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Abstract

Currently, antioxidants used in biodiesel to prevent degradation by autoxidaton
synthesized from petroleum, which is Ar@mewable and has had a volatile price in
recent years. Therefore, this thesis examines the possibility of using phenolic species

from bio-oils derived from woodchips astaxidants to protect biodiesel.

Crude bieoil (18.5% w/w of woodchips) was obtained by microwadanced
pyrolysis of spruce woodchippi¢ea abies Characterization bynultiple analytical
techniquesshows that a noticeable portion of the -bib consisted of aromatics
(mostly phenolspandsugars. The phenolic contewit the bicoil was quantified and
identified by GCFID & GC-MS andwas found to bea. 6% (w/w), while the total
phenolic content wasetiermined by FolirCiocalteu (FC) assay was. 23% (w/w).
To isolate these phenols, the crude-tiiowas further fractionated by supercritical
CO,, and by two multsolvent fractionation methods, namely: watesoluble phase
and watersoluble phase. Thextract obtained with the highest phenolic content was
a diethyl ether extract isolated from the wateluble phase of crude bail, at ca.
56% (w/w) by FC assay, witba. 9% (w/w) identified and quantified by GBIS &
FID.

The effectiverss of these remvable phenolsnia modelbiodiesel was examined
using methyl linoleate autoxidation in 1 bar of oxygen at 420Addition of low
amounts of crude bioil to methyl linoleate was sufficient to increase its induction
time, and was comparable with a comnmdrantioxidant (butylated hydroxy
toluene). Further examination of methyl linoleate with -tilo isolated extracts
indicated that thes were less effective than the parentide bicoil. This was
striking because some of the isolated extracts containgghehi phenolic
concentrations than the bal. The antioxidancy of a chemical model of the crude
bio-oil phenol consisting of six representative components at appropriate
concentrations was approximately three times less active than the crudi, bio

suggesting that components with noticeable antioxidancy remain icbebéfied
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Chapter 1: Introduction
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1.1 Thesis Aims

Crude bieoil, which is generally produced by the pyrolysis of lignocellulosic
materials, is a complex mixture that consists of several hundred individual
components including aldehydes, ketones, furans, alcohols, organic acids, sugars,
phenols, oligomeric lignin, and oligomeric carbohydratésTherefore, crude bio

oils have a great potential to be used as a source for manydiighchemicals. The
phenols, in particular, hau®en ofgrowing interest due to their potential antioxidant
nature that can be further exploited for a wide range of useful applications. An
example of such applications is to use them as antioxidants welspparticularly

in biodiesel.

Biodiesel is a neewable automotive fuel, and is currently considered as a promising
alternative to petroleum diesel. However, using pure biodiesel directly into diesel
engines is not viable due to some problems associated with its physical and chemical
properties. A sigricant downside of pure biodiesel is its poor oxidation stability,
which can be sigfficantly improved by addingntioxidans.®* * Generally, most
current antioxidants used in the biodieiselustry are synthetic antioxidants derived
from petroleum, such as butylated hydroxytoluene (BHM¥)The fact that these
antioxidants are nerenewable, as well the instability of petroleum prices, prompted
the investigation reported in this thesis into alternative sources of antioxidants that
are renewable and can easily bdrasted from lowcost resotces, specifically

examining the antioxidancy of crude d and its extracts.

In order to have a better understanding of the nature and antioxidancy of phenolic

species in crude bioils, the wak described in this thesis aimead

a) Extract crude bieoil from a woody biomass (spruce woodchips) using a
novel green technology microwaveenhanced pyrolysis with
characterizatiomf components

b) Identify and quantify phenolic compounds in the crudedii@asing multiple
analytical techniques: GEID, GGMS, ATR-FTIR, *C NMR, and Folin

Ciocalteu (FC) assay.
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c) Experimentally investigate the antioxidant power of the crudeobian a
chemical model of lmdiesel: methyl linoleate.
d) An initial investigation to identify which phenolic components of thediio

may bethe cause of the antioxidancy.

1.2 The TwelvePrinciples of Green Chemistry & Green Engineering

In earlier decadeshé traditional role of synthetic chemists withime world of
chemistry would be viewed d@e synthesize new chemicals tine laboratory, and

later design largscale processes for their manufactunéth any environmental
impactnot being a preminent concerh It could be argued by synthetic chemists
that most problems with new chemicals, such as the waste stream, were only
identified at the end ohe process whereas their job are centered around the fact that
they just get involved with the beginning of the process, which revakmsd
researching the ways to make these new chenfiddswever, the public holds
synthetic chemists responsible for the toxicity tbose chemicals and for the
chemical waste generated by the chemical inddsBynthetic chemists should be
however considering these problems as well during their researtteiaviews can

have a stronpposi ti ve 1| mpact on avoidimgpeadgre

problems’

In the past, synthetic chemists degidsynthetic pathways to make target molecules

in the maximum vyield for the cheapest cbsiowever, at present, the costs of
producing new chemicals must include not only the costs for raw materials and
equipment, but also ¢hentire cost of regulatory compliance, for instance, the cost of
waste disposal, liability costs, and treatment costs, as well as plant modifications for
endof-pipe treatment.The consideration of these extra costs has pushed the whole
cost of many syntheses to axcessive leveld.Therefore, therecise calculation of

the full cost is very important to provide new standards for the economics of

manufacturing new chemicals.

All previous indirect costs can be minimized by chemists who have the ability to
reduce these costs significantly bgdesigning chemicals and their processes.

Chemists have the knowledge to decide whether hazardous materials will be used,
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will have to be handled by workers, or their waste eplpducts will need special

disposal’ All of these decisionsrae i nher ent IGneentCleei  sctornycoe. p t

The aim of green chemistry is to eliminate or reduce the use or the production of
toxic feedstocks, solvents, 4pyoducts, and all other related products.synthetic
chemist who applies the concept of green chemistry in a synthetic process is likely to
geneate a more costffective product where all direct and indirect costs are

considered.

Green chemistry can be defined as #fAthe

or eliminates the use or generation of hazardous substances in the design,

manufacture and agplc at i on of c¢ A Ehendetcohprinciples assaciatéds o .

with this definition were expanded int@ principles listedn Table 11.

Table 11: The twelve pinciples of green bemistry’

It is better to prevent waste than to treat or clean up waste after it is formed.

2. Synthetic methods should be designethexximize the incorporation of all materia
used in the process into the final product.

3. Wherever practicable, synthetic methodologies should be designed to use and
generate substances that possess little or no toxicity to human health and the
environment.

4. Chemical products should be designed to preserve efficacy of function while
reducing toxicity.

5. The use of auxiliary substancesd.solvents, separation agents, etc.) should be
made unnecessary wherever possible and, innocuous when used.

6. Energyrequirements should be recognized for their environmental and econorr
impacts and should be minimized. Synthetic methods should be conducted at
ambient temperature and pressure.

7. A raw material of feedstock should be renewable rather than depleting eherev
technically and economically practicable.

8. Unnecessary derivatization (blocking group, protection /deprotection, temporar
modification of physical/chemical processes) should be avoided whenever pos

9. Catalytic reagents (as selective as possilbke¥saperior to stoichiometric reagents.

10. Chemical products should be designed so that at the end of their function they
persist in the environment and break down into innocuous degradation produci

11. Analytical methodologies need to be further deped to allow for reatime, in
process monitoring and control prior to the formation of hazardous substances

12. Substances and the form of a substance used in a chemical process should be
S0 as to minimize the potential for chemical accidents, diafureleases,
explosions, and fires.
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Green chemistry principles are guides towards sustainability, and when they are
applied successfully, they would reduce the negative human impacts on the planet.
These principles encourage specific novel goals t@admmplished, for instance
minimizing waste, reducing dependency on fossil fuels, and more importantly
avoiding the generation of substances that could be harmful to humans and the
environment. However, these novel goals can only be effective when theeyreed

into reality. New methodologies have to be developed in order to achieve these green

novel goals through disciplines, industries, and sectors.

In order to achieve sustainability in the engineering sector through science and
technology, Anastas ardimmermafi have introduced the 12riRciples of Green

EngineeringseeTable 12.

Table 12: The welveprinciples of greenrgineering’

1. Designers need to strive to ensure that all material and energy inputs and outp
as inherently nonhazardous as possible.

2. ltis better to prevent waste than to treat or clean up waste after it is formed.

3. Separation and purification operations should be designed to minimize energy
consumption and materials use.

4. Products, processes, and systems should be designed to maximize mass, ene
space, and time efficiency.

5. Products, processes, and systemsshowdd fiout put pul |l edo
pushedo through the use of energy a

6. Embedded entropy and complexity must be viewed as an investment when me
design choices on recycle, reuse, or beneficial disposition.

7. Targeted durability, not immtality, should be a design goal.

8. Design for unnecessary capacity or capabibtg( fione si ze fit
should be considered a design flaw.

9. Material diversity in multicomponent products should be minimized to promote
disassembly and valuetention.

10. Design of products, processes, and systems must include integration and
interconnectivity with available energy and materials flows.

11. Products, processes, and systems should be designed for performance in a
commer ci al Afafterlifeo.

12. Material andenergy inputs should be renewable rather than depleting.
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The 12 Finciples of Green Engineering are other guides towards sustainability. They
have been introduced to help scientists and engineers to design new materials,
products, processes, and systethat are harmless to human health and the
environmenf When applying the 12 principles of Green Engineering tesign,

they would consequently improve the design engineering quality and its safety
specification to fulfill with the environmental, economic, and social n@ektse

Green Engineering principals should not simply be viewed as a list of goals, but
rather viewed as a novel set of methodologies to achieve the goals of green design

and sustainability.

To sum up, the movement towards sustainability using green technologies is a novel
approach due to practical, logistical, economigriial, and institutional reasofis.
Green technologies are necessary to improve unsustainable products, praoesses,
systems that are currently in UsBogether, Green Chemistry and Green Engineering
principals can provide vahble guides for accomplishing these improvements.
Practicing these principles is fundamental toward achieving real sustainability in the
design of molecules, products, processes, and systems, for the simultaneous benefit
of society, economy, and the ermnment, as well as the eventual goal of
sustainability?

1.3Biomass

1.3.1 Definition and resources

To be able tooutline the global biomass resourcess first appropriate to find a
clear definition for the term biomass. The UK Biomass Task Baieénition of

biomass as follow

~

Al i terally, any biological mass derived fro
material from forests, rop-derived biomass including timber crops, short rotation

forestry, straw, chicken |itter and waste ma

Biomass is plentifully available and is thought to be the fourth largest energy
resource in the world after petroleum, natural gas and'témlthe long term use;

biomass can be sustainable and ideally it would not interfere with the other land

62



demands such as food production if managed carefully. Currently, biomass provides
about 10% of the wor |l do s predictedrthgitysustdieablea nd a
sources of biomass could provide2® % of the worl dé&Inpri mar
the UK, it is projected that by 2020 the UK could depend on sustainable biomass for
supplying the equivalent &0% of its total primar energy demand, and more than

double or even treble by 203b.

