_— lH <|:H R
_ OH . 1
v—;c CH, HZC/ ~5 HZC/ ~om HZC/ \O/ \ﬁ/
2
R> | | |
Ry R Ry
+ H,

Reaction 6.30xopolymerised solid formation mechanigwersteegh et al., 2004

This oxopolymerisation reaction (Reaction 6.3 repeats on different locations on the
chains, slowly building up a polymer. This provides evidence that water ferming from
de-esterification under Nz to supply the required hydroxyl radicals via decomposition.
The solid was not observedto form under Hz, as the formation of aC-O radical group
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requires dehydrogenation, which ishindered by abundant hydrogendue to Le Chateliers

principle.

The results shown inTable 6.1confirm that cold plasma could decompose triglycerides
to produce FFA, C&) CO, kHand hydrocarbons i.e. CH51.5% conversion) at atmospheric
conditions. The similarity in the product distribution between conventional
thermochemical process and cold plasma confirms that both processes occur via radical
mechanisns, despite the differing product yields However, thermochemical and cold
plasma decomposition result in different product yietls, which indicates differences in

the reaction kinetic constants between the two methods.

Table 6.1showsthe conversion derived from conventional thermal decomposition varied
from 12.50% to 18.05% with the gas yield of 0.5&t.%-3.26wt.%), which agreed wédl with
literature (Xuet al, 2010; Palanisamy and Gevert, 2016 Increasing temperatures above
250°C increased conversiorfTudorachi and Mustata, 2015Li et al, 2017), producing Hg,
hydrocarbons, CO and FFA. Therefore thermal decomposition of vegetalbdds is
commonly performed at 350500°C to obtain high conversiontherefore producing high
yields of fatty acids (G-Cis), hydrocarbons (G-Cis) and H (Maher and Bressler, 200Y.
Up to 77% conversion of soybean oil was achieved during distillation of the oil at 350°C
to produce 28.3wt.% hydrocarbons upto G2, 12.2wt.% free fatty acids and traces of
aromatics with the formation of waxy semisolids over an unspecified residence time
(Schwabet al, 1988).

In summary, although cold plasma can decompe triglycerides at atmospheric
conditions without catalysts, the conversion was low (around 51% at 50Vénd 250°Cor
69% at 50W and 300C). Therefore,the use of packing materials and/or catalysts was
tested, as they would be expected to enhance the eledatrfield, improving the conversion
and productyields. As the N carrier gas promotes cracking and dehydrogenation, it was
chosen as the carrier gas to study the effects of packing material on the decomposition of

triglycerides.
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6.1.2 Effect of packing materials and catalysts

The effect of packing BaTi®and Ni/Al 203 catalyst in the plasma zone on the performance
of decomposition ofrapeseedoil was investigated BaTiQ is a widely available, strongly
dielectric material that has been studied extensivgi, with internal bond energies close to
those of organic bonds. It has a dielectric constant of around 700 Frmat ambient
temperatures, and hence provides a lower energy route across the discharge gap than
through the gas phase, which reduces the effecawlischarge gap and targets the plasma
onto the liquid and packing material as discussed i€hapter 5. BaTiQ also releases
electromagnetic waves with energies close to those used to decompose organic chemical
bonds, due to the presence of of IO-Ti bonds which have excitation energies in this
energy range (Yu et al, 2012). Hence, BaTi®has the potential to improve process
efficiency both by favairing electron generation inan effectiveenergy range(1-1.4eV)
and by concentrating the resulting plasma into the desired region of the reactor via the

dielectric effect, as shown inFigure 5.6

Ni/Al 203 has proven to be effective during prior studies for catalysing triglyceride
cracking and dehydrogenation notably obtaining 91% yields of hydrocarbons after 4
hours via cracking of fatty acid chaingat 280-360°C(Yenumalaet al, 2017). As a result,
Ni/Al 203 was usedin this work to investigate the effects of a catlytic cracking catalyst.
Alumina was used as the catalyst support due to its ready availability as expanded
structures compared to other catalyst supportgLiu et al, 2005, Imran et al, 2014), its
low cost and its effects on acidic active site concentrations for cracking catalysts, such as
nickel (Bartholomew and Farrauto, 1976 Krylova, 2008). Alumina has a low dielectric
constant (7 Fm?) (Narayana Rao, 195pcompared to nickel (effectively infinite), which
would, in theory, concentrate incomingplasma onto the surfaceof the nickelas shown in
Figure 5.6 This plasma focussing should synergise well with cold plasma, either by

increasing reaction rates or by permitting higher energy reactions to occur.

As introducing a packing material reduces the available volume ithe plasma zone,
maintaining constant gas and liquid flowrates with packing reduces the residence time.
This can be corrected for by reducing the flowrates, but this increases the specific input
energy as defined below. To ensure that these paired varialsielo not obfuscate catalytic
effects, both constant specific input energy and constant residence time experiments

were performed.
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Equation 6.4: Definition of specific input engrg

Packing with BaTiQ resulted in a 1828% increase in conversionTable 6.2), leading to a
18-23% increase in the gas yield (6.81wt.% to 8@% at 30W and from 14.41wt.% to
17.49wt.% at 50W) evenwith a 40% shorter residence time (7 seconds compared to
around 11 seconds without packing). This suggests the energy available per excited
species is higher when packing BaT#&)which in turn greatly increases the proportion of
collisions that induce a reaction. This is explained by the BaTi@cussing the plasma due
to its overall higher dielectric constant than the other potential packing materials,
resulting in a greater proportion of high-energy excited species (electrons, radicals and
ions). A significant increase in conversion indicates these higénergy excited species act
to split triglycerides into monoglycerides and diglycerides. These monoglycerides and
diglycerides and glycerol decompose ftther to produce smaller compounds such as FFA
and glycerol in the liquid phase. Glycerol decomposes further into acetol then propenal,
while FFA decomposes further to gaseous products such as hydrocarbons and CO.
Propenal is typically unstable under coldpolasma and decomposes to carbon monoxide,

hydrogen and ethene.
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Table 6.2 Effect of packing materials/catalysts on cold plasma assisted decompositiapasfeedoil at atmospheric conditions withoN
carrier gas and ratio of carrier gas to liquid of 40:1 (vol/teljor: £2.4%)

Packing material Ni/Al 20z BaTiOg Ni/Al 203 BaTiOg
Plasma power (W) 10 30 50 10 30 50 30 50 30 50
Residence time (seconds) 7 7 7 7 7 7 11 11 11 11
Conversion (%) 23.29 50.16 74.61 20.86 46.90 68.22 54.78 90.04 50.17 75.44
Solids (wt.%) - 0.38 0.97 - - 0.17 0.53 1.26 - 0.26
Total gas vield (wt.%) 2.97 7.36 14.86 2.22 8.86 17.49 9.92 19.4 11.71 23.26
cae 1.47 2.15 3.13 1.05 2.87 2.45 2.54 3.69 3.39 2.89
S Ha 0.50 1.39 1.89 0.49 1.46 2.42 1.53 2.08 1.60 2.66
E CO 0.54 2.74 6.67 0.12 2.90 9.08 3.01 7.46 3.48 10.16
g CH 0.47 0.95 2.03 0.42 1.29 2.88 1.64 3.4 1.73 3.57
'q‘; G - 0.13 0.87 0.14 0.21 0.43 0.34 0.71 0.40 0.83
§ G - - 0.29 - 0.10 0.18 0.63 1.56 0.81 2.36
% G - - - - 0.03 0.07 0.07 0.15 0.09 0.19
© G - - - - - - 0.13 0.32 0.19 0.55
G - - - - - - 0.01 0.03 0.02 0.04
Water 0.11 0.11 0.12 1.10 1.17 0.26 0.11 0.12 1.12 0.24
Acetol 0.09 0.19 0.26 0.07 0.19 0.72 0.19 0.25 0.19 0.66
;\5_\ FFA 3.35 7.86 10.88 2.51 9.00 13.67 7.78 10.45 8.64 12.44
% Glycerol - 0.01 0.01 0.01 0.02 0.06 0.01 - 0.02 0.02
E FAME 0.22 3.99 8.81 0.05 0.10 0.09 4.15 11.02 0.10 0.11
; Other fatty acid esters 0.22 1.15 1.52 0.10 0.36 0.57 1.20 1.90 0.37 0.54
% Cis-18 Hydrocarbons 0.02 0.07 0.04 0.03 0.09 0.10 0.18 1.17 0.05 0.05
Monoalycerides 5.30 9.47 13.81 3.12 9.45 12.86 9.89 16.12 9.74 13.81
Diglycerides 11.01 19.95 24.30 6.88 17.68 22.40 20.82 28.35 18.23 24.05
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At 50W plasma power in BaTi® packing, 0.72wt.% acetol was produced compared to
0.09wt.% without packing (Table 6.1), which suggests that more glycerol was generated
but was dehydrogenated to acetol and watefLi et al., 2009, Hemingset al, 2012). This
conclusion also appliedat other powers, with 30Wat BaTiQs generating 0.19wt.% acetol
instead of 0.Bwt.% without catalyst. A small amount of pastdormed onthe BaTiGs (up
to 0.26wt.%), with an identical composition to the paste identified inTable 6.1 suggesting

the packing material does not affect solid formion.

At the same residence timg7 second9, Ni/Al20s had a similar effect on triglyceride
decomposition. The conversion increased with plasma powers and was slightly higher
than that in the case of BaTi® However, the yield of FAME was much highavith
Ni/Al 203, up to 8.81wt.% compared to 0.09wt.%or BaTiGs packing at 50W. This indicates
that Ni/Al 203 promotes the cracking of triglycerides into FAME as reported in literature
(Zarchinet al, 2015, Yenumalaet al, 2017). The increase in the FAME yield could be due
to the catalyst acting to break the glycerol backbone of trigberides, releasing FAME and
an ethylene glycol based diester. This ethylene glycol diester can be broken into two
FAME molecules. Esterification between FFA and methyl radicals is an alternative route
for FAME formation regardless of catalystas shown inTable 6.1 Ni/Al20s is a cracking
and dehydrogenation catalyst (Ortega Garcia and Mar Juéarez, 20l7and thus
unselectively decomposes all € and GH bonds, including decomposing the glycerol
backbone to produce FAMEat moderate yields (up to 11.02wt.%). The bcation where
nickel cracks glycerides is likely to be random, which explains the relatively low yield of
FAME compared to transesterification (90%)Yanget al, 2018).