Biomass has the potential to be the leading global primary energy sources through
the next century” Biomass resources are plentiful in volume on earth, carbon
neutral, renewable, have low sulfur contents, and can be the best alternative to fossil
fuel resource$® The use of biomass as an alternative energy source can reduce
pollution and global warming, alleviate the energy crisis, and its contribution can
lead to sustainable developméht!® Therefore, in order to reach sustainable
developments in the near future, the efficient utilization of biomass resources is
essentiaf® The categorization of biomass resources is the first step towards the
development of these resoas’® Motasemi and Afzaf have illustrated the
classification of biomass resources into three major categories: virgin resources,
residues, and municipablid waste (MSW), se€able 13. According Motasemi and
Afzal,** all of these biomass resources can be promising sources for the future energy

production usinguitable conversion processes.

Table 13: The classificatiorf biomass resources.

Biomass resources

Virgin resources Forest resources  Any type of wood like pine beetle wood, or new
types of woody and forest biomass such as will
hybrid poplar, balsam poplar, aspen

Qil/crops Wheat, barley, tame hay, coaanola, palm oil,
soybean, flax, oat, straw, pasture grasses

Residues Wood residues Bark, branches, leftover treetop, and leaves fro
harvest and thinning operations or left over fron
felling, sawdust, shavings from pulp mills and s.
mills

Agricultural Residual fraction of primary crop (wheat, barley
residues and waste: tame hay, oat, etc.) harvest, waste oil/fat

Livestock residues Readily available source of waste biomass like
livestock excrement and livestock carcass
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Municipal solid Residential Newsprint, cardboard and boxboard, mixed par
waste (MSW) glass, ferrous metals, copper and aluminium.

Non-residential Mixed metals, white goods, electronics, plastics
tires, construction, renovation and demolition,
organics, other materials

1.32 Composition of lignocellulosic lomass

Lignocellulosic (plant) biomass, particularly woody biomass, is a complex material
constructed from oxygeoontaining organic polymers, which consist of three major
high molar masses components: cellulose, hemicekund lignirt® Low molar
masses of extraneous materials, such as organic extractives (waxes, fats, resins,
terpenesetc) and inorganic minerals, are also present at Ispestentage (usually

<10% wiw) in wood speci€¥: ¥ The weight distribution percentage of cellulose,

hemicellulose and lignin can vary depending on the woody biomass sffecies.
Table 14 shows the typical cellulose, hemicellulose and lignin content in some plant

materials.

Table 14: Typical cellulose, hemicellulose and lignin content of selected biomass
species?

Biomass material Content (% w/w)
Cellulose Hemicellulose Lignin

Softwood 45.8 24.4 28.0
Hardwood 45.2 31.3 21.7
Spruce wood 50.8 21.2 27.5
Beech wood 45.8 31.8 21.9
Ailanthus wood 46.7 26.6 26.2
Wood bark 24.8 29.8 43.8
Wheat straw 28.8 39.1 18.6
Corn stover 51.2 30.7 14.4
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Cellulose

Celluloseis currently ranked as thmost abundant terrestrial biopolynf&rThe
cellulose fibers provide a physical support to woody plants and its content in dry
wood was generally estimated to bd0-50 % (w/w)™® Cellulose is a linear
polysaccharide polymer consisting 660061 0 0 0 0 -( » ¥-B-jlucopyranose
units!® *” The cellulose polymer has a basic repeating unit that consists of two

glucose anhydride units, named aselobiose unit, seBigure 11.1¢ %/

CH,OH OH
o
HO o (o)
OH CH,OH
n
cellobiose unit

Figure 1.1: Chemical structure of cellulogé.

Hemicellulose

Hemicellubse is a heterogeneous polysaccharide polymer that consist of various
polymerized monosaccharides, mostly glucose, galactose, mannose, xylose,
arabinose, 4-methylglucuronic acid, and galactuioracid residues, seEigure

1216, 17

OH
CH,OH CH,OH CH.OH
HO o o " o
o OH HO%OH
HO HO
OH oH HO
glucose galactose mannose
o COOH
HO OH OH HO OH
OH HO OH OH
xylose arabinose glucuronic acid

Figure 1.2: Main monomers of hemicellulogé.

The ratio of these saccharide monomers varies depending on the species of woody

biomass and the growing environment. However, hemicelluloses generally account
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for 2535% (w/w) in dry wood?® Furthermore, in comparison with cellulose,
hemicellulose has lower molecular weight than celluf8sghe average number of
repeating saccharide monomers hemicellulose is only~100200, whereas in

cellulose, the number is greatly more than 5000 repeating glucosé®utfits.
Lignin

Lignin is consideredhe second most abunddriopolymeron earthafter cellulose?®
Lignin is an important structural component of woody plants that is found in plant
cell walls?® The prime function®f lignin in plants are to provide physical strength
to plants, to form networks of water conducting vascular by hydrophobic
interactions, and to protect plants from insects and microorgafisms.

Lignin is an aromatigolymer constructed of complex, thrdenensional, highly
branched polyphenolic substance with various types of functional groups: aliphatic
and phenolic hydroxyls, carboxylic, carbonyl and methoxyl grétigs.2Generally,

lignin chemical structures also often degibedas consisting@f phenylpropane units,
originating from three aromatic alcohol precursors (monolignols), narpely
coumaryl alcohol, coniferyl alcohol, ansinapyl alcohol, sedmigure 13.2* The
further phenolic substructures that generate by these monolignols are named:
hydroxyphenyl (H, fromp-coumaryl alcohol), guaiacyl (G,dm coniferyl alcohol)

and syringyl (S, from sinapylalcohol) moieties in lighfn.

OH OH OH
= = =
\0 \0 0/
OH OH OH
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol

Figure 1.3: The chemical structures of the three main building blocks of lignin
(monolignols)®*
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Lignin composition and content argptcally influenced by the species of woody
biomass and also by the growing environnféntherefore, lignins derived from
hardwood consist principally of G and S units, as well as traces of HZunits.
However, lignins derived from softwood consist mostly of G units and low levels of
H units? In addition, lignins from grasses are built up from H, G and S units, where
grasses (monocots)darporate G and S units at cparable levels, and more H wit

than grasses (dicot$).?

1.33 Treatments

Different types and sources of biomass can be converted into energy and chemicals
via a wide range of different technologi€sThe conversion technology option is
dependent on many factors, for instance biomass feedstock type and quantity, the
required form of energyi.e, enduse applications), environmental obligations,
economic situations, efé.However, in most cases, the process route is designed
depending on mainly the form in which the energy is required as well as the types

and quantities of biomass feedstéek.

Three significant produst can be obtained from the conversion of biomass:
power/heat generation, transportation fuels and chemical feed&tdtle process
technologies currently being used for the conversion of biomass are classified as
thermoechemical, biechemical/biological, and mechanical extrantio(with

esterification)?’

1.7.3.1 Thermechemical conversion

There are three weknown major processes e tothermachemicallyconvertthe
biomass to energy and chemicals: combustion, gasificata pyrolysis, seEigure
14 27,29
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Figure 14: Thermal treatment technologies for biom&ss.

The key difference between combustion, gasification and pyrolysis thermal
treatments is the amount of oxygen supplied into the thermal ré3ckamr
combustion, the process occurs under full oxidation of the biomass with sufficient
supply of oxygen, producing carbon dioxide, water and ash including other minor
products, such as metals, trace hydrocarbons and acid*y&sesgasification, the
process involves supplying limited oxygen to avoanplete combustion to produce
combustible gases like carbon monoxide and hydr6gEar pyrolysis, the reaction

takes place under the absence of oxygen for the production-ofl biar and ga$’
Combustion

Combustion is simply the burning of biomass in air, which converts the stored
chemical energy of biomass into electricity, heat, or mechanical pévzring
biomasscombustion, hot gases are produced ( carbon dioxide and acid gases) at
temperatures about 8AM002C 2" Any type of biomass can be used for combustion,
however in practice, it is preferable to pary biomass to achievemoisture content

of less than 50% (w/wprior to combustiorf’

Gasification

Gasification is the conversion of biomass iracombustible gas mixturee(g,
carbon monoxide and hydrogen), where the biomass is partiaidised under
limited air supply at high temperatures of approximately-8002C*" *° The gas
mixture produced can be burnt directly to generate heat and electricity, or can be
stored as a fuel for later use in gas engines or gas tufifiee. stored gas mixture

can also be used dsedstock (syngas) for making chemicals, such as methanol.
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Gasification is a comparatively clean energy technology and has received much of
interest for the utilisation of biomass, coal, sewage sludge, and municipal solid waste
(MSW)3* The use of gasification to generate heat and power offers some
advantages when compartxthe traditional direct combustion of the hydrocarbon
materials’® For instance, using the gasification thermal treatment enables the
elimination of nitrogen and sulfurcontaining componds from syngas during its
production,which is beneficiahs the presence of these compounds cause emissions
of NOy and SQ during combustior® Also, the gasificatiorcombustion process has

a higher net efficiency than the traditional direct combustion of raw feedstocks for
heat and power generatigh>*

Pyrolysis

Pyrolysis is the conveian of biomass into liquid (biwil), char and combustible
gases? The pyrolysis process is generally carried out by heating biomass amder
air-free environment to a temperature around 8D0The pyrolysis liquid fraction is
typically described as bioil, however, it has also been referred to with other names
such as pyrolysis liquid, pyrolysis oil, wood oil, wood liquid, wood distillatesid
wood, liquid smoke, pyroligneous acid, pyroligneous tar;doimle oil, and biduel

0il.>® The bicoil can be used as a fuel in engines, turbines, furnaces and Bbilers.
However, the biail can also be used as a feedstock to extract a wide range of
chemicals including food flavouring, resins and fertilisérextensive studies have
been previously reportddr the pyrolysis treatments of different types of feedstocks
including biomass, sewage sludge, tyres, plastics and municipal solid waste
(MSW)_5562

The ratios of the pyrolysis products (liquid, solid and gaseous fractions) are very
much dependent on reaction temperature and residence’*tifltering these
reaction parameters can increase the yield of one fraction and decrease, another
depending on the required application. For exanggbgrolysis process with lower
reaction temperature and longer residence time is desired for the production of
charcog whereasa pyrolysis process wita moderate reaction temperature and short
residence time is optimum for the production of-bib>® Furthermore, pyrolysis

proceses with high reaction temperature amohger residence time increast®
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conversion of biomass to gasTherefore, because ofigse influencing pyrolysis
operating parameters, generally the modes of pyrolysis processes are often divided
into three types: slow pyrolysis, fast pyrolysis and flash pyrofijsi$ie range of the
values of the operating parameters for these pyrolypisstyare summarised Trable

15.