Nickel acts as a catalyst for cracking and dehydrogenation by acting as a proton acceptor.
When a hydrocarbon chain makes contact with nickel metal, a hydrogen atom is removed
and binds to the nickel. The resulting charged region pulls in a hydrogen atom from an
adjacent carbon, which causes the chain to split iwo, with one side containing a double
bond and the other with a radical group on the split carbon end. This also acts to rew®
hydrogen, but has no particular effect on other groups such as alcohol groupge nickel

is primarily bonded in the structure, asshown in Figure 6.1, to the surface of the AIOs
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and inside the pores, though this has no effect on the mechanisirhese reactions are

illustrated in Figure 6.1below:
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Figure 6.1 Catalytic cracking mechanism for hydrocarbon chains with a nickel catalyst

(Bartholomew and Farrauto, 1976 Yenumalaet al, 2017)

With BaTiGs packing, increasingthe residence time from7 seconds to 1 seconds led to a
small increase (610%) in the conversion and subsequently the prduct yields (Table 6.3,
which exceeds thestated error ranges. This indicates that an equilibrium was reached
between their formation and decomposition ata residencetime of around 7seconds at
atmospheric conditions (pressure and temperature) in N environment. A mechanism
was proposed with triglycerides as the initial reactants, FFAqther fatty acid esters and
FAME as intermediates, and gaseous products as final products which was confirmed and
discussed in detail in the reaction pathwayselow (Figure 6.5). However, for Ni/Al20s,
the increased residence time of 1 seconds resulted in very high conversion at 50W, up
to 90% from 74.6%. The yields from Ni/AkOs catalysed runs for hydrocarbon, hydrogen
and carbon oxide are much higher than with othepacking materials, with significantly
increased FAME yieldsTraces of heptane, octane and nonane were also detected in the

liquid phase but yields were below 0.01wt.%.

Interestingly, total solid yields decreased when the residence time increased, though

catalyst activity at any given time is not affected by the change in residence time. The rate
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of deactivation is approximately 10% loss of activity per 1 hour for alNi/Al 20s-catalysed
runs. This would reflect the longer residence time allowing decomposdn of the soaps

into hydrocarbons and smaller soaps, which does not affect catalyst lifespan.

Introducing a packing material or catalyst into heated cold plasma increased the
conversion and hence greater gas yields were produced. Significantly higherels of
gaseous hydrocarbons (€G) and FAME were observed for BaTi#Dand Ni/Al203
compared to those without heating. For example, hydrocarbons (&%) increased up to
803% (from 3.56 to 32.16wt.%) for BaTiQ and 1284% (from 3.19 to 44.16wt.%) for
Ni/Al 203 compared to unheated catalysts at 30W. FFA increased when heating the cold
plasma zone (around 18wt.%) compared to without heating (9.3.67wt.%) for the case

of BaTiQ but slightly decreased in the case of Ni/AlDs. The higher hydrocarbon yield
could bedue to the increased volatility of compounds in the reactor. Introducing external
heating to a cold plasma reactor significantly increased the gas yield e.g. from 17.49wt.%
to 59.76wt.% at 50W in the case of BaT#Opacking whereas the overall liquid yields
decreased, except for water increasing from 0.26wt.% to 2.41wt.%. For example, the mass
fraction of residual glycerides was reduced from 67wt.% to 18wt.%. The reduction in the
yields of FFA and FAME (Tables 6.2 and 6.3) are due to the decreasing rateheirt
formation from glycerides as a result of glyceride depletion and more rapid

decomposition of FFA/FAME due to the increased temperature.
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Table 6.3Effect of external heating on cold plasma assisted decompositi@peteed
oil at a gas: liquid ratio of 40:1 (vol/vol) a2 environment and external heating at
300°C(errorsx1.5%)

Catalyst BaTiO3 Ni/Al 205 BaTiO3 Ni/Al 205
Plasma power (W) 30 50 30 50 30 50 30 50
Residence Time 7 7 7 7 11 11 11 11
(seconds)

Conversion (%) 94.20 96.97  76.99  92.73 | 93.16 95.76 | 77.86 @ 92.25
Solids (wt.%) 0.03 | 0.08 025 084 003 0.05 015 041

Total gas yield (wt.%) 42.01 | 59.76 | 42.06 A 67.39 51.85 67.40 | 56.43 | 80.49

Gas yield (wt.%)

CQ 8.73 | 516 | 654 | 6.60  9.78 | 532 | 6.02 6.37
H> 275 | 342 | 263 | 267 | 3.78 | 471 | 3.62 3.67
(6{0) 16.03 | 19.02 | 15.14 | 13.97 H 16.67 | 19.40 | 15.75 | 14.74
CH, 11.48 | 25.11 | 14.13 | 35.16 A 16.07 @ 26.41 | 22.61 | 39.01
G 186 | 434 285  7.09 332 651 530 1059
G 0.90 190 | 0.61 1.53 1.38 | 3.13 | 2.04 5.23
G 022 H 0.65  0.13 | 0.34 | 0.58 1.30 | 0.78 2.01
G 0.05 0.16 0.03 004 024 054 030  0.77
Liquid yield (wt.%)
Water 429 | 241 | 0.66 @ 0.57 141 | 0.86 | 0.31 0.20
Acetol 0.33 A 057 | 0.17 | 0.30 | 0.07 | 0.13 | 0.05 0.07
FFA 18.19 | 18.17 | 11.71 | 6.32 @A 6.03 | 5.98 | 5.22 1.83
Glycerol - 0.03  0.02 0.03 - 0.01 0.01 o0.01
FAME 0.17  0.12  6.42 | 11.03 | 0.03 | 0.02 1.90 2.59
Other fatty acid esters 056 | 0.65 | 1.60 1.68 | 0.09 | 0.11 | 0.55 | 0.45
Cis-18 Hydrocarbons 0.10 0.07 037 027  0.02 0.02 0.03 0.01
Monoglycerides 16.15 | 857 | 440 | 1.39 H 19.05 11.99 | 4.23 1.67
Diglycerides 12.37 | 6.57 | 9.34 | 291 1459 9.19 | 8.98 2.51
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With external heating, the liquid phase primarily contains FFA and wate(18.17 and
2.41wt.% respectively at 50W BaTiQ@) (Table 6.3. CO(19.02wt.% at 300°Cvs 9.08wt.%
at ambient temperature) and H (3.42wt.% at 300°C vs 2.42wt.% at ambient
temperature) were more abundant at higher temperatureg50W BaTiQ), suggesting that
increased temperatureincreasesthe rate of dehydrogenation. This fits with standard
kinetic data from conventional thermal delydrogenation modelling studies(Yenumalaet
al., 2017), where the equilibrium shifts towards completion as the temperature is
increased due to the endothermiamature of dehydrogenation. The results of tair study
(Yenumalaet al, 2017) indicated that increasing temperature increases conversion but
reduces selectivity to the desired liquid products, which reflects prior data for
conventional thermal methods (Palanisamy and Gevert, 2016 As the highest
temperature used in this study (3M°C) was insufficient to induce pyrolysis reactions
(Dandik and Aksoy, 1998 over the 11 second residence time(triglyceride pyrolysis
temperature: >400°C), the reaction rate was not affected by pyrolysis reactions This
allowed the interactions between temperature and plasma power to be isolated. DBD
induced plasma primarily acts in the gas phase so only the surface of any liquid is likely
to be affected(Burlica et al, 2010) as established in earlier works on quenching radicals
and surface modification of cellulose(Deslandeset al, 1998). Therefore, introducing
external heating overcomes mass transfer limitations between the gas and liquid phase,
which in turn increases the conversion. With a higher temperature, shorter chairAA and
FAME partially evaporate, exposing them to the plasma directly, promoting full

decomposition.

The feedstock and products were transesterified for a selection of runs to determine the
effect of cold plasma on the FA chain length distribution for bbt FFA and glycerides
(Figure 62). Hz had a very limited effect on FA chain length compared to 4\ which
reduced chain length by 2 carbons on average and produde€i4 FA which is not detected
in the feedstock(Figure 62).

However, Ni/Al20z had a significant effect on chain length with no fatty acid chairnenger
than Ge remaining in the liquid phase as FFA or as part of glycerides, due to its induction
of catalytic cracking. BaTi®has little effect on chain length compared to no packingses.
These changes in chain length from cracking are shownkigure 62, which includes FFA,

FAME and the fatty acids comprising the glyceride feedstock simultaneously.
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Ni/Al 203 generated approximately 5 times more solids than BaT&when unheated,
primarily fatty acid derived nickel soaps (0.35wt.% at 30W, 0.74wt.% at 50W) due to the
reaction of FFA withnickel from the catalystwith traces of oxypolymerised glycerides
(similar to that without packing: 0.03-0.23wt.%). These solids fomed on the catalyst
surface, which in turn decreased the conversiomwith time as illustrated by Figure 6.3
The catalyst releasd nickel soaps(from reactions between FFA anadiickelin the catalyst),
polymers of FFA Figure 6.4(b)) (Mello et al,, 2015) and traces of sodium and potassium
soaps (approximately 2ppm sodium and potassiur(Black, 1970.

Flexible rod like structures were observed over the surface of the catalysEigure 6.4b))
which was mainly composed of nickel soaps. The foulincomposition was confirmed by
EDSof the fouled catalyst which showed that nickel was lostduring operation especially
at increased temperatures and that carbonvas depositedin the form of FFA(Table 6.4.
With external heatingto 300°C (Figure 6.4c)), nodules form on thecatalyst surface but
the extent of solid fouling is greatly decreased. These nodulésmed from glycerol and

FFA deposition around the acidic active sites, which explains the decrease in FFA and
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glycerol content between 30 and 50Wn Nz environment with Ni/Al 20z as a catalyst
(Table 6.3). Glycerides cannot form these nodules as they are much less polar than
FFA/glycerol and hence have lower affinities for acidic areaBokade and Yadav, 2009
Jainet al, 2011; Ezeet al,, 2015).

) —10 prT— m —10 LIm=—i

decompositionat 50W and (c) 50W plasma with external heating of 300°@nder Nz
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Table 6.4 EDSanalysis of fresh and spent Nif®k catalyst operated at atmospheric
temperature and 308C at 50W plasma power (product distributionTiable 6.2and
6.3

Aluminium Nickel Carbon
(counts/sec) (counts/sec) (counts/sec)
Fresh 36.95 3.21 0.00
Ambient temperature 31.89 2.25 6.12
Spent catalyst
300°C Spent catalyst 33.15 1.89 2.00

Nickel saponification is well known in the fat hydrogenation industry, where it is the
primary source of Ni contamination in butter and other fatg Drozdowski and Zajac, 1977
Klimmek, 1984). The formation of these nickel soapgDrozdowski and Zajac, 1977
Klimmek, 1984) is known to be catalysed by eitheralow pH (pH<5) environment or the
presence of hydrogen radicalsPrevious work has established thathe nickel soaps coat
the surface ofthe catalyst and reduceits surface area via agglomerating Ni particles
(Drozdowski and Zajac, 197Y. BaTiGs performance was not affected by solid formation
over two hours of operation. In contrast,Ni/Al 203 was significantly affectedover two
hours and soaps were built up both at ambient and higher temperature§Table 6.4.
Fouling affected the performance of Ni/AdOs catalyst after around 30 minutes of
operation, and the catalyst was deactivated steadily as shown Figure 63. The solid
yields obtained at ambient temperaturewere 207% greater than those from the 300°C
runs (1.26 vs 041wt.%).