Table 15: Ranges of pyrolysis operating parameters for the three main pyrolysis
processed> %

Slow pyrolysis Fast pyrolysis Flash pyrolysis

Operating temperaturéQq) 300700 600-1000 8001000
Heating rate4C/s) 0.1-1 10-200 A1000

Solid residence time (s) 6006000 0.55 <0.5

Major products Char Liquids Liquids, gases

Slow pyrolysis

Slow pyrolysis, or sometimes referred to as conventional pyrolysis, is a pyrolysis
process that take place under a low heating rate and long residenég fritais
mode of pyrolysis has been in use for thousands of years and has been mostly limited

to charcoal productiotf
Fast pyrolysis

This mode of pyrolysis is morfavourable for the production of liquids (bils).**
Lately, the fast pyrolysis process of biomass has gained many attentions for
maximizing the process liquid yielG$ Generally, depending on theobiass used,

fast pyrolysis processes can yield up te76%6 (w/w) of bicoil, 15-25% (w/w) of

char, and 1€20% (w/w) of gase&> Maximizing liquid products using fast pyraiis

of biomass would require a process condition of low temperature, high heating rate,
and short residence tifi2However, gaseous products can also be maximized using
the fast pyrolysis mode if the process condition modified to high temperature, low

heating rate, and long residence tifne.
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Flash pyrolysis

Flash pyrolysis isimilar to fast pyrolysis, withthe only difference between these
two modes of pyrolysis beinthe heating rates and hence the residence times.
Generally, the heatingtes for flash pyrolysis are higher than abel@002C/s, and

the residence times are extremely short (<i° §he flash pyrolysis process of
biomass is a promising technology for the production ofdil®®’ An efficiency of

up to 70% (w/w) conversion of biomass to liquid-oibcan be achieved using flash

pyrolysis processes.

1.7.3.2 Biechemical conversion

The biochemical conversion of biomass is mainly associated with two processes:

fermentaion and aerobic digestion (AD).
Fermentation

Fermentation is a weknown processfor the conversion of sugars to mainly
alcohols, which can be used as an alternative biofuels to replace gasoline or
kerosene: the petroleubased fuelé! *° The fermentation process has been used
commercially on a large scale in many countries, such as the US and Brazil, to
produce ethanol from sugar cropsg, sugar cane) or starch crogsg, wheat)?” *°

Starch is a natural polysaccharide and can be converted to sugars by enzymes, and

then these sugars converted to ethanol by the fermentation pfbcess.
Anaerobic digestion

Anaerobic digestion (AD) is aidlogical process that directly converts organic
materials in the absence of oxygen to gas, often referred to as biogas, which is a
mixture of mainly methane and carbon dioxide g *° Generally, bacteria are

used in an anaerobic environment to convert the biomass to asbiég?AD is
commonly used for the treatment of organic wastes with relatively high moisture
content (>80%’ Commercially, AD is a valuable technology as its main product
(biogas) offers many useful applications. Biogas can be either ussctlydor
upgraded to a higher qualitysy removing CQ, for use as a fuel to produce

electricityusing gas turbines %
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1.7.3.3 Mechanical extraction

Mechanical extraction isa process that mechanically extracts oil from sééds.
Various types of biomass crops, for instarre@e seed and cotton seed, are used for
the oil prodetion?” **These o can be chemically processed further by the reaction
with an alcohol (methanol or ethanol) using a process often referred to as
transesterification to produce biodie$eBiodiesel is used as a transportation fuel

and largely produced in EU countries from rapeseed oil

1.34 The useof biomassin the concept of a biorefinery

The International Energy Agency (IEA) Bioenergy Task 42 introduced a general
definition of a biorefinerya8t he sustainabl e processing of
of bio-based products (food, feethaterials, chemicals) and bioenergy (biofuels,
power , .°® Aheraford, @ biorefineryam be achieved through a concept, a
facility, a process, a plant, or even a group of facilities that require the combination
of many different areas of knowledge including chemistry, biochemistry and biology,
chemical engineering and biomolecular engimeet °All types of biomass can be
used in a biorefinery including forest residues, agricultural crops, organic residues
(both animal and plant derived), industrial tess aquatic biomass (sea weeds and
algae) and woof The main goal of a biorefinery is teliver a sustainable route to
high value products, which in turn improve the biomass processing economics as
well as the environmental carbon footprifit.

The concept of a biorefinery is not a recent %ha.lot of the traditional biomass
converting technologies, such as the starch, sugar and, pulp and paper industry, use
some features related to the biorefinery apprSattowever, the most significant
drawback associated with these traditional biortaserting industries is perhaps

the misuse of the generated waste. For example, the hemisellefeountered in
traditional kraft pulping industry is mostly dissolved in the form of saccharified
mono sugars, together with lignin and inorganic pulping chemicals, in black liquor
that is traditionally combusted for generating poWeowever, as hemicellulose

has a lower heating value than lignin, this represents an ieefficise of the
resourcd! Therefore, a separation of the hemicellulose fréignin prior to

combustion would be optimal for more economic use of hemicell(toser
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instance, it could be used as a feedstock for the production of biofuels (bioethanol) or
higher value chemicafd. Thus, many traditional bimdustries can combine their
material flows in order to achieve a complete utilization of all biomass components:
t he O wa st e éinddstrydenomesnaefeedstoak for @thndustries, leading

to integrated biendustrial system&

In a similar way within a biorefinery concept, integrated facilities can help to create
flexibility for the conversion of biomass into multiple highlue products including
energy, chemicals and materials with zero, or close to zero {#agte.technologies
available to the biorefinery are mainly classed as mechanical/physical, chemical,
biochemical and thermochemical proces$ellost studies nowadays are usually
focusing on investigating one methodology rather than a combination of
methodologie$® Indeed, there are some pros and cons associated with each of these
available technolgies, however, recognizing them all is essential to enable the
integration and blending of different technologies and feedstocks to help maximizing

the diversity of applications and products formi&d.

Budarin et al”® have investigated this area and proposed a new concept for an
integrated close to zero waste wheat straw biorefinery. As demonstrated by Budarin
et al,” two novel green technologies can be combined, supercriticalef@action

and low temperature microwave pyrolysis, in order to enhance the e@nomi
feasibility of a wheat straw biorefinery. The first stage of their integrated biorefinery
is the extraction of secondary metabolites, including wax esters, fatty acids and fatty
alcohols, via supercritical CQ,"® while the second stage of their integrated
biorefinery is the use of low temperature microwave pyrolysis (€2)Go produce

cha (ca.30% w/w), bicoil (ca.20% w/w), aqueous solutiord. 35% w/w) and gas

(ca. 14% wiw) "3

According to Budariret al,”

the char fraction is suitable for-¢wing, while the bie

oil can be further fractionated to produce transportation fuels andvhligh
chemicals. Then-situ separated aqueous fraction from the organic matterofbio
contains mainly formic acid, acetic acid, formaldehyde and acetaldehyde, which
according to Budariret al,”® can be used as platform molecules for downstream

processing to higlralue products. The incondensable gas fraction contains mainly
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carbon dioxide, carbon monoxide and mathaand as demonstrated by Budagin
al.,”® the carbon dioxide can be recycled inteynaor the supercritical C®
extraction, while carbon monoxide and methane could also be recycled internally for

power generation.

Other utilizations of the pyrolysis char that might be applicable in the concept of a

biorefinery have also been reportéd’> According to Wuet al,”

the pyrolysis char
can be used as bihar for soil improvement, or upgraded to activated carbon. In
addition, it can also be gasified to produce syngas and hydfbgémhe gases
produced, as described by Wual,”* have medium to high calorific values and may

contain sufficient energy to provide the energy needs of a pyrolysis plant.

An alternative lignocellulosic biomass biorefinery model based on just one
technology has been reported by Méigkccording to Meiel, fast pyrolysis as a
thermachemical process within a biorefinery model provides al@iaption that can
convert lignocellulosic biomass into highealueadded products with no waste
streams other than ash and flue gas. As demonstrated by ‘Meéresign of a
biorefinery based on pyrolysis bioil is very much like a traditional refinery. In the
first step, the biomass is converted into-bibby fast pyrolysis,with obtainable
yields of up to 75% (w/w; on a dry feed basis), and theroguct char and gas are
recycled internally to provide the process heat requirenteintshe second step, the
bio-oil collected from different installations at the biorefinery is divided into
different fractiors. Each fraction can be further upgraded by different technology to
produce finally the optimal combination of higand lowvalue products from the
bio-oil. The highvalue chemicals, which are predicted by Méiare mainly organic

acids, hydroxymethylfurfural (HMF), furfural, levoglucosan and phenols.

1.4 Microwave-Enhanced Chemistry

The earliest common application of microwave technolagg to heat and cook
food, and the first amarance of domestic and commercial microwave appliances
were in 1950° However, these microwave appliances introduced in 1950s were too
large and expensivfor home usé& Therefore, the widespread use of general home

microwave ovens did not occur until 1970s, which by then the first generation issues
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were stved.”® Processing food with microwaves wasscovered by accident in
1940s’® when Percy Spencer, a s&fight engineer, was working on an active radar

set that he built and noticed a chocolate bar in his pocket started t& melt.

Heating chemical reactions using microwave energy is a new technology which is
growing rapidly. Microwave energy offers new and innovative applications in
organic and peptide synthesis, polymer chemistry, nanotechnology, materiaéscien
and biochemical process€8? The use of microwave heating tirive organic
chemical reactions can be significantly more energy efficient than using conventional
heating®® A considerable number of reported studies have demonstrated that using
microwave heating can dratically decrease processing times, improve product
yields and enhance product quality or material properties when compared to the use
of conventional heating method§® In addition, it has been demonstrated that
heating using microwave irradiation is a clean, cheap, and convenient method for
carbohydrate chemisti.In comparison with conventional methods, short reaction
times, large rate enhancement, and comparalblsometimes much higheyields
(especially in reactions where the short reaction time prevents decomposition) are
observed’ Furthermore, in the medicinal and organic chemistry communities, this
new technology has been accepted as a standard practice just after a few years of
laboratory investigation® **Therefore, the use of microwave heating is predicted to

continue to be an important technique in these afeds®

1.4.1 Rinciples of microwave heating

In the electroragnetic spectrum (sddgure 15), the microwave region ibetween
infra-red radiation and radio frequencies, which corresponds to wavelengths of 1 cm
to 1 m and frequencies of 30 GHz to 300 MHz, respectifélfhe wavelength
range between 1 cm and 25 cm are extensively used for RADAR transmissions and
the remaining range of wavelengths is used for tefeconications™ Therefore, to

avoid any interference with these uses, industrial and domestic microwave heaters
are designed to opeeatat two fixed wavelengths, at either 12.2 cm (2.45 GHz) or
33.3 cm (900 MHz}* However, most domestic microwave ovens nowadays tpera

at 2.45 GHz, which corresponds to the wavelength of 12.2tm.
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Figure 1.5: Electromagnetic spectrum.

Generally, microwaves are described as the electromagnetic waves that consist of

two perpendicular components, namely electric and magnetic fields. These

components interact with anything that can be electrically or magnetically

polarised®® The interaction of electrifield component within the electromagnetic

wave with a material causes the heating effe@he overall mechanism of how a

material is heatedybthe effect of microwave radiation is commonly explained under

two main mechanisms: dipolar polarisation and ionic condudffdf® A further

third mechani sm cal beuddafso corttributet ta thé cwdrall po |l ar i s a

heating mechanism of a materi&t 104 105

Dipolar polarisation is an important heating mechanism of miocrewadiation, and

this heating mechanism is more dominant with materials containing polar
compounds® These materials are regularly classitf
order to indicate that they have the ability to store energy when subjected to an
external electric field> When a dielectric material is exposed to an electric field, the
dipoles rotate to align themselves according to the direction of the electri¢®field.
The alignment bthe dipoles changes with the magnitude and the direction of the
electric field°® Molecules can realign in time with applied frequencies §fHDin

liquids and @ses’? However, it is not possible for them to fallcthe electric field
inversion at microwave frequenciescaf. 10*? Hz.'%? Therefore, dielectric lossemd

phase shifts are the restfi In addition to the dielectric coefficient (permittivity),

the excited moledas size (mass) is also relevd?ft.'®The field is releaseih to the
medium as electrical energy which further transformed into kinetic or thermal

energy*®® This behaviour is also referred to as molecular frictioa., (friction
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between the rotating molecules), and hence causes the heat to be generated within the
whole medium®*

For the ionic conduction mechanism,sthieating mechanism (due ttze subjected
microwave radiation) is more associated wiilghty conductive materials. When
these materials interact with microwave radiation, electric currents are formed as a
result of the charged particles.g, ions) oscillating back and forth within these
materials under the influence of the external eledbice®® % Therefore, as the
electric currents flow within these materials, heating is developed due to the currents
facing an internal resistance in the form of collisions of charged particles with
neighbouring molecule®: 1> Moreover, it is noteworthy that this ionic conduction
mechanism contributes a much stronger effect than the dipolar polarisation

mechanism in the terms of heggtnerating capacifif: 1°°

Interfacial polarisation, also known as Maxwdlagner effect, is a third heat
contributing mechanism that arises from the combination of dipolar polarisation and
ionic conductiont® 4+ 1% This mechanism becomes noticeably effective with
inhomogeneous systetha suspension of conducting particles in a-nonducting
medium*®* *®*When microwave irradiation is applied to these systems, charges are
built-up between the interfaces of different components gath field distortions

and dielectric loss, which further contribute to the systems overall hé&ting.

In order to determine the dielectric properties of a material, two parameters are

regularly considered: dielectric constdnitNj, and di &% P11 Thec | oss
dielectric constant, U N;, S p potarizédi by the t he
electric field® wher eas, UNjNj the dielectric | os

microwave energy that is lost to the medium by being dissipated a¥%iEae. ratio

of these two parameters defines what oft
ONjNff @t mjpis 1 oss factor (tanl) indicates
electromagnetic energy into heat at a given frequency and tempéfatifeA
reaction medium with a high tanid value

microwaves and rapid heatifig).

Table 16 shows the boiling point?C) , dielectric constant (
and | oss t a36ammon ordanicasolviEsit’® o f
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Table 16: Boiling point €C), dielectric constant Nglielectric loss { Nijyl loss
tangent{ a rofiB) common organic solvent¥

Solvent Bp:C CPN; UNjN;j t a’n i
Ethylene glycol 197 37.0 49.950 1.350
Ethanol 78 24.3 42.237 0.941
DMSO 189 45.0 37.125 0.825
2-Propanol 82 18.3 14.622 0.799
1-Propanol 97 20.1 15.216 0.757
Formic acid 100 58.5 42.237 0.722
Methanol 65 32.6 21.483 0.659
Nitrobenzene 202 34.8 20.497 0.589
1-Butanol 118 17.1 9.764 0.571
Isobutanol 108 15.8 8.248 0.522
2-Butanol 100 15.8 7.063 0.447
2-Methoxyethanol 124 16.9 6.929 0.410
o-Dichlorobenzene 180 9.9 2.772 0.280
NMP 215 32.2 8.855 0.275
Acetic acid 113 6.2 1.079 0.174
DMF 153 37.7 6.070 0.161
1,2-Dichloroethane 83 10.4 1.321 0.127
Water 100 80.4 9.889 0.123
Chlorobenzene 132 2.6 0.263 0.101
Chloroform 61 4.8 0.437 0.091
MEK 80 18.5 1.462 0.079
Nitromethane 101 36.0 2.304 0.064
Acetonitrile 82 37.5 2.325 0.062
Ethyl Acetate 77 6.0 0.354 0.059
Acetone 56 20.7 1.118 0.054
THF 66 7.4 0.348 0.047
Dichloromethane 40 9.1 0.382 0.042
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Solvent Bp:C CPN; U NjN;j t a’n

Toluene 111 2.4 0.096 0.040
Hexane 69 1.9 0.038 0.020
o-Xylene 144 2.6 0.047 0.018

& Measured at 28C, and at 2.45 GHz.

1.4.2Microwave-enhancedpyrolysis of biomass

The conversion of biomass into fuels and chemicals using microwave pyrolysis is a
quite new approach and is rapidly growing. This recent attention is mainly due to the
advantages that microwaves can offer, such as rapid, direct and exfé@ojgnt
mode of heating, when compared to conventional heating mettfoasaddition,
conventionalmethodsfor converting biomass into fuels and chemicaits often
carried out atvery high temperatures (usually >56Q), whereas a@nversion of
biomassvia microwave as a heating tool can be achieved at considerably lower

temperatures (<20%C).**°

In the last fifteen years or so, several published papers have investigated the use of
microwave pyrolysis with different types of biomass including coffee ftflls,

13,114 115,116

wheatstraw?rice straw* seaweedrfiacroalgap and corn stovef***?

Miura et al**° have investigatethe microwave pyrolysis of cylindrical wood blocks,
with varying diameters from 6 to 30 cm and masses up to 12 kg. As demonstrated by

Miura et al,*?°

the heat development during a microwave pyrolysis of a wood block
begins at the center of the wood whereas, by contrast in conventional pyrolysis, the
heat transfers gradually frothe surface to the wood center as illustrate&igure

16.
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Figure 1.6: Schematic diagram of temperature distribution and heat development in
wood by microwave irradiation, and the temperature distribution and heat transfer in
wood by conventional heatirtg’

1,12% this different heating development mechanism of

According to Miuraet a
microwaves can reduce undesirable secondary reactions of the wood volatiles as
these volatiles formed in the wood center pass through a kewgrerature section

towards the wood surface layer and subsequently into a cooler gas phase, as also

13?0 also showed that the obtained

illustrated inFigure 16. Furthermore, Miurat a
char of the microwave pyrolysis of woodshgreater surface area than the chars

prepared by conventional pyrolysis. The pores of the char obtained by microwave
pyrolysis were also found to be O6cleaner 6 at
those prepared by conventional pyrolysis. The maxinamyield (up toca. 30%

based on wood weight) was obtained after 12 minutes of microwave irradiation. The

tar composition was found to include low molecular weight acids, furfural, phenols,

and a series of saccharides including levoglucosan being ther magcharide

component at concentrations upctn 9% based on the tar weight.

Robinsonet al'?! have studied the microwave pyrolysis of wood pellets. During
their investigation, they found that water is the only effective microwave absorber in
wood at temperatures up to 680. Substantial amount of water is naturally present

in woodbiomass, and as the temperature increases by the microwave irradiation, this
amount of water will drop, but it is still enough to absorb microwave energy and
carry on the pyrolysis. Robins@t al*** have also demonstrated that increasing the
amount of water in wood above its natural content will have a negative effect on the

yields d liquid and gas formed during the microwave pyrolysis. According to
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Robinsonet al,*?! the wood pellets received have natural water contestao6%
(w/w), and under the conditions used in their investigation, the microwave pyrolysis
of this stock sample has produced 13% (w/w) liquid and over 19% (w/w) gas.
However, when the amountf avater wasincreased (taca. 22% w/w of the wood
pellets), the yieldof the microwave pyrolysis liquid and gas, under the same
conditions, were found to be reduced ¢ta. 4% (w/w) andca. 5% (w/w),

respectively.

Budarin et al'** have identified four physical parameters that ciffine results of
microwave pyrolysis of biomass: microwave power, sample mass, water content and

biomass density. According to Budasn al,*??

any changes on these parameters
will eventually affect the heating rate of the microwave pyrolysis, which is critical to
the formationof pyrolysis liquids. From Budariet al,*?* a 60% (w/w) liquid yield

was obtained from the microwave pyrolysis of Spruce, which, according to their
discussion, is equivalent to those obtained by conventional fast pyrolysis. In addition,
Budarinet al!?* have also stated that using microwave pyrolgsis avoid the need

for further pyrolysis liquid upgrading steps as required when using conventional
pyrolysis. Thein-situ separation of pyrolysis liquid during microwave pyrolysis
separates the water and acidic compounds from theibiand thus, accomg to
Budarin et al,*?? this is the most significant benefit of microwave pyrolysis over

conventional pyrolysis methods.

Moreover, in order to improve microwave absorption, microwave absorbers can be
added with the biomass prior to pyrolysis. These are solid substances, SiChoas
graphite, which can absorb microwave energy at relatively high temperatures,
especially, at temperatures higher than Z206'° Therefore, for microwave pyrolysis

at low temperatures, beloea. 250 ¢C, the addition of these microwave absorbers
will not considerably improve the pyrolysis procelsst they could contribute much
more significantly when much higher temperatures are reqtfifed.