6.1.3 Mechanisms

Decamposition of the feedstock is primarily via electrical excitation from the plasma field.
This can produce excited species, release electrons or decompose bonds, depending on
the species and power available. The probability of a bond breaking depends on the
presence and abundance of radicals and the bond energy. The presence of a catalyst can
improve the probability of breaking any given bond, both due to increasing effective
energy density near the active sites and by actively catalysing cracking reactioasthe

Lewis acid sites on the nickel catalyst.
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According to the kinetic theory for decomposition reactions which is still applicable in
the presence of cold plasma, low energy bonds are more readily decomposed andtso
decomposition of these bondsdominates when the electron temperature (e. plasma
power) is low. Higher energy bonds begin to decompose as electron temperature
increases, and the proportion of radicals energetic enough to induce the reaction
increases. In triglycerides, there aréhree main bond types: GH, GC and GO of which the
lowest energy bond is &C (346KJ/kg), followed by GO (358KJ/kg) and CH (413KJ/kg).
Therefore, the probability of GC cracking is higher than €@ cracking based on the
electron energy distribution shown in Chapter 4 (Figure 4.1). Triglycerides would
theoretically crack along the hydrocarbon chaingas these are the weakest bong#o form
hydrocarbons and glycerides with shortened hydrocarbon chaingFigure 6.2. Previous
studies (Corma Canoset al, 2007) indicated the possibility of cracking FA chains but
determination of the chain length dstribution was not performed. Cracking of the fatty
acid chains would occur at all times, generating hydrocarbons and shortening the chain
length of all glycerides, FFA, FAME armther fatty acid esters(Billaud et al, 2003), as

observed inFigure 6.2

It was also reported (Fridman, 2008) that the glycerol molecule could cleave to form
FAME molecules and diesterswhich was observed experimentally (up to 11.Bwt.%)
(Table 6.2. However, due to steric effects, Igcerides are more likely to decompose to
hydrocarbons than to FAMEas each fatty acid chainvithin the glyceride contains more
than 15 GC bonds(producing hydrocarbons on decomposition) whereas the glycerol
backbone only contains two € bonds(generating FAME on decomposition) The bond
energiesof the backbone and hydrocarbon chaingre marginally different (348KJ/mol
for the backbonevs 367KJ/molfor the chaing), but this does not offset the steric effects
and the resulting rate constants are not significantly different (k= 5.01x1012 for the
backbonevs 4.78x1012cm3/molecule s for the FA chairn) (NIST). This explains the low

selectivity to FAMEoverall.

Hydrogen radicals derived from cleaed G-H bondsthroughout the glyceride moleculecan
stabilise fragments that are released after crackingrhey reactwith unstable radicalssuch

as methyl radicals via atermination reaction, which inhibits further decomposition
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reactions. This is evidenced by the lower yields ofnid length hydrocarbons (G to G)
under hydrogen (0.17wt.% under N vs 0.08wt.% under H) (Table 6.2.

From the experimental results obtained in this study (Tables 6.1, 6.2 and #),
hydrocarbons were among the most abundant products (from-C bond cracking)while
FFA (from deesterification at a GO bond) yields increased significantly agplasmapower
increased. The cracking and desterification based mechanism, detailed ifRReactions6.1
and 6.2 are very similar to how thermal cracking operates (3260500°C) (Wako et al,
2017). However there are some key differences that explain the relative lack of long chain
hydrocarbons, such asnass transfer limitations between the gas and liquid phase€old
plasma primarily affects the gas phase with some interactions with the liquid phase at the
surface, in contrast to thermal decomposition where ncstable liquid phase exists This
means that cold plasma is slower at decomposing nevolatiles than volatile components,
while thermal decomposition results in more extensive decomposition. Glycerides and
fatty acids are not volatile at the temperatures reached in the cold plasma retar even
with external heating to 300°C. However, hydrocarbons are more volatileyhich exposes
them to the more intense electric field in the gas phase which induces further
decomposition. This results in the formation of shorter chain hydrocarbongCi-Gs), which
are abundantly produced at all powerge.g.44.16wt.% at 50WNz at 300°C withNi/Al 203).

Hz is also released from splitting of the €4 bonds.

Based on the presence of FFA at all conditions, it can be concluded that the decomposition
of triglycerides to FFA and diglycerides is the dominant reaction under cold plasma, which
agreed with previous studiesfor catalytic decomposition of triglycerides over Ni/AkOs
(Yenumalaet al, 2017). However, the presence afther fatty acid esters, aldehydes and
hydrocarbons suggests that some triglycerides decompose tgher fatty acid esters and
aldehydes by release of a fatty acid chain, similarly to thermal decompositigiKulkarni

and Dalai, 2006. Diglycerides would alsoform oxopropyl fatty acid esters due to the
presence ofan alcohol group in the place of an FFA chairMonoglycerides would
decompose similarly, either to glycerol and FFA or FAME and ethdiol due to the number

of remaining fatty acid chaing(Yenumalaet al,, 2017).
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A small amount of FAME was also generated all powersin N2 environment with yields
increasing with plasma power(0.22 at 10W vs 399wt.% at 30W with Ni/Al 203). The
generation of aFAME molecule from a triglyceride molecule via hydrocracking of the
glycerol backbonewould also produce aradical ethandiol fatty acid di-ester. This would
likely stabilise to ethendiol fatty acid di-ester, or to 2 FAME molecules depe&ling on the
concentration of hydrogen radicals, with hydrogen radicals favouring increased FAME
yields. This would explain the higher FAME vyieldst higher plasmapowers, as themore
abundant hydrogen radicalsallow the unstable radical ethandiol diester to reform to 2
FAME molecules, tripling the effective yield of FAME. This reaction pathway was also

observed for thermal processes with a zirconiunsulfate catalyst(Eterigho, 2012).

Formic acid and hydrocarbons were the dominant products of FFA decompositidhi et
al., 20118. The formic acid is likely then dehydrogenated to CQrvia dehydrogenation
reactions, particularly in the absence of hydrogen radicalSantillan-Jimenezet al, 2014).
FAME and other fatty acid esters also decompose to produce formic acid and

hydrocarbonsand release methanol or acetol respectively.

Any glycerol formed during decomposition would most likely convert to acetol and then
propenal (Hemings et al, 2012 Harris et al, 2018). Propenal can then decompose to
hydrocarbons and COwhich were detected inthe Nz environment (Table 6.1). This fits
with experimental data asacetol levelswere lower than expected (0.09wt.%at 50W N2)
given the extent of glyceride decomposition0.94% at 50W Nz2), while hydrocarbons and

COwere the dominant products.
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Triglyceride decomposition
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Diglyceride decomposition
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oxypropyl fatty acid ester decomposition
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Monoglyceride decomposition
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Figure 6.5 Proposed mechanism of cold plasma assisted triglyceridkecomposition
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6.2 Waste cooking oil (WCO)

In this section,the feasibility of processing untreated waste cooking oils to value added
products usinggasliquid cold plasma wasestablished The effecs of carrier gas, plasma
power, reaction temperature, resdence time and packing material/ catalysts in the
plasma zone and their interactions on product distribution and conversion were

investigated.

6.2.1 Initial studies

Table 6.5shows that the conversion of WCO ia Hz environment increased with plasma
power. This is due to increasing concentrations of high energy excited species and
electrons at higher powers, which collide with molecules to induce reactions. However,
N2 shows almost zero conversionat 10W (-1.46%) and 50W (-0.75%) likely due to
esterification between mono/diglycerides and FFA cancelling out the forward reactian
Notably, at 30W, there was a apparent negative conversion (around-6%), providing
evidence of an esterification reaction to generate glycerides from FFA and/or FAME. This
was observed experimentally as the distribution of the glycerides was shifted from
monoglycerides towards triglycerides/diglycerides (89.3wt.% at 10W vs 94.4wt.% at
30W diglycerides/triglycerides under N2), while the FFA content dropped sharply (from
12.43wt.% for the feedstock(Table 3.3)to 5.80wt.% at 30W). Some of the FF/ay have
been converted to gaseous products/ liquid hydrocarbons and aldehydes, but the gas,
hydrocarbon and aldehyde yieldshave not shown a significant increas€0.04wt.% at
30W) and camot account for the large decrease in FFAield (6.63wt.% at 30W).
Esterification has been shown taccur under cold plasmaChapters 4 and 5) but would
require highly energetic radicals and high plasma powefGorin and Taylor, 1934 Burlica

et al, 2010).

Under the N2 environment, CQ marginally increased with plasma power from 1.58 to
2.13wt.%. However, thetotal gas yield under N was low overall (4.01-4.15wt.% for WCO
vs 6.81-14.41wt.% for pure triglycerides) compared to theequivalent pure triglyceride
results shown in Table 6.1above Thisis most likely due to a competing reaction which
would consume reaction initiators such as radicals and reduce the concentration available

for triglyceride decomposition. A decrease in FFA from 123t.% in the feedstock to
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5.15wt.% at 10W and complete consumption of glycerat low powers (10-30W) under
Nz indicates that esterification of glycerides with FFA is likelyto have occurred which is
supported by the increasing yields of glycerides with increasing plasma poweAt 50W,
glycerol and FFA yields increase, which indicates the decompositiaf glycerides begins
to dominate over the esterification reaction at 50W. This is evidenced by the increase in
conversion (-0.75% at 50W vs -6.04% at 30W) and the increased yields of FFALO.18 at
50W vs 5.8wt.% at 30W), glycerol andhydrocarbons.

In the H2 environment, CO and Cfwere not formed, which could be due to the presence
of abundant hydrogen radicals preventing cracking and dehydrogenation of carboxylic or
alcohol groups. A similar finding was observediuring hydrogenation of WCO at 120°C
with supercritical propane (183bar) (Piqueraset al, 2009). In contrast to the pronounced
negative conversions under N in this work, esterification of monoglycerides
/diglycerides was not observed(68.42wt.% glycerides at 10W to 53.66wt.% at 50W)
under Hz. This indicates the decomposition of glycerides dominatesover glyceride

reformation at all powersunder Ha.
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Table 6.5 Cold plasma assisted WCO decomposition without packing materials at a
residence time of 1 seconds, atmospheric conditions and a ratio of gas to liquid of
40:1 (volhol) (errors: Bwt.%for conversion, 4% for product yields

Carrier gas H> N
Plasma power (W) 10 30 50 10 30 50
Glyceride Conversion (%) 2.73 7.67 30.01 -1.46 -6.04 -0.75
Solids (wt.%) - - - - - -
Total gas yield (wt.%) 455 555 | 1752 | 3.21 4.15 4.01
CG - - - 1.58 1.93 2.13
H> - - - 0.06 0.05 0.04
CcO - - - 0.99 1.59 1.28
CH, 4.55 5.55 13.16 0.44 0.39 0.48
G - - 3.38 0.15 0.19 0.23
G - - 0.62 - - 0.05
G - - 0.23 - - 0.02
G - - 0.09 - - -
G - - 0.03 - - -
C7 - - - - - -
Liquid vyield (wt.%)
Water 4.25 1.83 0.36 2.70 1.63 1.97
Acetol 0.28 1.47 12.42 0.89 0.39 0.03
FFA 12.47 7.23 4.54 5.15 5.80 10.18
Glycerol 1.78 1.99 - - - 0.98
&! - % 80 1T8¢ 181 081 1T8cC €8¢

| OEADOOU AAEA 18p 08¢c uvU80 W8T ©8¢Cc T1T8UY
#op UAOT AAOAT T nm8w m8w m8WYW p8e p8¢Cc p8UY
#owd | AAEUAAOTE n8yYy m8w m8Y p8X p8c 81

Monoglycerides 11.13 11.12 9.71 7.66 4.22 1.25
Diglycerides 11.68 23.13 15.79 25.93 33.76 24.74
Unreacted triglycerides 45.61 35.30 28.16 38.17 37.02 45.27

In the H2 environment at 10W, high yields of fatty acidnethyl esters (FAME) (2.31wt.%),
other fatty acid esters (FAE) (4.12wt.%)FFA (12.47wt.%) and water (4.25wt.%) were
observed The presence of these and the abundant methane yield (4.55wt.%Jqvide
evidence of cracking reactions. However, theglyceride content of the feedstock (Table

3.3) is almost unaffected by 10W plasmarThis ndicates that low powergasliquid plasma
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may be utilised for selective decomposition of FAE from glyceride samplesr if high
selectivity to gaseous hydrocarbonss required. As the plasma power increased to 30W,
the FAME: other fatty acid estersratio significantly decreased(from 1:1.8 to 1:1.5),
accompanied by a reduction in FFA yields (12.47wt.% to 7.23wt.%). This suggests that
increased plasma power favours the decomposition of the glycerol backbone over the
removal of a fatty acid chain from glyceride molecules. This is supported by the
significantly increased yields of methane (5.55wt.% compared to 4.55wt.%) in the gas

phase.

As the power increased to 50W, the gas yield increased significantlp 17.52wt.%. A
slight decrease in long chain hydrocarbongCis-Cis) (0.98wt.% to 0.84wt.%) was
observed between 30W and 50Wunder Hz, andthe presence of hydrocarbons up to
heptane was observed at 50WAdditionally, a plateau in FAME(4.21 vs 4.49wt.%)and
decrease in FFA(7.23 vs 4.54wt.%) yields were apparent under the same conditions
These yieldscan be explained bydecomposition of FAME long chain hydrocarbonsand
FFAto short chain hydrocarbons and water. Evidence for this conclusionis the sharp
increase in short chain hydrocarbon yields (G-Gs) (17.52wt.% from 5.55wt.%) and
increased water/aceol yields (4.25wt.%) under Hz. This reaction pathway s reflected in
literature accounts forthermal cracking of FFA'Sang, 2003, which can occur at relatively
low temperatures (400°C), similar to that required for FAME generatior{Billaud et al.,
2003; Bhatia et al,, 2007). Methane is the only hydrocarbongenerated at 1030W under
Hz2, which most likely indicates the hydrogen radical concentration is sufficiently high to
prevent polymerisation of methyl radicals via termination reactions as discussed in
Chapter 5.1.2.

A large inaease in acetol yield (from 1.47wt.%to 12.42wt.%) from 30W to 50W in the
H2 environment indicates that extensive deesterification of glycerides generatd
glycerol, which further decomposed to acetol. The decrease inglyceride content
(68.42wt.% at 10W to 53.66wt.% at 50W) supports this conclusion

The high yields ofFAEand FFAandreduced glyceride contents suggest that Hs effective

for promoting glyceride decomposition. In contrast, N preferentially deoxygenates
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FFA/FAME, as evidenced by the increased carbon oxide and hydrocarbon conteho.
compare, lydrodeoxygenation of triglycerides requires 380-420°C, 10-20Bar H and
catalysts such assulfated zirconia and HZSMb, to produce deoxygenatedliquid fuels
(51.12wt.%) and carbon oxides (10.8Wt.%) over a 4590 minute reaction time

(Chatrusiri et al.,, 2006).

Conventional thermal decomposition of WC@as investigated using a range of different
catalysts.For glyceride hydrogenation at 30bar and 280360°C usingNi/Al 203 catalyst,
the dominant products were FFA and diglyceride§Yenumalaet al, 2017). FFA was found
to decompose further to hydrocarbons, aldehydes and alcohols with little effect on the
glycerol backbone (Billaud et al, 2003). Similar results were reported in a N2
environment, producing mostly FFA and glyceridegMaher and Bressler, 2007. It was
found (Kulkarni and Dalai, 2006 Azaharet al,, 2016) that triglycerides can decompose to
oxopropy! fatty acid esters when heated to 180°C for > 4 hosir This supports the
conclusion that other fatty acid esters derive from dehydration of glyceridesas the
feedstock (Table 3.3 contains both FAE (which includes oxopropyl fatty acid estersand
other dehydration products such as FFA, in contrast to the unused ail§he WCO used in
this work contained some oxopropyl fatty acid esters initially 6.14wt.% of 9.18wt.%
other fatty acd esters) (Table 3.3) due to its prior use reflecting prior studies on

Tricaproin decomposition at 250°C(Lien and Nawar, 1973.

Compared to studies on conventional thermal decompositioor hydrogenation at 400°C,
cold plasma produced a lower conversion but can tolerate fouling effectively over long
operation times and operate without a catalyst. The process can be tuned to favour
specific products, such as acetol. Direct production of acetol from triglyceridesad not
been achieved in thermal processes to date regardless of catalyst choice and the formation
of hydrocarbons and removal of FFA arpotentially beneficial. If the selectivity to acetol
can be optimised and the conversion increased, it may be possilitegenerate acetol and

liquid hydrocarbons from triglycerides directly using cold plasma

As shown in Table &, temperature is the dominant factor for thermal decomposition of

FAME, FFA andFAE with the yields of these components dropping significantlyat
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increased temperatures (10.81 to 8.58wt.% FFA at 23C and 300°Crespectively). FFAs

generated at significant levels at all temperatures and plasma powersdue to its

continuous formation from glyceride dehydration. A very high water yield was observed
at high temperatures (e.g. 22.43vt.% in Hz and 25.82nt.% in N2 at 300°C), which provides
strong evidence of glyceridedehydration to FFA and glycerol.

Due to their structural similarities to FFA, FAME andAEwould also be decomposedt
high temperaturesto hydrocarbons, as shown experimentally(59.86wt.% at 300°C), and
CQ (4.50wWt.% at 300°C) (Table 6.9.

The gaseous yields appear to exceed the conversion valuesTiable 6.6 due tothe
decomposition of FFAFAME and=AEto gaseous productsThis is becausehe conversion
is limited as it is calculatedbased onthe total glyceride content of the feedstock and
products, which does not take into accountilecomposition of other componentsinto
gaseous productsThis limitation is necessitated by the complexity of the feedstock and
products, but provides an effective measure of glyceride decomposition within the cold

plasma.
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Table 6.6 Comparison of thermal decomposition and combined hedtinlyl plasma
of WCQat 11 second residence time and a 4@as to liquid ratio (error€%)

Catalyst Thermal Thermal + 50W plasma
Carrier gas H. N2 H2 N2
Temperature ( °C) 250 300 250 300 250 300 250 300
Glycerides 2.08 12.11 | 2.63  16.20 54.72 63.99 26.66 81.45
Conversion (%)

Total gas yield 140 134 563 345 | 2895 69.23 23.88 50.33

Gas yield (wt.%)

CQ - 0.42 - 1.70 1.32 4.50 2.96 3.92
H> - 0.01 - - - - 2.58 1.18
CH, 084 | 0.08 338 036 @ 7.68 1052 393 5.60
CO - 0.32 - 0.31 2.44 5.84 8.82 5.85
G 0.56 0.06 2.25 0.59 489 | 18.34  1.73 | 13.28
G - 0.26 - 0.38 9.32 | 21.71 | 3.26 | 14.96
G - 0.13 - 0.10 2.05 5.28 0.46 3.46
G - 0.03 - 0.01 1.13 2.74 0.12 1.95
G - 0.03 - - 0.10 0.21 | 0.03 0.12
G - 0.01 - - 0.01 0.10 - 0.01
Liquid yield (wt.%)
Water 15.74 | 22.43 | 13.75 | 25.82 | 0.07 0.04 0.09 0.04
Acetol 0.54 1.36 0.77 1.88 0.46 0.17 5.72 1.94
FFA 10.81 | 8.58 | 10.38 | 9.42 9.57 9.74 | 24.60 | 12.33
Glycerol 1.86 4.04 0.47 0.13 0.33 0.01 0.19 0.03
FAME 0.09 0.02 0.03 - 7.15 9.63 3.68 0.47
Other fatty acid 0.25 0.05 0.10 0.02 H 10.17 @ 6.95 1.80 0.28
esters
C14-18 0.02 0.01 0.01 - 0.50 0.96 0.51 0.10
Hydrocarbons
C14-18 0.04 0.01 0.01 - 0.51 0.97 0.47 0.06
aldehydes/ketones
Monoglycerides 10.12 | 8.10 | 12.35 | 9.22 | 18.83 § 19.20  28.84 9.15
Diglycerides 1164 | 1742 | 19.88 | 19.72 | 1040 4.79 | 1485  3.03
Unreacted 4750 | 36.64 36.64 3033 280 148 8.18 | 091
Triglycerides
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As shown inTable 6.6 applying external heating to50W cold plasma increased theotal
gas yield (i.e. increasing fromS v 8mp% to | ¢ o |!tipajunder N2) and conversion of
glyceridessignificantly (from 16.2wt.% to 81.45wt.% under N). In the Hz environment,
significant yields of FAME and FFA but little acetol were observed compared to those in
N2 environment. This is expected as acetol formation can be gvented by hydrogen
radicals (Li et al, 2009). The N2 environment produced a high yield of hydrocarbons
(39.38wt.% at 300°Q in the gas phasewith predominantly FFA (12.33wt.%) and acetol
(1.94wt.%) in the liquid phase.