Luo et al’*® have investiated the microwave pyrolysis of wood sawdust (a residue
from pine wood pelleting process) in the presence of SiC. According to their
investigation, the addition of SiC as a microwave absorber has significantly

improved the pyrolysis liquid yields, reacgia maximum yield o€a.59% (w/w; of
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the initial wood sawdust) at 5G€, which, according to Luet al,*?*was closer to
those obtained by conventional fast pyrolysis -16% w/w) under similar

conditions.

Nonetheless, there are other factors that need attention when using microwave
absorbers. For instance, a relativaipiform mixing of the biomass and the
microwave absorber must be achiev¥dTherefore, processing large biomass pieces

to smaller ones is essential to enhance the uniform mixing, but this clearly will bring
undesirable additionatosts™® The otherfactor that can be most concerning is
contamination. The addition of SiC as a microwave absarhe release silicon to

the pyrolysis products which can be undesirable, especially if some entersih bio

used as a fuel, where it could have serious effects on the performance of art®8ngine.

In summary, despite the advantages discussed above for microwave pyrolysis over
conventional pyrolysisit still has not attracted the attention that has been paid to
conventional pyrolysis method¥ Microwave pyrolysis of biomass can offer a
much better energy efficient route to low water and acidic conterobilsiogood
quality chars, and beneficial syngasm conventional pyrolysi¢? **2Many types of
biomass can be pyrolysed using microwave irradiation, and thtebdiion of
products are broadly close to the ones obtained by conventional pyfdlyske
future challenge however of microwaves is perhaps to develop them todaader
units*® In fact, Biorenewables Development Centre (BDC) at York, UK, has
developed a microwave pyrolysis unit capable of continuous flow up to 33*Rg/h.
This step could attract more attention to the field, which help in driving the

microwaveenhanced pyrolysis of biomass forwatd.

1.5 Composition of Bic-oils

Crude bieoil or pyrolysis liquid is dark brown and approximates to its original
biomass in elemental composititd. It arises from fragmentation and
depolymerization of the three major plant components, cellulose, hemicellulose and
lignin.**> Generally, it is composed of a very complex mixture of oxygenated
compounds with an appreciable amount of water from both the pyrolysis reaction
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product and initial biomass moistur®. Table 17 summarizes some further typical
properties of this pyrolysis liquid.

Table 17: Typical properties of crude biol derived from conventional fast
pyrolysis of wood-**

Physical property Typical value
Moisture content 25% (w/w)
pH 2.5

Specific gravity 1.20

Elemental analysis

C 56% (w/w)

H 6% (W/w)

@] 38% (w/w)

N 0-0.1% (w/w)
HHV (as produced) 17 MJ/kg
Viscosity @t402C and 25% water) 40-100mPa s
Solids (char) 0.1% (wiw)
Vacuum distillation residue up to 50%(w/w)

The crude bieoil produced by conventional fast pyrolysis contains varying amounts
of water, and typically ranging from about 15% to a maximum limit of abo&030

(w/w) depending on the biomass feedst&®kAlso, it contains a wide variety of
functional groups including aldehydes, ketones, alcohols, ethers, carboxylic acids,
furans, esters, phenols and sudatsThus, it reveals an extremely wide range of

boiling points*?

In addition, the bieoil is completely immiscible with petrolewaterived fuels due to

124 However, it is miscible

the high oxygen content, whigh around 3540% (w/w)
with polar solvents such as acetone and methah®lurthermore, the bioil is
acidic, has a heating value of less than half of that of conventional fuét4@il

MJ/kg), and it tends to polyerize when heatetf®
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The bicoil acidity is most likely attributed to carboxylic acid compounds, with
acetic acid and formic acid being the most abundaspectively representing 5%

and 3% (w/w) of the bimil.**’ As with regards to its low hdag value, it probably

arises from two causes: (a) water content in-diip and (b) the presence of
oxygenated compound& Moreover, the biil contains large quantities of non
volatile compounds such as lignin oligomers and sugars, and their presence may be

responsible for the bioil polymerization upon heating>

1.5.1 Quantification and identification of bio-oil components

Due to the diversity and complexity of the {mids, an accurate analysis of their
complete chemical composition is eery complicated task® The analysis
techniques of bimil usually involve gas chromatograpiyass spectroscopy (GC
MS), gas chromatograptiame ionization detector (GEID), high-performance
liquid chromatography (HPLC), nuclear magnegsanance (NMR) spectroscopy,

and/or ionexchange chromatograpf+.

GC-MS and GGFID are by far the most appropriate methods for analyzing more
complex organic mixtures and identifying individual componehtg are volatile
enough to pass thugh the GC columf?® However, in the case of biail, partial
chemical informatin can be obtaed fromGC-MS analysis of bieoil because of the
large number of compounds and chromatographielgtons*®® Therefore, the
quantification of crude bioil componentsremains an expensive and time
consuminganalytical procedur€® Hence, the majority of conducted studies focus
on semiquantitative analysi of bicoil, or on the more comprehensive analysis of
either a single component or group of compon&ftsrequently, the analyses do not
take into account variables such as likely retention times and rely solely on
automated and, sometimas)reliablelibrary matching of mass spectra, leading to

erroneous results.

Nonetheless, even when maming the analysis to just classgfscomponents in bio

oil, considerable inaccuracies in the analysis may occur. For instance, a large number
of studiesrely on just GEMS and GCFID for identifying and quantifying phenolic
species in biail. However, a lot of phenolics are present in-bibas oligomers,

where these generally have molecular weight distributions of several hundred to
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5000 g/mol dependingn the pyrolysis conditionS° Thus, the conventional GC
cannot detect such high molecular weights irdipand this inevitably leads to the

provision of umeliable analytical information.

1.6Biodiesel

1.6.1 Overview

Diesel fuel has an important part in the industrial development of any country. This
is due to the significant role that these fuels play in the transport sector, thus, the
demand for these diesel fuels is steadily increasiiyowadaysfuel consumption
intensity candirectly reflect the development of a socié&tyEngines running on
diesel have been used globally in automobiles, engineering equipment and shipping
equipment due to their thermal efficiency and excellent drivalsalitgt durability

Diesel fuels are currently used in electricity generators, city transport buageyg, he

duty trucks, farm machinery and many other applicatidhs

For many years, fossil fuels were consumed to generate energy, which without a
doubt has patrticipated in numerous technological advancements as well as growing

the community economi¢? But, on the other hand, it has at the same time raised

many environmental concerns, which can be a risk to the sustainability of our
planett**The increasing demand for diesel fuel
problems caused by its excessive use make it crucial to look for renewable energy

sources that have lower environmental impact tharethaditional sources?

Therefore, the renewable fuel that could replace the petroleum diesel fuel is
biodiesel. Biodiesel is a renewable fileht has gained attention due to the ease of
synthesis from vegetable oils or animal fats by a chemical process called
6transes teAldofiti is montoxicn diodegradable, and it has lower
emissions than the typical diesel derived from petrol&im'® Nonetheless,
biodiesel provides other advantages when compared to the petrdézived diesel,

for example a) higher cetane number and higher flash point, which indicates a safer
and better performance, b) higher lubricity, which iases engine lifetime and

reduces the regularity of replacing engine parts, and c) the existence of oxygen in
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biodiesel ¢11%)

improves combustion, and reduces CO and hydrocarbon

emissions3* For the other diesdliodiesel propertieseeTable 18.

Table 18: Selected fuel preerties of petroleurderived diesel and biodies&f: 1*°
Fuel Property Diesel Biodiesel

Fuel Stadard ASTM D975 ASTM D6751
Fuel composition C10-C21 HC? C12-C22 FAME®
Higher Heating Value, Btu/gal ~137,640 ~127,042

Lower Heating Value, Btu/gal ~129,050 ~118,170
Kinematic Viscosity, @ 46C 1.34.1 4.06.0

Specific Gravity kg/l @ 15.5C 0.85 0.88

Density, Ib/gal 7.1 7.3

Carbon, wt % 87 77

Hydrogen, wt % 13 12

Oxygen, by dif. wt % 0 11

Sulfur, wt % 0.0015 max 0.0-:0.0024
Boiling Point,’C 180-340 315350

Flash Point(C 60-80 100170

Cloud Point:C -35t0 5 -3t0 15

Pour PointiC -35t0 -15 -5t0 10

Cetane Number 40-55 48-65

2 Hydrocarbons® Fatty acid methyl esters

Biodiesel consists chemically of fatty acid methyl (or ethyl) esters (FAME)isand

synthesised by a chemical process called transesterification of vegetable oil or animal

fat feedstock$®’ The main product of this transesfication is a mixture of mono

alkyl esters of long chain fatty acids (biodiesel), and glycerol aspadsjuct™*® see

Figure 17.
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R,COOCH, HOCH, R,COOCH,

| Catalyst |
R,COOCH +  3CH;0H HOCH + R,COOCH;
| |
R;COOCH, HOCH, R;COOCH;
Triglyceride Methanol Glycerol Methyl esters
(Biodiesel)

Figure 1.7: General equation for transesterification of triglyceride to biedlés

In the past, before the invention of electric lights and even gas lights, vegetable oils
and animal fats were commonly applied in oil lamps for lighting in lat8 18
century'*® However, using vegetable oils and animal fats to produce biodiesel did
not happen until 19304! The idea of using vegetable oil to power diesel engine was
first introduced by the German engineer Rudolf Diesel who invented the eponymous
compressiofighited diesel engine in 1893! He implied that pure vegetable oil

could be used as a fuel to run machines for agriculture in remote areas, and thus,
farmers could eventually be abletopowep t he f ar més ma<hi ner
site produced fuel¥" This idea by Rudolf Diesel became first practical in earf{) 20
century, at the 1900 Wor I[FeérlsOttodFGompanyh e | d
demonstrated publically their diesel engine running on peantit® dflowever, this
engineering/scientific breakthrough was passedr due tothe later widespread
accessibilityof petroleurnderived diesel at extremely low prit&: **?In spite of

this, at that time there was still interests in powering internal combustion engines

t4 Much research has beearried outto invesigate the use of

with vegetable oi
vegetable oils without modification in diesel engared all concluded that vegetable

oils have higher viscosity than petroledgi@rived diesel, and this is the main
disadvantage preventing the direct use of vegetable oils in diesel elfgittés
Therefore, to overcome this negative side of vegetable oils, a number of methods
were investigated, for example blending the vegetable oil with petroleum diesel, pre
heating it, and thermochemically cracking the 8il.}** However, none of these

methods were fully successful, and finally in 1937, a patent registered by the Belgian
scienti st George Chavanne wunder the tit]l
vegetable oils for ther u s e s * afsich demenstratés,the transesterification

(alooholysis) method for breaking down triglyceride molecules (oil and Vi)
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replacing the glycerin moiety with methanol or ethanol. This patent by &eorg
Chavann¥® was the first introduction of fatty acid methyl esters (biodiesel)

production®*? 143

The wor !l doés -séalerplant to iproddiae sbibdiesed did not come into
operation until 1989, when rapeseed oil was useadfasdstock to produce biodiesel

in Asperhofen, Austria®! It took over 50 years, since George Chavafieatented

the synthesis of biodiesel, to start adustrialscale plant to produce biodiesel from
vegetable oif** This was probably again due to the influence of the widespread

of petroleum diesel at low pricé$. Therefore, the historical petroleum prices
increase after 2001 as well as the global increased attention of energy security

promoted biodiesel to a popular alternative fuel on the marketitace.