In the H2 environment at 50W, increasingthe temperature increased FAMEyields (to
9.63wt.%), indicating these conditions favourhydrocracking of the glycerol backbone to
generate FAMEIncreasedrates of cracking wouldpromote decomposition ofthe fatty
acid chains to generate hydrocarbons, which was reflected in the gas phase results
(58.9wt.% hydrocarbons at 50WhH and 300°C). Increasing the reactor temperature
(300°C) mearnt that any FAME and short chain FFQup to G2) present in the reactorcould
evaporate. The high energy electrons in the gas phas®uld thendecompose them rapidly
andhenceincreaseconversion (from 30.01%at ambient temperatureto 63.99%at 300°C

at 50W) and thus FFA/hydrocarbon yields. This would explain the higher selectivity to

FAMEand hydrocarbons observed experimentally under blcompared to N in Table 6.6

6.2.2 Effects of packing material

The use ofBaTiQ increased gas phase product yields (4.01wt.% vs.Z8wt.%) for N2

(Table 6.7)compared to those without packing(Table 6.5), but little effect was observed
for Hz. In the liquid phase, alarge decrease in triglycerides (18.19wt.% vs 45.61wt.%)
coupled with an increase in FAME (81wt.% vs 449wt.%) and FAE (13.51wt.% vs

5.35wt.%) yields were observed. This suggests that BaTi@nhances the decomposition
of triglycerides to FAME orFAE
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Table 6.7 Cold plasma assisted WCO decomposition at atmospheric temperature with packing material/catalyst at a residencé& time of

seconds and a 40:1 liquid to gas rgtwol/vol) (errors:10%)

Catalyst BaTi& BaTi& Ni/Al 203 Ni/Al 203
Carrier gas Ho N2 H2 N2
Plasma power (W) 10 30 50 10 30 50 10 30 50 10 30 50
Glyceride Conversion (%) 0.34 14.68 33.17 2.53 52.88 43.77 -1.36 -0.66 1.41 2.35 31.05 | 12.33
Total gas vield (wt.%) 11.82 13.78 16.69 3.01 4.91 6.28 1.83 341 4.59 4.41 5.99 9.15
Co - - - 1.96 4.09 4.70 1.75 1.64 2.20 1.24 4.24 4.40
;\3_ H2 0.02 0.26 0.26 0.12 0.19 0.95 0.02 0.05 0.06 0.80 0.21 0.23
li/ (6{0) - - - 0.60 0.34 0.18 0.07 0.99 1.33 1.17 0.74 2.68
E CHs 11.81 12.15 14.32 0.32 0.26 0.41 - 0.44 0.59 0.90 0.53 1.40
? &7} - 1.07 1.62 0.02 0.03 0.03 - 0.22 0.29 0.22 0.17 0.28
% G - 0.23 0.35 - 0.01 0.01 - 0.05 0.08 0.05 0.05 0.09
° |G - 0.05 0.12 - - - - 0.03 0.04 0.03 0.04 | 0.05
G - 0.01 0.03 - - - - - 0.01 - 0.01 0.03
Water 0.15 0.15 0.10 0.24 0.15 0.13 2.19 1.17 0.13 0.16 0.13 0.14
Acetol 0.90 0.05 0.08 - - 0.14 0.61 - - 0.91 0.42 0.76
- FFA 7.67 6.40 13.93 17.86 56.85 45.65 15.81 10.26 7.44 10.41 3.73 2.95
f’; Glycerol 0.05 0.16 0.18 0.12 1.12 0.24 0.16 0.83 0.03 0.71 0.05 -
e FAME 241 6.69 6.31 2.75 1.44 0.93 2.19 4.45 6.08 6.95 31.30 | 22.72
@ Other fatty acid esters 4.77 10.58 13.51 5.46 5.30 5.79 5.42 7.57 9.98 6.83 9.05 2.19
.'% Cia-18 Hydrocarbons 0.88 0.93 0.97 0.80 0.63 0.53 0.05 0.67 0.78 0.31 0.29 0.03
E Cus-18 Aldehydes 0.86 0.91 0.96 0.82 0.64 0.51 0.05 0.44 0.53 0.24 0.28 0.02
Monoalycerides 27.40 14.92 19.97 45.18 14.55 11.23 1.99 9.40 27.34 9.32 25.99 | 36.40
Dialycerides 24.90 31.25 15.23 13.99 13.39 21.34 35.87 35.13 28.19 25.26 17.31 21.10
Unreacted Triglycerides 18.19 14.18 12.07 9.77 5.39 7.20 33.83 26.67 14.91 36.57 5.47 4.51
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As shown inTable 6.7 the glyceride conversion in the presence of Ni/AIOs was much
lower than that in BaTiG (31.05% vs 52.88%at 30W). This is becauseéNi/Al 20z favours
C-C bondcracking reactions(Bartholomew and Farrauto, 1976, whichreducesfatty acid
chain lengths and cracks glycerides to FAME and unstable diols. By comparison, Ba%iO
canbe observed toinduce deesterification, from increasedFFAyields (57.85wt.% under
BaTiGs vs 3.73wt.% Ni/Al 203 at 30W) (Table 6.7, therefore increasingoverall glyceride
conversion. Supporting this conclusion, the presence of BaT#®educes the triglyceride
content (5.39-18.19wt.%) significantly compared to no packing material (28.16-
45.61wt.%).

Ni/Al 203 was found to promote the formation of FAME (31.3wt.% with Ni/AtOsz vs

1.44wt.% with BaTiOs at 30W Nv) as opposed tale-esterification products (e.g. acetol and
glycerol). This was also concluded inSection 6.1for pure triglcyerides. FAME is
predominantly formed from cracking the glycerol backbone of triglycerides which is

catalysed byNi/Al 20z (Yenumala et al., 201y. Cracking of the féty acid chains would also
be catalysedby Ni/Al 203, which explains the high yields of gaseous hydrocarbons.

When a catalyst is introduced to the plasmaplasma initiated chemical reactions
predominantly occur both as gas phase reactions and as heterogeneous reactions on the
catalyst surface(Zhang et al., 201Y. Therefore, a catalyst may significantly influence the
plasma chemistry both by providingLewis acidactive sites and by focussinghe plasma
onto its surface via the dielectric effect(Figure 5.6), increasing the temperature
sufficiently to induce limited thermal decomposition. Plasma also imparts a charge to the
catalyst, which helps attract feedstock molecules towards the activées. The interaction
AAOxAAT $"3$ DPIAOGIA ATA OEA AAOAI UOO EO Aili bl /
can modify the electric field and the electric field mayn turn, affect catalyst effectiveness
via altering the surface properties of the catalgt. One notable effect of the catalysin the
electric field is allowing operation at much lower temperatures and with greater
efficiency (Kraus et al., 200). These plasmaatalyst interactions have been previously

studied for CQ decomposition (Krauset al,, 2001, Zhang et al,, 2017).
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Tables 6.7 and 68 show that increasingthe residence time increaseglyceride conversion
(from 43.77% to 77.91% at 50W in Ne for BaTiGs). A slight increase in the gas yield was
observed (18.70wt.% at 11 seconds v$.28wt.% at 7 secondsfor 50W Nz with BaTiOz)
with an increase in residence time, ashown in Table 6.7and 68, particularly carbon
oxides and gaeous hydrocarbons (G-Gs). This is due to more extensive cracking
reactions atthe longer residence time(Choet al, 2014). A similar behaviour was observed
for Ni/Al 203, as increasing residence timealso increased conversionfrom 31.05% to
94.48% at 30W (Table 68).

Initial decomposition product yields were not affected by residence timenotably FFA
(56.85wt.% vs 57.56wt.% at 30W in N) for BaTi® and FAMEFAE (35.01wt.% vs
40.35wt.% at 30W in N) for Ni/Al 20s. Increasingthe residence timefrom 7 to 11 seconds
improved glyceride conversions(Table 6.8vs Table 6.7, which ismost likely due to the
increase (around 70%) in specific input energyand allowing decomposition to progress

further.

In the presence of BaTi@ applying external heating (300°C) to cold plasmalightly
increased the conversion compared to experiments carried out at atmospheric
temperature (87.63% vs. 77.91%) (Table 6.8 and 6.9). However, the yield of FFA
decreased with heating (35.47wt.% compared to 57.56wt.%) which suggests that the
increased hydrocarbon yield (18.27 vs 7.22wt.%) was from FFA decomposition. This
implies a very high rate of decarbonylation to convert FAME, FAE and FFA into2COO
and hydrocarbons (Wako et al, 2017). This is due to the energy states of2Nand H
molecules, which are close to the bond energy of the@bond (358KJ/mol) (3.69eV) San
Fabian and PastofAbia, 2007). At a sufficiently high temperature i.e. 308C, FAME and
FAE can evaporate, where the \excited species can rapidly decompose them to FFA and
methanal/propenal (Koetaet al, 2012). FFA and glycerides would not evaporate under
these conditions, remaining in the liquid phaséNeretti et al, 2017), hence reducing the
rate of glyceride decompositon compared to decomposition of more volatile components
such as FAME. This effect also explains the high yields of propenal derived from glyceride

decomposition (up to 15.46wt.% with a 11 second residence time) (Table 6.9).
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Table 6.8 Cold plasma ass&xi WCO decomposition with packing materials at a
residence time of 1 seconds, gas: liquid ratio of 40:1 (vol/vol) (errd®$) in N
environment

Catalyst/packing material BaTiQ Ni/Al 203
Plasma power (W) 30 50 30 50
Glyceride Conversion (%) 79.14 77.91 94.48 86.21
Total gas yield (wt.%) 12.95 18.70 21.84 36.95
Gas yields (wt.%)
Co 5.06 5.49 6.03 5.71
H. 0.38 0.78 0.46 0.50
CO 2.81 5.20 1.49 2.89
CH, 1.05 1.80 4.74 7.68
G 1.37 1.82 3.82 6.85
G 1.21 1.60 2.61 5.92
G 0.60 1.09 1.50 4.07
G 0.25 0.52 0.69 191
G 0.16 0.25 0.33 0.92
G 0.08 0.14 0.18 0.51
Liquid yield (wt.%)
Water 0.52 1.34 0.94 2.01
Acetol 0.16 0.16 3.71 1.96
FFA 57.56 51.63 18.38 9.41
Glycerol 1.30 0.52 0.11 -
FAME 1.95 1.42 37.87 29.86
Other fatty acid esters 7.17 7.25 10.95 5.15
Cis-18 hydrocarbons 0.53 0.33 1.08 2.19
Cis-18 aldehydes/ketones 0.51 0.30 0.53 0.99
Monoglycerides 8.51 12.31 2.93 7.02
Diglycerides 6.45 4.43 1.22 3.22
Triglycerides 2.39 1.63 0.44 1.23

The use of Ni/AkGs only resulted in a small increase irglyceride conversion when used
at 300°C (94.31% with Ni/Al 203 vs 87.63% with BaTiOs at 50W Nz), although theyields
of FAME and hydrocarbons increasedignificantly (83.85wt.% from 24.66wt.%) (Table
6.9). FFA yields wth Ni/Al 20z at 300°C are marginally reduced with increased residence

time (15.11wt.% to 12.56wt.%), which are highly similar to the initial feedstock FFA
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content (12.43wt.%). This likely indicates an equilibrium between FFA decomposition
and formation of FFA from thermal glyceride decomposition occurring at higher

temperatures.

The extent of catalyst fouling was greater at 30 than at ambient temperatures, which
is likely due to the temperature being sufficiently high to melt the nickel soapgmelting
point: approximately 100°C) which condense in the base of the reactorThis rapidly
exposes the remaining nickel, which then reacts with more FFA to form more foulirzsnd

depletesthe catalyst further.

When heating was applied Table 6.9, the gas yields increased significantly, indicating
that thermal effects are responsible for thencreasedgas product formation (compared
to Table 6.7 (Yenumalaet al, 2017). Aldehydes such as ethanal and propenal increased
(e.g. propenafrom 12.43wt.% to 15.46wt.%)with residence time at the expense of longer
hydrocarbons (C8+)(0.42wt.% to Owt.%) and FAME This indicates thegeneration rate
of aldehydesfrom glyceridesis very high at 300°C as aldehydes are known to be unstable
in plasma (Koeta et al, 2012), which is reflected by the very high gas yields obtained
under these conditions (up to 75.82wt.%)
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Table 6.9 Cold plasma assisted WCO decomposition with packing materials at 300°C
external heating in Blenvironmentat both residence timeat a 40:1 ratio (error£4%)

Catalyst BaTiGs Ni/Al 203 BaTiQ Ni/Al 203
Plasma power (W) 30 50 30 50 30 50 30 50
Residence time (seconds) 7 7 7 7 11 11 11 11
Glycerides Conversion (%) 61.48 | 87.63 | 64.89 | 94.31 | 66.10 | 89.30 | 72.74 | 96.45
Total gas yield (wt.%) 22.53 | 39.86 | 36.69 | 68.35 | 29.66 | 44.48 | 47.59 | 75.82
Gas yields (wt.%)
CQ 199 | 299 | 299 | 3.03 | 259 | 347 | 391 | 3.97
Ha 058 | 062 | 0.70 | 0.76 | 0.76 | 0.78 | 0.90 | 0.87
(6{0) 10.89 | 20.61 | 5.23 8.88 0.34 2.47 0.78 2.87
CH, 1.83 3.18 894 | 1397 | 242 3.81 | 11.72 | 16.01
CHO 0.06 1.72 0.97 193 | 13.72 | 19.31 | 6.04 7.29
G 2.69 3.60 741 | 13.33 | 0.12 2.51 1.48 2.70
G 2.39 3.17 517 | 11.74 | 3.73 4.28 9.63 | 14.26
G 1.18 2.18 2.94 8.09 3.13 3.52 6.72 | 12.71
G 0.48 1.03 1.35 3.80 1.72 2.48 3.82 8.93
Gs 0.30 0.49 0.64 1.83 0.74 1.26 1.76 4.24
G 0.14 0.27 0.35 1.01 0.40 0.60 0.83 1.98
Liguid yields (wt.%)

G 0.05 0.18 0.11 0.28 - - - -
G 0.01 0.07 0.02 0.12 - - - -
Cio - 0.02 - 0.02 - - - -
Water 0.70 2.23 0.84 1.40 0.89 2.73 1.02 1.69
Ethanal 0.06 4.16 1.07 1.91 0.08 5.08 1.31 2.29
Propenal 0.42 | 1243 | 1.79 3.17 053 | 1546 | 2.18 3.81
Acetol 0.27 0.07 3.38 0.77 0.34 0.11 411 0.93
FFA 3547 | 2541 | 15.11 | 437 | 32.22 | 18.11 | 12.56 | 3.38
Glycerol 0.07 0.04 0.12 0.05 0.09 0.05 0.15 0.06
FAME 8.44 5.26 | 11.68  14.84 | 1.44 0.61 6.43 7.71
Other fatty acid esters 1.70 0.74 894 | 12.61 | 5.31 3.79 1.86 1.33
Cia-18 hydrocarbons 5.73 4.08 2.23 1.92 0.66 0.38 0.11 0.03
Cis-18 aldehydes/ketones 0.56 0.39 0.51 0.29 0.61 0.30 0.01 -
Monoglycerides 1451 | 462 | 1589 | 2.13 | 1353 | 4.27 | 10.88 | 1.42
Diglycerides 11.27 | 351 8.54 1.61 9.02 2.85 7.25 0.94
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A similar range of products were observed for both pure and waste triglycerides. This
would indicate that the reaction pathway for WCO is the same as the mechanism for pure

triglycerides decomposition, as described in Figure 6.5.

High temperature (>500°C) thermal decomposition is known to be effective for
preventing accumulation oforganic fouling deposits, as established in literature(Maher
and Bressler, 2007 Palanisamy and Gevert, 2016 To determine if this effect can sustain
Ni/Al 20z catalytic activity, the catalysts were examined before and after use for
triglyceride decomposition at atmospheric temperature and 300°C. BaTiQ retained full
activity but Ni/Al 20z was partially deactivated regardless oftemperature. The amount of
fouling on the surface was reduced at 300 but activity was lost more rapidly Figure
6.3). Regenerating the catalyst at 55%C in N restored the original appearance and most
of the activity, whichwas observedduring this work, but some ativity was permanently
lost. This was consistent with the formation of nickel soap&Klimmek, 1984), which can

melt and resolidify at the base of the reactaras described above.
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Mag

5000

Figure 6.6 SEM images of (a) fresh catalyst, (b) 10W spent (c) 50W spent and (d)

regenerated Ni/Al2Os catalysts (x5000 magnification)

Table 6.10reveals nickel loss from the packing material, with a 30% loss over 2 hour
running time. This is supported by ICPOES results Table 6.11below), which indicate a
40% nickel loss The nickel remains attached tothe catalyst surface as nickel soapsas
evidenced by the spent catalyst retaining most of the lost nickel when the fouling mot
removed. Flexible rod like structures were observed over the surface of thepentcatalyst,
which is likely the FFA derived éuling (Figure 66(b) and (c)). At 50W (Figure 66(c)),
nodules form on the surface, similarly to the results from waste glycerol plasma
decomposition as discussed ithapter 5 and the triglyceride SEM results irsection 6.1.2,

with identical compositions.
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Table 6.10EDSJata of spent and fresh Ni/#Ds catalysts

Plasma power: 50W Aluminium Nickel Carbon
(counts/sec) (counts/sec) (counts/sec)

Fresh catalyst 36.95 3.21 -

Ambient 31.89 2.25 6.12

temperature spent

catalyst

300°C Spent catalyst 33.15 1.89 2.00

Thermal regeneration removed the outer layer and revealed the original material (Figure
6.6(d)), which had no any significant difference in appearance from the fresh catalyst
(Figure 66(a)). It has beenreported (Mok et al, 2013; Jiaet al, 2017) that spent
catalysts from pyrolysis oil cracking can beregenerated using cold plasma
decomposition, depending on the fouling composition. Howevelgasliquid cold
plasmawas not observed to prevent the fouling formation during this studydue to
the presence of liquids Wwhich block energetic electrons fromdecomposing fouling

deposits) and the chemical bonding between the FA/glycerol and the active sites.

Table 6.11 ICPOES datafor spent and fresh Ni/ADs: catalysts at ambient
temperatures

Plasma power: 50W Nickel content (mg/g)
Fresh catalyst 108.9
Spent catalyst with fouling deposit 105.6
Spent catalyst 68.7

6.2.3 Other catalysts

The abundance of FFA (12.43wt.%) in WCO increased the extent of Ni#3d4 fouling, and

the fouling rate accelerated further with increased temperatures and residence times
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(Table 6.10). To address this, other cracking catalysts such as zeolites and zirconia were
tested in a N2 environment. Zeolites (Charusiri et al, 2006, Bhatia et al, 2007), and
zirconia (Charusiri and Vitidsant, 2005 have been used previously for catalytic cracking
yet contain no metals to undergo saponification reactions and hence should be resistant
to fouling. As shown in Table 6.12below, Zirconia, HZSM5 and Faujasite Y (¥Zeolite)

were examined for cold plasma assisted triglyceride decomposition.

Without heating, the gas yield was low for all catalystélable 6.12)(i.e. less than 2%1t.%)
and the chemical compositiorof the liquid phase wasrelatively unaffected,with reduced
FFA/FAME yields as the only major changelb.74wt.% to 11.14wt.% for Zirconia). The
rate of cracking was lower for zeolites (7Fni) than for Ni/Al 20s (effectively infinite
dielectric constant) likely due to their relative dielectric properties (Liu et al, 2010). As a
result, zeolite catalysts do not focus the plasma as well &8/Al 20s (Zhanget al, 2017),
therefore reducing catalyst activity. As both zeolites and nickel catalyse cracking
reactions, differences in catalytic activity likely stem from a different surface area or
active site concentration. However, both NiAl2Oz and zeolite catalysts induce cracking

reactions via Lewis acid sites at similar area densitig€Charusiri et al.,, 2006).

The pore size of the zeolite catalysts could also be a major factbrom literature, zeolites
are known to induce cracking reactions at acidic active sites inside the material, with less
than 1% of the acid sites visible on the external surfac&Zhanget al, 2017). However,
zeolites typically have very small pores, e.g. HZSBhas pores of 0.58).56nm and
Faujasite HY (YZeolite) has 0.76nm pores(Weitkamp, 2000, Milina et al, 2014),
compared to fatty acidswhich have a length of >1.97nm and the full triglyceride has three
fatty acids bonded in parallel to a 0.29nm diameter glycerol molecul¢'PubChem
Compound Database,’ 2018 Triglyceride moleculesthus would not fit into the pores,
limiting catalysed cracking reactions to external acid sites. Pore size is not a limiting factor
for Ni/Al 2Qs, as the pores in the Az supports are 0.50 { i(Pelissariet al, 2017), which

is significantly larger than the triglyceride molecule.

The reaults in Table 6.12indicate that zirconia is a potentially useful catalyst for releasing

H2 gasand deoxygenating WCO through decarbonylatigasevidenced by the high yields
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of CQ (2.67wt.%) and CO (5.32wt.%)at 50WN.. The yield of glycerides wasalso
marginally reduced without external heating (67.%wt.% vs 75.00wt.%). However,while
zirconia has not been used for decarbonylation in literaturezirconium oxide is known to
have syrergistic effects with nickel for decarbonylation and decarboxylation of FFA,
which may support the conclusion that zirconia catalyses decarbonylation reactions
(Foraitaet al,, 2015).

HZSM5 was a very effective catalyst for the production of gasous products, especially
Hz (2.51wt.%) and CO (10.30wt.%). However, the CQyields were also very high
(4.49wt.% at 50W) (Table 6.12, which suggests that HZSMN catalyses decarbonylation.
This is supported by highhydrocarbon yieldsat 50W, both in the gaseous (6.08wt.%) and
liquid phases (L.59wt.%).

Faujasite HY (YZeolite) was also found to induce dehydrogenation and decarbonylation
under all studied conditions (Table 6.12. The Hz yield was low (0.93wt.%), as were the
hydrocarbon and liquid phase yields.The glyceride content was notaffected which
indicates this catalyst is largely ineffective at promoting decomposition of glyceridet®
smaller products. The lack of activity relative to other zeolites may be @k to a relatively

low active site concentration or dielectric effects.