1.6.2 Production

Using feedstocks to produce biodiesel could raise some problems associated with
food security. There are some concerns that increasing demand for food feedstocks
by the biodiesel industry wikhffect the prices of these food feedstocks and steadily
became no longer affordable for a given redinThis issue can create a
competition between food in developing countries andlibgel in developed
countries. Furthermore, lands used to grow food crops may gradually change to grow
crops that can be used as a feedstock to produce biodfeséi Therefore, it is
necessary to encourage using+iood feedstocks where possible to overcome these

potential issue¥’’ 148

To dat e, the worldbés <current and most
biodiesel are oils deriveffom rapeseed, sunflower, soybean, palm, cotton seed,
canola and jatropha, with the top used feedstock oils in terms of quantity are those
derived from rapeseed and soybédn.Rapeseed derived biodiesel is most
intensively produced in Europe, whereas soybean derived biodiesel is most
intensively produced in the United StatésTable 19 shows the current major

feedstocks used to produce biodiesel inlilegbiodiesel producing countries.
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I;%ble 19: Major feedstocks used for biodiesel production in different courltfies.

Country Feedstock used for biodiesel production
Europe Rapeseed oil §0%), sunflower oil
Spain Linseed, olive oil

France Sunflower oil

Italy Sunflower oll

Germany Rapeseed oil

Ireland Animals fats, frying oils

UK Waste oils

USA Soybean oil

Canada Canola oil, animal fat

Brazil Soybean oil

Argentina Soybean oil

India Jatropha oil, neem oil, mahua oil
Indonesia Palm oil

Malaysia Palm oil

Australia Animals fats, rapeseed oil

Figure 18 shows the worldwide top biodieselgoiucing countries, andable 110

shows the average productions and consum
top biodiesel producing countries. Also, it shows the average projections of
productions and consumptions by220n these top biodiesel producing countries.
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[l Biodiesel producing
countries

E] Limited biodiesel producing ™~ =
countries

Figure 1.8: Top biodiesel producing countries in 2014.

Table 110: Biodiesel average productions and consumptions from 2012 to 2014,

and there 2024 projectisn i n t he worl dés top™biodiesel proc
PRODUCTION (Min L) DOMESTIC USE (Mn L)
Average 2024 Average 2024
201214est 201214est

NORTH AMERICA

Canada 392 486 538 794
United States 5149 4723 5719 6633
EUROPE

European Union 11599 13120 13014 13452
of which second generation 52 185 P

OCEANIA DEVELOPED

Australia 63 280 72 276
OTHER DEVELOPED

South Africa 77 268 77 268
SUB-SAHARAN AFRICA

Mozambique 74 78 29 42
Tanzania 63 101 6 38
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PRODUWCTION (Min L) DOMESTIC USE (Mn L)

Average 2024 Average 2024
201214est 201214est
LATIN AMERICA AND
CARIBBEAN
Argentina 2565 2923 1043 1429
Brazil 3118 5094 3119 5070
Colombia 666 968 665 968
Peru 98 108 275 272
ASIA AND PACIFIC
India 300 792 433 900
Indonesia 2044 6789 1007 5638
Malaysia 240 619 105 294
Philippines 187 281 187 281
Thailand 944 1001 944 1001
Turkey 13 14 13 14
Vietnam 28 145 28 145
TOTAL 27913 38569 27568 38297

3 Data for 2014 are estimated according to the sdlitce.

® Not available.

The global average biodiesel production in 2014 was approéedyn23 billion litres

(BIn L), and this is expected to increase to reach nearly 39 Bin L by 2024. European
Uni on (EU) , t he United St ates (US) and
countries in the average production of biodiesel in 2014 at approxinidtedy 5.1

and 3.1 BIn L, respectively. However, by 2024, Indonesia is predicted to surpass the

US and Brazil to become the second leading biodiesel producer after the EU. In the
EU, the Renewable Energy Directive (RED) percentage target of using energy
coming from biofuels is expected to reach 7% by 28tTherefore, within the EU,

biodiesel consumption is predicted to rise to its maximum level in 2019 to fulfil the

RED target. Argentina and Indonesia were thelwdré s t op exporting
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biodiesel in 2014 at approximately 1.5 and 1 BIn L, respectively, and they are
predicted to continue to dominate biodiesel exports by 2024. Furthermore, EU and
t he US were the worl dos |l eadin2@l4 atmporting
approximately 1.4 and 0.6 BIn L, respectively, and they are predicted to remain the

only significant biodiesel importers by 2024.

1.6.3 Composition

The fatty acidnethyl esters (FAMEgomposition of biodiesel derived from different

feedstocks &s previously investigated by many scientt3¥$® and Table 111

shows thdatty acid compositiosin both the oil feedstocks and the FAME obtained

from these feedstocks, whiths commonly assumed that the f

compositions remain unaffe after the transesterification reactich.

Table 111 Chemical composition of biodiesel FAMBroduced from various
feedstocks’®

Oil/Fat Fatty acid composition % (w/w)

12:0* 14:0 16:0 18:0 18:1 18:2 18:3 22:1

Canola .. .. 3-7 1-3 51-70 1530 5-14 <2
Coconut 4553 1721 810 24 510 13

Corn . . 817 <3 2042 3466 <2
Cottonseed . 0.61 21-26  2-3 1522 47-58

Jatropha . . 1017 510 3664 1845

Linseed® 167170 .. 5-7 2-4 1922 1624 4755

b

Olive . <1 820 14 5583 4-21

Palm . 0.52 3948 46 3644 9-12

Peanut . . 814 15 3569 12-43

Rapeseed . . 2-6 1-3 8-60 11-23 513 2-60
Safflower® " . . 6-7 2-3 1418 7377

171b

Sesame . . 812 56 3642 42-48

Soybean . . 814 25 17-30 4859 5-11
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Oil/Fat Fatty acid composition % (w/w)

12:0* 14:0 16:0 18:0 18:1 18:2 18:3 22:1

Sunflower . . 5-8 3-7 14-39 4874
Tallow (beef) . 2-6 2030 1530 3045 16 <15

2 Number of C: Number of C=C.Data are the range of three sources.

It is clear fromTable 111 that each feedstock has a distinct distribution of fatty
acids, and therefore, the FAME compositional profile of a biodiesel is generally
dependent on the feedstock used in the transesterification reactions. For example, the
biodiesel produced from soybedeedstocks has relatively higher linoleic acid
methyl ester (18:2) than the one produced from palm feedstocks.

1.6.4 Degradation

Biodiesel is typically higly sensitive to autoxidation, unlike normal diesieht is
derived from crude ailThe commonly kawn reason for this poor oxidation stability

is that the biodiesel contains high levels of unsaturated fatty acid methyl esters
(FAME), particularly polyunsaturated fatty acid (PUFA3The autoxidation process

rate of biodiesel is very muclepgendent on the number and location of methylene
interrupted double bonds (as will be discussed later in Chapter 5), which can
eventually increase the biedel viscosity, and furtheran cause the appearance of
insoluble depositthat could seriously blocKuel filters and injection system of
automotive diesel enginé§ Furthermore, the change to higher acidity and the
forming of peoxides as a result of autoxidation reactions could also lead to the
corrosion of fuel system parts, destroying rubber joints, and fusion of moving

parts:’

1.7 Autoxidation Mechanisms of Lipids

Oxidation in lipids can occur by a selécelerating process called autoxidatioh.
The starting stage normally occurs a slow reaction with oxygen followed by a
cycle of chan reactions until the process slows due to depletion of reactants
(radicals, lipids, and/or oxygeh)> *"® The deterioration is motivated by an auto
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catalytic reaction that is wetlescribed in the literature through a free radical chain
mechaism.*’"*®° The chain mechanism is frequently described by the following four

distinct stages: initiatiorpropagation, chain branching, and termination'®*

Initiation

The initiation stage involves the formation of lipid free radicaf®) (&% the reaction

of the initial lipid with the dissolved oxygenatecule as in reaction 1'% The
exposure of lipids to oxygen and energy as heat, or UV light can also enhance
initiation.*®® Generally, the chain initiation reaction rate is very slow under normal
conditions. However, this reaction is temperature dependent and can go noticeably
faster with increasing temperature, as well as the presence of transitidnameta

catalysis like iron, copper, nickel, manganese, vanadium, cebait> 184

RH + O — > Re + HOO» (1.1)

Propagation:

The first propagation stage is the reaction of the lipid free radicyl Wih an
oxygen molecule to produce a lipid perbxgdical (ROG), see reaction 1.2 This
reactonisveryapi d, and the rate is depeHldent
As soon as the lipid pergkradical (ROG) is produced, it can abstract hydrogen
from another lipid molecule to produce a lipid hydroperoxide (ROOH) and another

new lipid free radical (R, as in reaction 1.5?

Re + O — » ROO. (1.2

ROOs + RH — 5 ROOH + Re (1.3

Chain branching:

The chain branching staggarts with the decomposition of lipid hydroperoxides
(ROOH) to lipid alkoxy radical (RG) and hydroxyradical (HO),*®? sincethe GO
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bond is the weakest bond in a hydroperoxifgdon ~175.7 kdJ/mol);>°> see reaction

1.4. However,this reaction is typicallyslow at ambiat temperatures due to the
noticeableactivation energy, though, it increases stigrag higher temperatures or
with traces of metal ions catalysis pres&htydroxyl and lipid alkoxy radicals are

very reactive, so they rapidly abstract hydrogen atoms from a lipid molecule to form
an addition lipid free radical which increases the rate of autoxidHfisege reactions
1.5and 1.6.