To address the relatively lowglyceride conversions with zeolites, external heating was
introduced for zirconia and Y-Zeolite to determine the effect of increased temperature.
When exernal heating was applied, the performance of the catalysts was comparable to
that of BaTiQ under the same conditions(300°C with 50WN). Zirconia produced
relatively high yields of FAME (12.41wt.%) andFAE (15.30wt.%) compared to other
catalysts except Ni/Al 20;. CQ (12.80wt.%) and CO (13.50wt.%) yields were also
increased with the external heating. The amount of hydrocarbons (135wt.%) generated

at 50Wwas greatly increased by heating, though the chain length distribution was shifted
towards shorter chain molecules (G to Gs). Ni/Al203 produced hgher yields of
hydrocarbons (56.11wt.% vs 1735wt.%) but the averagechain length (2.6 for Ni/Al 203

vs 1.7 for zeolite) was longer than that observed for zirconia, which implies zirconia is
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more effective at inducing cracking reactions than Ni/Al2Oz under nitrogenous cold

plasma, given equivalent conversion

Additionally, the residual glyceride 67.54wt.%) and FFA(4.06wt.%) (30W N2) contents
after plasma treatment at 300°Gvere higher with zirconia than the equivalent Ni/Al 203
catalysed experiments(5.91wt.% and 3.38wt.% respectively)(Table 6.9. This indicates
that the catalytic activity of zirconia is lower than Ni/Al20s and would require
improvements to be a useful alternative to Ni/A¥Os. However, if the activity can be
improved, zirconia may be useful for modifying process selectivitieswithout catalyst

deactivation or requiring a longer residence time.

HZSM5 and sulfated zirconia have been usedo catalyse cracking of triglycerides in
previous works. Thehighest conversion observed (68 %) with a59wt.% yield of FAME
was achievedwith sulfated zirconia at 300°C over a 2 hour residence timéEterigho,
2012). In comparisonto prior studies, thiswork shows that cold plasma with a zirconia
catalyst and external heating to 300°C produced 12.41wt.% FAME arid.35wt.%
hydrocarbons up to G, with a total conversion of 7251 % (Table 6.12 with a much
shorter reaction time (around 7 seconds). This work has achieved comparable
conversion and significantly higher yields of hydrocarbons, which indicates additional

deoxygenation reactions occur under cold plasma.
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Table 6.12Cold plasma assist®iCO decomposition inJdnvironment at a residence
time of 7 secondswith selected catalystand 30W plasma power at a giguid ratio
of 40:1(vol/vol) (errors: £5%)

Catalyst Zirconia Y-Zeolite HZSM5
External heatina (°C) - 300 - 300 -
Glycerides Conversion (%) 18.78 72.51 11.93 68.36 28.74
Total gas yield (wt.%) 11.11 43.56 2.13 49.94 23.37
Gaseous yield (wt.%)
CG 2.67 12.80 - 9.48 4.49
H2 1.58 0.19 0.93 0.50 2.51
CO 5.32 13.50 - 8.96 10.30
CH, 1.26 7.39 1.05 2.43 4.49
CHO - 0.12 - 3.49 -
G 0.13 7.87 0.08 9.39 1.50
G 0.13 1.53 0.07 5.62 0.08
G 0.01 0.42 0.01 2.90 0.01
G - 0.12 - 0.45 -
G - 0.02 - 0.15 -
G - - - 0.07 -
Liquid vield (wt.%)

G - - - 0.02 -
G - - - 0.01 -
Water 0.22 0.05 0.25 0.87 0.33
Ethanal - 0.43 - 1.27 -
Propenal - 1.55 - 2.67 -
Acetol 0.08 0.12 - 0.05 0.06
FFA 4.06 2.13 7.80 5.48 1.30
Glycerol 0.53 0.03 1.55 0.54 0.01
FAME 7.08 1241 5.56 4.72 10.19
Other fatty acid esters 8.44 15.30 8.80 7.00 3.89
C14-18 hydrocarbons 0.94 1.16 0.67 1.15 1.59
Monoglycerides 8.86 13.24 6.64 11.97 9.64
Diglycerides 20.01 6.52 22.25 8.03 18.04
Unreacted triglycerides 38.67 3.10 44.35 6.31 31.58
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6.3 Summary

In this chapter, gasliquid cold plasma was usedto promote decomposition of pure
triglycerides and WCO. By modifying the plasma power, residence time, carrigas and
packing material, it was possible to greatly increase the selectivity of the process to FFA,
FAME, H, hydrocarbons or CO as desired. Solid catalysts were used to focus the plasma
via the dielectric effectand induce selective decomposition viacrackingA O OEA AAOAIT UO
Lewis acid sites, whichwould reduce the need for downstream processing and potentially
improve energy efficiency. Compared to catalytic cracking at 460G, cold plasmassisted
WCO decomposition can increase the yields of desirable liquid prodis such asFAME
and liquid hydrocarbonsby up to 45% without heating orthe presence of ecatalyst. The
significance of this approach is that the process can be easily tuned towaspecific
products with high yields with a very short residence time (around 10 seconds) at

ambient conditions.

The carrier gas was found to have a significant effect on the process fevoured the
decomposition of glycerides while N deomposed fatty acids and FAME. Adding either
catalysts/packing material enhanced the conversion, increasing from around £@.% to
60-90wt.% depending on plasma power. In the presence of Ni/AD: catalyst and 50W
plasma power, the formation of fatty acid esters and hydrocarbons was favoured,
resulting in yields of up to 51wt.% fatty acid esters 060.86wt.% yield of hydrocarbons
(C1-Gus), of which G-Cs were the most abundant. The primary effecof BaTiQ was to
increase the rate of hydrolysis reactions, resulting in up to 200% higher FFA vyields.

Ni/Al 20 lost its activity rapidly under all conditions due to the formation of nickel soaps.

Increasingthe reactor temperature to 300°C increased congrsion significantly, but also
increased the rate of decomposition of FFA/FAME to hydrocarbons and carbon oxides.
Increasing theresidence time increased not only conversion but also selectivity to FAME
and other fatty acid esters. Zirconia and HZS!4 were also effectivecatalysts for FAME
production without extensive fouling but produced lower conversion and FAME yields

than was achieved with Ni/Al 20z .
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Chapter 7. Decomposition of glucose and cellulose

Cellulose is an abundant natural polymer, whichan be useds a feedstock for production
of valuable furans and pyrans (i.e. furfural and levoglucosanand other chemicals
Conversion of cellulose to furan/pyran products is generally performed viaither thermal
dehydration or a two step process involving hydrolysis to glucose followed by chemical

or thermal degradation.

Direct pyrolysis of cellulose (without hydrolysis) is an alternative method of furan/pyran
production, but has greatly reduced productselectivity and a wider range of products
compared to glucose pyrolysis, while requiring a higher temperature of 60C compared

to 500°C for glucose.

In this chapter, the feasibility of using cold plasma for producing valuable liquid products
from cellulose and glucoseAs cellulose is a glucose polymer, analysis of the cold plasma
decomposition of glucose decomposition was used to inform further study into the effect
of cold plasma on cellulose decompositiorducose decomposition with cold plasma was
performed under a range ofcarrier gases (H, Nb) and plasma powers (1850W). The
effects of operating conditionson the product distribution and surface morphology and
composition of the solid residue were examinedGlucose was decomposed in its solid
state to simplify separation of liquid phase products and prevent the solvent from
interacting with the decomposition process.The mechanism for glucose decomposition
under cold plasma in terms of the product distribution wasproposed andconsideredin
relation to pyrolysis. Cellulose decomposition under cold plasma was also studieohd
used to compare the product distribution and solid properties to the literature sources
for cellulose pyrolysis. Thiswas used as a basis for discussion on the mechanism of cold
plasma induced cellulose decompositionwhich can be applied to cold plasma assisted
direct valorisation of oil rich biomass or upgrading of lignocellulosic biomass derived

pyrolysis oils.
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7.1 Cold plasma assisted glucose decomposition

7.1.1 Glucose decmmposition products

Table 7.1shows the results obtained from solid glucose decomposition over30 minute
residence time at ambient temperaturewith a 40ml/min carrier gas flowrate. Thesolid
fraction decreased (from 2wt.% to 28wt.%) with plasma power ove the tested rangein
both Hz and Ne environments to form mainly gaseous productsThe rapid mass loss from
the solid feedstock isdue to the increased rate of decomposition at high plasma power
(Shrestha, 2012 which promote initiation reactions (Paulmier and Fulcheri, 2009.
Compared toconventional pyrolysis of glucose at 500C (Vinu and Broadbelt, 2013,
where the liquid yield was 71.9t.%, the liquid yield was very low from cold plasma at
50W, ataround 3.69wt.%. The solid yield was much higher at 50W (70.84t.%) under
cold plasma than from pyrolysis at 500C (23.7wt.%)(Vinu and Boadbelt, 2012).

The gaseous product yields were significantly highein cold plasma decompositiorthan

in pyrolysis under Nz (4.4wt.% at 500°Cvs 25.5nt.% at 50W) (Fanet al, 2015). The
increased yields of gaseous products could be due to an increase in cracking reactions
under cold plasma(Fanet al, 2015). For conventional pyrolysis,glucosedecomposesvia
dehydrogenation and dehydration reactions, which favour liquid productg Yu-Wu et al,,
2013). In addition to dehydrogenation and dehydration, cold plasma appears to induce

cracking reactions, whichincrease the yields ofyaseous products.
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Table 7.1Cold plasmanitiated decomposition of solid glucose at ambient temperature
without a catalyst with a residence time of 30 minutes and a gas flow rate of 40ml/min
(errors: £0.1%)

# AOOEAO ¢ (¢

01 AOI A 1 »pm o L TT p T o L T
i 74

3T 1T EA Ul 9779 87.13 72.20 97.82 85.77 70.84
i x08pb(Q

#1 1 OA0OI 221 13.71 28.89 2.18 13.39 28.07
417 OA1T ' 4 221 11.14 25.20 2.18 11.66 25.47
i x08pb(Q

# I 0.23 3.64 11.40 0.97 2.62 9.05
#/ 1.81 6.06 10.82 0.19 5.48 11.14
# - 0.37 0.73 0.48 2.12 1.47
#e - 0.27 0.54 0.40 0.75 1.40
#o - 0.22 0.51 0.15 0.59 1.28
# - - 0.07 : 0.11 0.89
#o - - - - - 0.25
(¢ 0.17 0.58 1.13 - - -
Liquid product - 1.73 2.60 - 2.57 3.69
yields (wt.%)

7A0AO0 - 1.58 2.18 - 2.24 2.92
&1 Ol EA - 0.12 0.33 - 0.27 0.55
-AOEAT T 1 - 0.03 0.09 - 0.06 0.22

Table 7.1shows that the gas products were predominantiycarbon oxides CO and C¢),
with small amounts of hydrocarbons, for both H and N carrier gases H: was detected
under N2 carrier gas but the hydrogen flowrate remained constant before and after the
reactor in the case of Hcarrier gas. The yields of carbon oxidesemained almost constant
for all tested powers (10.82 vs 11.14wt.% CO), but the relative yields of hydrocarbons
were shifted towards longer chain moleules underHz (0.89wt.% under 50W Hz vs
0.07wt.% GHio under 50W Ny).
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CO formation was almost identical for both Hland N carrier gases except at low power
(10W), where the N> environment produced more CO than the Henvironment (1.81wt.%

vs 0.19wt.%). Based on the structure of glucoseCO formation can be explainedy
cracking and dehydrogenation reactions, especially from the sixth carbon as it is located

outside the glucose ring structure Reaction7.1).

Unlike thermal decomposition of glucose &500°C (Cui et al, 2013), the product
distribution obtained from cold plasma did notcontain anyaldehyde or ketone products.
This could be due to their instability in cold plasma conditions, as discussed @napter 4,

as they rapidly decompose to C(Zhanget al,, 2015).

OH

HC 6 Hé/o\CH_OH
S'H/O\ HO~HC\ / —Y —o .
e ch—on ——————> E,HC\ + HoC —_— c=0 + 3y
HO—
H_Hc_ OH
5\ HO

OH
HO

Glucose

Reation 7.1 Formation route folCOgenerationin the presence of cold plasma

A 17-39% higher yield of CQunder a N environment than under aHz environment was
observedat plasma powers above 10WAnN increase in C@yield with increasing plasma
power suggessthat the reformation of CO to C@via hydroxyl radical attack(as discussed
in Chapters 4 ,5 and 6) and dehydrogenationare the dominant routes but are opposed
by abundant hydrogen(Li et al., 2011b). Previous chapters have demonstrated that this
route for formation of CQ from CO and hydroxyl radicals occurs under cold plasma

conditions, providing further evidence for this theory.

Conventional pyrolysis of glucos§Wanget al., 2012b) found that CQ was an abundant
product in the gas phase (5.08101%) at >500°C, whereas CO was natbserved The
increased water contentfrom pyrolysis (15.8wt.%) compared to cold plasma (2.92wt.%),
would provide a higher concentration of hydroxyl radicals to convert CO to @QJnder
cold plasma, the lower water content resulted in both CO and €0eing present at

detectable levels under all plasma powers and carrier gases.
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Hu et al.(2018) reported that high energy reactions producing C@from furans/ glucose
were energetically favourable in highly excited nitrogen(Hu et al, 2018). These reactions
are based on splitting the furan rings that form from the initial decomposition of glucose
to release carboxylic acidsReaction7.2). These carboxylic acids then decompose to €0
by dehydrogenation and cracking reactions such as dehydrogenation of formic acid
(Gorin and Taylor, 1934.

/OH
HLC
HZC\ ° >\CH 0\\ /OH o
CH— - o

/ Ny ——> HO—HE /C LGOS + HBC\CH3 + N\ R \C\
Ho—HC / H_Hc, \ HC—OH o

\E/HC\ /c H,C——OH

OH

HO
Glucose + OH Ethandiol Hydrocarbons Formic acid Carbon dioxide

Reaction 7.2Predicted cold plasma decomposition route for.@®dmation fromglucose

As shown inTable 7.1 hydrocarbons were also produced under cold plasma (1.85wt.%
in N2 and 5.29wt.% in H), which was not reported in conventional thermal
decomposition of glucose or mechanism studies on glucose or cellulose
decomposition/dehydration (Cui et al, 2013, Mayes et al, 2014). The formation of
hydrocarbons from cold plasma decomposition of glucose requires the removal of oxygen
from the carbon backbone, which arenly presentas hydroxylor ether groups. Therefore,
the presenceof hydrocarbonsconfirms that splitting of the GO bond to release hydroxyl
radicals occurs under cold plasma, asoncluded in Chapter 4. The higher yield of
hydrocarbons in the H environment than in the N> is an indicator of hydrodeoxygenation
reactions (Jérbmeet al, 2016). It was alsoconfirmed by increased water yield(2.92wt.%
under Hz vs 2.18wt.% under N). The higher CH yield (e.g. 2.12wt.% Chlvs 0.75wt.%
C:Hs) suggests that the dominant route is the splitting of the €€ bond between C5 and C6
to produce methanol(Greenhalfet al,, 2012), which then deoxygenates to methyl radicals
as shown inReaction7.3, reflecting the methanol decomposition mechanism determined

in Chapter 4.
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Ho—HC.
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HO

Glucose Methanol Methyl Hydroxyl

radical radical

Reaction 7.3 Proposed cold plasmeoute for formation of gaseous hydrocarbons from

glucose.

It was reported (Vinu and Broadbelt, 2012 Hu et al,, 2018) that conventional thermal
decomposition of glucos€i.e. at 500C) could produce upto 25wt.% liquid yield, of which
5-hydroxymethylfurfural and furfural were the main products with lesser yields of
levoglucosan and other furarderivatives. Mayes et al. also found that furans and pyrans
derived from glucose pyrolysis at 500C were predominantly 5HMF (6wt.%) and
levoglucosan (9wt.%),as well as12 other furans/pyrans at above 0.5wt.% yielddMayes
et al, 2014). It was reported (Balat, 2008 Vasiliou et al, 2009; Khani et al, 2014) that
both cold plasma and conventional thermal decompositiorfiollow radical mechanisms.
However, no pyrans or furans were detectedexperimentally in this work. This could

indicate that furans were not extracted from the solid

As iurans and pyrans are sempolar, they can form hydrogen bonds with glucose
molecules or its polar derivatives (Montejo et al, 2004) therefore preventiong their
release from the glucose structure at atmospheric conddns. In contrast, the
temperatures in thermal processes, i.e. 50000°C (Cui et al, 2013) are well above the
boiling point of furans/pyrans (<385°C), and so evaporate the liquid products, which are

condensed downstream

FTIR analysis of solid residuesinder N2 (Figure 7.1) showed significant increases in
absorption at 1020 (GO group), 1620 (C=C group) and 3606m-1 (OH group) compared
to pure glucoseat plasma powers of 30W and 50WThe FTIR spectra for solid samples at
10W in the N2 environment and all tested plasma powes in the Hz environment were
indistinguishable from those obtained from raw glucose (Figurs 7.1 and 7.2). Under N\

at 10W, solid mass loss was only 2.2wt.%, which is unlikely to cause any significant
changes to the product spectrdJnder a H environment, the surface was not affectedven

at high mass losg29wt.% at 50W). Even decomposition of the surface would not affect
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the FTIR spectra provided that the decomposition products were extracted from the solid.
As pyrans and furans were likely to remain in the solid, these would have be converted

to components with similar groups to glucose. This could occur through hydrogenation of
ketone and aldehyde groups to alcohol groups. The hydrogenation of C=0O groups under

Hz was discussed inChapter 4.
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Figure 7.IFTIR spectra of glucose derived solids from cold plasma assisted

decomposition in a N environment at different plasma powers
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Figure 7.2 FTIR spectra of glucose derived solids from cold plasma assisted

decomposition in a B environment at different plasma powers

The C=C peak ifrigure 7.1 indicates that glucose loses hydrogen under cold plasma at
powers above 10 W which reflects the H yields shown in Table 7.1(>0.58wt.%). The
increase in the magnitude of the OH peak could be due to either the decomposition of
glucose into smaller molecules (such as water) that adsorb to the remaining glucose or
the open ring to form Dglucose followed by the conversion of the aldehyde group to an
alcohol.

CHN analysis presented imable 7.2showed slight differences betweentte raw glucose
sample and the solid residues. Ithe H2 environment, carbon content decreased with
increasing plasma power (36.20 to 34.41wt.%) whereas there was an increase in
hydrogen content (7.07wt.% to 8.38wt.%), indicating extensive hydrogenation othe
solid. A small increase in oxygen content (56.40 to 57.18wt.%) is likely to be due to the
presence of water adsorbed to undecomposed glucose via hydrogen bondingeaplained
above Water is primarily formed via the release of OH radicalsnder both carrier gases

which is a prerequisite for generation of hydrocarbonsfrom glucose (Table 7.1 and
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Figure 7.1). Very little water was observed (<0.01wt.%) while hydrocarbons are
detectablein the gas phas€1.03wt.%) at 10 W under a Henvironment (Table 7.1) which

can be explained by the water adsorption theory above

Table 7.2 CHN analysis of raw glucose and solid residues obtained at various plasma
powers after 30 minute residence time irz Bind H environment(40ml/min gas flow
rate) (errors. £0.05w.%)

Plasma H> environment N2 environment

power (W) Raw glucose 10 30 50 10 30 50

C (wt.%) 36.20 36.22 35.12 34.41 36.16 37.26 37.62

H (wt.%) 7.07 7.27 7.28 8.38 7.09 7.30 7.77

N (wt.%) 0.33 0.33 0.14 0.03 0.31 0.53 0.77

O (wt.%) * 56.40 56.18 57.46 57.18 56.44 54.91 53.84
"By difference

In the N2 environment, carbon and hydrogen contents increased slightly with plasma
power (37.26wt.% at 30W to 37.62wvt.% at 50W for carbon; 7.3@vt.% at 30W to 7.7&wt.%
for hydrogen at 50W) (Table 7.9. However, atlOW, there were no significant changes for
both carrier gases. A decrease in oxygen content could be due to release of CO andnCO
the gas phase. The increadantensity of the FTIRO-H group and the increased water
yield in N2 environment suggest thatcondensation reactions of OH groups occuapidly
compared to other decomposition reactions. Removal of OH groups viedbond cracking,
evidenced by the formation of hydrocarbons, would make the solid residue less polar.
This decreased polarity would redwe the incidence of hydrogen bonding with water and
other liquid products, which would increase liquid yields (<0.01wt.% to 2.60wt.%), as
observed at higher powers Table 7.7). A smalldecrease inthe OH peak size from 30W to
50W in Figure 71 supports this, as highemplasmapowers would increase the rate of the
condensation reactions, reducing the polarity of the glucose further and hence reducing

the water contentof the solid.

Another important observation from Table 7.2was that the nitrogen content @ the solid
residue increased from 0.38t.% in the raw sampleto 0.77wt.% at 50W inthe N2
environment. This suggests that nitrogerfrom the carrier gascan be substituted onto
glucose molecules directly.XPS was performed on the 50W2 sample (Figure 7.3. This

detected the presence of surface nitrogen at 1.87wt.%, exclusively at a binding energy of
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399 eV, corresponding to amine groups, which mawdicate cold plasma hagpotential for
surface modification applications(Deslandeset al,, 1998). No peak was detected at 405eV
however, indicating that amide groups were not presentin contrast to that observed
during FTIR

Cellulose modification with nitrogen cold plasma has been reporte(Pertile et al,, 2010;
Flynn et al, 2013) but this did not include glucose modification. The findings from their
work were similar to the results for glucose cold plasma treatment, with partial
decomposition of the cellulose and limited amounts of nitrogen introduced (2.6wt.%)
(Deslandeset al, 1998, Pertile et al,, 2010). A difference is thathe nitrogen content found
experimentally on glucose was significantly lower (0.7wt.%) (Table 7.2), which may

indicate that cellulose is more readily nitrogenated.
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( a) GO

OH

(b)

OH

GO

N-Hz

Figure 7.3 XPS spectra dfa) raw and (b) 50W Nz cold plasmatreated glucose
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