ROOH —— ROe + HOe (1.4
ROs+ RH —» ROH + Re (1.5
HOs + RH —» H,O + Re (1.6)

Termination:

The chain termination reactions will start when the lipid medium has reached a point
that consumption of oxyges significantly limited*®* As shown in reactions 1.7 and
1.8, the lipid free radical | can join aother lipid free radical (R to produce a
lipid molecule'™ 8! Furthermore, the lipid free radical {Rcan also join a lipid
peroxy radical (ROG) to produce a lipid peroxide€> 8! However, this lipid
peroxide is not stable and can simply breakdawrmproduce further lipid alkoxyl

181

radicals’®? Nonetheless, the lipid peroxyadical (ROG) can join another lipid

peroxy radical (ROG) to produce nomadical products®* see reaction 1.9.

Re + Re —— 3 R-R' .7,
Re + ROOs — » ROOR' (1.8)

ROOe + R'OOs — 5 Non-radical products (1.9

Figure 19 showsthe basic chain reactions for autoxidation in lipids.
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0,

Propagation

ROO R
Initiation Termination
RH — R ROO’ Non-radical
products
Propagation
ROOH RH
RH
Branching
RO + HO

Figure 1.9: Basic chain reactions of autoxidation in lipf§&.*®’

1.8Inhibition of Autoxidation by Different Classes of Antioxidants

Oxidation of lipids takes place by thehain reaction mechanism involving the
reactions of alkyl (R) and peroxyl (RO€) radicals (asliscussed earlier in section
1.7).*®® Hydroperoxides (ROOH) formed during autoxidation reactions can also
further decompose into additional radicals hence, increasing the rate of oxiffation.
Therefore, the oxidation of lipids can be intgd chemically byany of the following

three ways:

1 Breaking the oxidation chains by the destruction of peroxyl (ROaxicals
by reaction withROQ’ radical scavenging antioxidar(tshain breaking donor
antioxidants)

1 Breaking the oxidation chains by tlkestruction of alkyl (ﬁ) radicals by
reaction withR® radical scavenging antioxidanfshain breaking acceptor
antioxidants)

1 Reducing the rate of chain branching by the destruction of hydroperoxides

(ROOH) by eaction with peroxide decomposiagtioxidants.
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1.8.1 Breaking theoxidation chains by the reaction with peroxyl (ROQ)
radicals

This class of radical scavenging antioxidants includi@sleredphenols, aromatic
amines and aminophenpksll of whichare reductive agerit€ with relatively weak

O-H and NH bonds which readily donate hydrogen atortes peroxyl (ROG)
radicals to break the autoxidation chain reactions cycle and form relatively stable
intermediate radicalgiving rise to a number of molelar productghat can also help

inhibit autoxidationt&®: 18’

Generally, the most common examples of this type of antioxidant are phenolic and
aminic antioxidants, where these are known to have loW @nd NH bond
dissociation energies (BDEdpwer than the GH BDE of the corresponding lipid
molecule and hence favorably react with peroxyl (RD@dicals formed during the
autoxidation of lipids. By the reaction of radicabsenersvith peroxyl radicals, the
propagation reactions in autoxidation wile broken, therefore breaking the
autoxidation chain cycle and hence preventing the lipid moledutes being
substantially oxidisedas shown ifrigure 110.

Propagation
pag ROO R’
Initiation Termmatlon
RH R’ » Non-radical
products
Propagation Inhibition
ROOH
Branching
ROOH

RO + HO

Figure 1.10: Autoxidation degradation cycle dnchain breaking mechanism by
radical scavengingntioxidant:®’
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With regards to the phenolic type antioxidant, the hydragiem abstraction by a
peroxyl (ROG) radical will lead to the formation of a phenoxyl radical (reaction i in
Figure 111). The phenoxyl free radical will be resonarmstabilisedvia the phenoxyl
aromatic ring (reaction ii iffigure 111). A second peroxyl (RO radical can then
react with the resonanstabilisedstructure to form a peroxide molecule (reaction iii
in Figure 111).%® 8 Thereby, one phenol antioxidant can, ideally, remove two
peroxyl (ROO’) radicals from the systemi,e. it has a stoichiometric inhibition

coefficient @) of two.

R—O—O')

H
L\g 0) o]
t-Bu t-Bu i t-Bu O t-Bu i t-Bu t-Bu
E? Y ﬁ’ R
c .
& ROOH & k| ~0o—0—R

Figure 1.11. The well-known mechanism of a hindered phenolic antioxidant
action’®

For aminic antioxidants, such as diphenylaniitié{ uses a comparable mechanism

to the phenolic radical scavenging antioxidant, where initially a peroxyl radical
abstracts the weakest hydrogen (theHNoond in a diphenylamine) to form a
diphenylaminyl radical (reaction i ifigure 112), and the latter can further react
with another peroxyl radical leading to the formation of a peroxide molecule
(reaction ii inFigure 112).1% Therefore, one diphenylamine antioxidant can inhibit
the propagation of two autoxidative chain reactions and hence, it has a stoichiometry

coefficient of two'%*
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Figure 1.11%1;I;Qe weltknown radical scavenging mechanism of diphenylamine

antioxidant.
The stoichiometric inhibition coefficien
oxidation chains that are broken by one molecule of an antioxwmnéactions of

chain carries with antioxidant moleculés? Table 112 shows the experimentally

measured stoichiometric inhibition coef f|

Table 112 Measuredtsoi chi ometric inhibition coeff
some key phenoliantioxidants.

Antioxidant Solvent Temp. {C) & Ref.
Phenol Chlorobenzene 62.5 2.0 195
BHT Cumene / 50 2.0 196

chlorobenzene

Catechol Styrene / 37 2.1+0.2 194
chlorobenzene

Caffeic acid Styrene / 37 1.5+0.1 194
chlorobenzene

Gallic acid Styrene / 37 1.0+ 0.1 194
chlorobenzene

Catechin Cumene / 50 1.7 196
chlorobenzene

196

Utocopherol Cumene / 50 2.0
chlorobenzene

In principal, the addition of the second peroxyl (Rp@dical with respect to the
phenoxyl aromatic ring can be artho- and para-positions where the densitf the

unpaired electron is considerab?éThe ratio of probabilities for the peroxydical
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recombination in either position is dependent on the nature of the substituents in the
phenoxyl radical. For example, in case with 2#i8ert-butylphenol (TTBPFigure

1.13), both ortho-positions and theara-position of the phenol aromatic ring are
occupied bythe same bulky substituent anlderefore, the ratiof probabilitiesof the
peroxyl radical recombination inortho-position over the paraposition is
approximately 0.25%7

Ro—o'>
O') (o] r [e)
t-Bu t-Bu t-Bu éjt-Bu t-Bu t-Bu
- | I - | .
<|3 '0—OR
t-Bu ‘\_ /

t-Bu t-Bu

t-Bu

Figure 1.13: Ortho- andpara-quinolide peroxides formation in the case of 2#i6
tert-butylphenol (TTBP)-*

Moreover, in the case with 2d-tert-butyl-4-methylphenol (BHT), itpara-position
is occupied by a nebulky substituent -CH3) and, therefore, this ratimf
probabilitiesof the peroxylradical recombination imrtho-position over thepara-
position falls to 0.01, indicating recombination, in this caspaed-position is more
dominant:®” However, in the case with 4g-tert-butyl-2-methylphenol, one of the
ortho-positions is occupied by a ndiulky substituent-CHs) and, thus, peroxyl
radical recombination, in this case, is found to be more dominant abrthis
197

position:”" Therefore, from the last two examples, it can be denoted that a peroxyl

radical recomimes predominantly at a positi bearing no bulky substituent.

These peroxyantioxidant adducts caeyentually, decompose to form tvadkoxyl-
like radicak (reaction i inFigure 114), with the antioxidantlerived alkoxy radical

losing an alkyl radical to form a quinone (reaction iFigure 114).19% 1%
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Figure 1%.71;1(:)0 The decomposition of peroxgntioxidant adducts to form a

quinone.
Additionally, the quinone formed is thought to have the ability to further react with
both alkyl (R) and peroxyl (RO€) radicals'®® ?**However, due to the presence of
oxygen and the fact that these reactions are relatively slower when compared to the
reaction of alkyl radical with oxygeand/or the reaction of peroxyl radical with
either an antioxidant or a lipid molecule, these reactions are believed to have little

contribution during the autoxidation of oxygsaturated substraté¥.

The primary oxidation products of hindered phenols were found to be stable in the
absence of oxygen but, in the presence of oxygen, mostefureact rapidly by
addition of dioxygen tdorm peroxyl (ROG) radicals’® Therefore, this antidgant
derived peroxyl radical was found to react irreversibly with another phenoxyl radical
to form a quinolide peroxid®® ?°*An example for this was studied for the 2:4i6

tert-butylphenoxyl radicat>* seeFigure 115.

t-Bu t-Bu
. 1 ‘0-0
t-Bu (0] + 0, —_— 0]
t-Bu
t-Bu

t-Bu
i t-Bu
’o—Qﬂ-Bu
t-Bu
t-B

Bu u
0-0,
(o)
Bu t-Bu t-Bu t-Bu

t-

O
t

Figure 1.15. The reaction of a hindered phenoxyl radical with dioxygen and the
formation of quinolide peroxid¥®: 2%4
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The substituents of a phenoxyl radical can dramatically influence the mechanism of
selfreactions in the presence of oxyd&hlf the para-position of a phenoxyl radical

is free, no dioxygen iadded and, instead, these phenoxyls recombine to for@a C
unstable dimef® This denotes that an unhindered phenoxyl ldidll self-react
rapidly and not react with oxygéft: An example for this was studied for Zj6tert-

206

butylphenoxyl radica™" seeFigure 116.

o o) t-Bu t-Bu
2 t-Bu t-Bu t-Bu t-Bu
—_— (o] (o]
~— | | —
¢
t-Bu t-Bu

Figure 1.16: Recombination of 2@li-tert-butylphenoxyl radicals with the formation
of C-C dimer?®

Other reported recombination mechanism of hindered phenoxyl radicals is the
formation of GO unstable dimer (reaction ia Figure 117).%°’ This GO unstable

dimer has been proposed to further decay to form a hindered phenol and a
methylenequinone (reaction iia Figure 117).2% ?®The same products have also
been proposed to form by direct disproportionation of hindered phenoxyl radicals

(reaction ibin Figure 117).%*°
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o t-Bu t-Bu
t-Bu t-Bu . t-Bu
ia
2 —_—
HC ™o CHs
CH
3 t-Bu

:\\0
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o OH
t-Bu t-Bu t-Bu t-Bu
+
CH, CHj3

Figure 1.17: The two proposed ways for the formation of a quinonemethide and
BHT from 2,6di-tert-butyl-4-methylphenoxyl radical&®®?*°

In addition, further studies on the oxidation of BHT have shown the formation of
stilbene quinone and a very stable radical product, namely galviffdx$t* The

chemical structures of these two oxidation products of BHT are providemyume

118
t-Bu t-Bu t-Bu t-Bu
t-Bu t-Bu t-Bu t-Bu
Stilbene Quinone Galvinoxyl

Figure 118 The chemical structures of stilbene quinone and galvinoxyl.

The detailed mechanisms of these reactions are still somewhat otfécBoene

§¥2% interpret the stilbene quinone formation from BHT to the dimerization

studie
of a benzyl radical to ethylene bisphenol (reaction kFigure 119), and the latter is

oxidized easily to the stilbene quinone (reaction ifrigure 119).

103



OH
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CH, t-Bu t-Bu

CH,

t-Bu t-Bu
(0} CH—CH (o]
t-Bu t-Bu

Figure 1.19: The suggested mechanism for the formation of stilbene quinone from
BHT through the dimerization of benzyl radicat§**®

However, there is uncertainty about the possible mechanism towards the benzyl
radical formation. In the case of BHT, it has been sugg@stétf that a benzyl
radical forms as a result of sidkain attack at thepara-methyl group, while
anothef’® suggests its formation is as a result of intramolecular rearrangement of the

phenoxyl adical.

Nonetheless, a later study by Becconsall andverker$!’ have reviewed the
hypothesis about possible formation of benzadlicals, and concluded that both
stilbene quinone and galvinoxyl are products from the simultaneous dimerisation and
rearrangement of phenoxyl radicals, as proposdedguare 120. Their conclusion is
based on the absence of spectral evidence for the formation of the benzyl radical or
even the benzyl phenyl ether from the reaction of BHTHowever, absere of
evidence of benzyl radicatannot be taken as evidence of absence, it may, for

instance, be due to limitations in the spectroscopy technique used.
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Figure 120: Proposed mechanisms of the formation of stilbene quinone and
galvinoxyl from the simultaneous dimerisation and rearrangement edi-2eft-
butyl-4-methylphenoxyl radicals’

Other reported mechanistic path way for the formation of stilbene quinone is through
the formed methylenequinone that is described earligfignre 117. Methylene
quinones are known for their high chemical activity and, when formed from BHT,
they spontaneously dimerise to form stilbene quinone and ethylene bisptiettol,

as shown irFigurel.21.

o t-Bu t-Bu t-Bu t-Bu
t-Bu t-Bu
4 —>» O CH—CH: {o] + HO CH,-CH, OH
CH, t-Bu t-Bu t-Bu t-Bu

Figure 1.21: The dimerization of methylenequinone to stilbene quinone and ethylene
bisphenof*®
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1.8.2 Breaking the oxidation chains by the reaction with alkyl (R) radicals

This class of antioxidants includes quinones, iminoguinones and methylenequinones
These are oxidisinggents®” which can terminate the autoxidation chain reactions
by readily accepting alkyl (B radicals®® These are more efficient at comparatively
low concentration of @and in solid polymer§® *"|n addition to the low @
concentration requirement for a good activity for this class of antioxidants, the
structure of the autadising substrate is also import&At.The more stable the alkyl
radical generated durindné autoxidation chain reactions, the better will be the
chance of this type of antioxidant to break the oxidation chaideactivating these

stable alkyl radicals under.@eficient condition$®

Quinones are well known for their tendency to effectively inhibit polymerization by
trapping alkyl (R) radicals, asshown in reactionsa and iia of Figure 122.%’
However, quinones can only act as efficient aatiants if they can compete with
oxygen for the reaction with alkyl radicals (as ibFafure 122) and, hence, the

important requirement of low oxygeoncentration in the systeff.

(Inactlve products)

<>/<> S

ROO’ —> ROOH + R’
(Propagation)

Izzzigure 122 The reactions of alkyl radical with: ia) benzoquinone; ib) dioxygén.

1.8.3 Reducingthe rate of chain branching by the reaction of hydropeoxides
with peroxide decomposingantioxidants

This class of peroxide decomposing antioxidants includes phespdnd suifles
which candecompose hydroperoxides (ROOWa a process that does not give rise
to free radicald®’ Hydroperoxides are believed to be the major source of further free
radicals in an atoxidation system anithey are the most significant primary products
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formed during the cyclical autoxidation process (Bscussed earlier in section
1 7) 187

Phosphite esters and swicontaining compounds are the two main classes of
peroxide decomposet?’ Phosphite esters, can generally decompose hydroperoxides
(ROOH) stoichiometrically, while sulir-containing compounds, can act by
catalytically decomposing hydroperoxid&€5Simple phosphite esters, such as triaryl
or trialkyl phosphites, are widely used as inhibitors of oxidatihey function
mainly by reducing hydperoxides to alcohols by the following stoichiometric
reaction (1.10¥%

(RO);P + ROOH —» (RO);P==0 + ROH

Furthermore, the sulf-containing compoundsuch as simple aliphatic sulfides and
some metatsulfur complexes, are widely used to inhibit the oxidation ofidamnts.
The metalsulfur complex antioxidants have the ability to function well even at very
high temperatures (>15@C) and, hence, most modern lubricating oils contain zinc
dialkyl dithiophosphate (ZDDPFigure 123), which is an important stabilizing

component?® 224

o)

RO pe™ 2 S 5p R
R—0~ s~ 7 “O0—R

Figure 1.23: The chemical structure of zinc dialkyl dithiophosphate (ZDDP).

The mehanism of action of these sufcontaining antioxidants primarily involves
their reactions with hydroperoxide (ROOH). The chemistry of this is complex,
however, thgroducts formed during a sesief reactions, especially suffacids, are
thought to contribute much more significantly in further destroying
hydroperoxide$®*

Nonetheless, transition metal compounds, such as copper and iron, are well known

for their ability to accelerate oxidation by increasing the rate of hydroperoxide
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(ROOH) decomposition and, thus, forming additional free radicals that incréases t
rate of oxidatior®® as the followimy reactions (1.11 and 1.15Y:

ROOH + M¥ ———» RO + OH™ + M?* (1.11)

ROOH + M?* — 3 ROO + H* + M* (1.12)

Therefore, this accelerated oxidation by transition metals can be prevented by the
addition of what is commonly known as metal deactivators. These compounds, such
as diamines, interact with metal ions to yield complexes thainamtive towards

hydroperoxdes.

1.9 Commercial Radical Scavenging Antioxidants

1.9.1 Phenolic antioxidants

Many researchers have found that synthetic antioxidants can be effective by
increasing the oxidation stability of biodie$&??® Most antioxidants previously
investigated to improve the biodiesel oxidation stability have been phéyodic
antioxidants:* 2% #°Table 113 shows the most common reported synthetic

phenolic anbxidants for use in biodiesel.

Table 113 Sane common synthetic phenolic antioxidants previously investigated
for improving the oxidation stability of biodiesel.

Name Abbreviation  Structure Ref.
Butylated hydroxyanisole ~ BHA OH 174,229
t-Bu
OCH;
Butyl-4-hydroxytoluene BHT OH 174,229, 230
t-Bu t-Bu

CH,
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Name Abbreviation  Structure Ref.

174

Tert-butyl-hydroquinone TBHQ

hydroquinone

OH
©/t-3u
OH
2,5-Di-tert-butyl- DTBHQ OH 174
t-Bu
t-Bu/©/
OH

OH 174
O

Propyl gallate PG
HO. i _OH
OC;H,

Pyrogallol PY ?
2,2NMethylenebis-(4- Bis-BHT

HO

methyl6-tert-butylphenol "B“
>
e

H 174
OH
H OH
t-Bu

OH 229
t-Bu

OH
t-Bu

t-Bu

o 230

2,6-Di-tert-butylphenol DTBP

229

2,4,6Tri-tertbutylphenol TTBP

u
u

Tang et al’”® have evaluated the effectiveness of different synthetic antioxidants,
such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BT,
butylhydroquinone (TBHQ), 2;8i-tert-butylhydroquinone (DTBHQ), ionol BF200

(IB), propylgallate (PG), andypogallol (PY), to improve the oxidative stability of
various sources of biodiesel. Soybean derived biodiesel was one biodiesel sample
tested by Tangset al!’*which has significant levels of unsaturated fatty acids methyl
esters (FAME), mainly methyl linoleate (C18:2) and methyl lindierf®€18:3). This

high content of unsaturated FAME is believed to be the cause of making the
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biodiesel more sensitive to oxidation than petrolederived diesel and hence gives
low induction times (the time lag until the autoxidation st&tsf**The soybean
based biodiesel seems to be the most interesting sample inétaid¥ work. They
found that the addition of 1,000 ppm PY in the pure soyiemsed biodiesel gives
the highest inductionggiod, followed by TBHQ and PG.

Furthermore, Ingendéff has also used synthetic antioxidants to inaproxidation
stability and shelf life of rapesedxhsed biodiesel. He found that BHT has more
significant effects on the induction time of rapesbaded biodiesel than soybean
based biodiesel. The addition of 200 ppm of BHT in distilled rapelsased
biodiesel showed an increase in induction time by four hours, and by eight hours
with double dosage (400 ppm) of BH¥.He also noticed that the addition of BHT

at higher concentrations more than 1,000 ppm did not show any increase of distilled
rapeseedbased biodiesel induction time (at 14 hours). Eveh @j000 or 3,000 ppm

BHT he did not noticed any increase with induction times more than 14 hours.

Souzaet al?*° have also investigated the effects of three antioxidants (butylated
hydroxyl anisole (BHA), 2,6di-tert-butyl-4i methylphenol (BHT) and the mixte

2,6/ di-tert-butylphenol (DTBP) + 2,4j@ri-tert-butylphenol (TTBP) on the oxidative
stability of soybean biodiesel. According to Souwetaal,’” the addition of these
three antioxidants (at 500 ppm) improved the theaxidative stability of soybean
biodiesel, and with increasing the dosage of antioxidant (to 1000 ppm), they also
observed an increase of biodiesel oxidative stability. Between the three investigated
antioxidants using the Rancimat mettfdtthe BHT antioxidant addition showed the
highest oxidative stability fadwed by BHA and the mixture DTBP + TTBP.

1.9.2 Aminic antioxidants

The other welknown type of antioxidant is the amirigpe antioxidant. The aminic
type antioxidants can act similarly to the phentjfige antioxidants in hindering the
oxidation cycle obiodiesel, however, these aminic antioxidants are less common for
use in biodiesel than the pheneljpe antioxidant$®* Table 114 shows some

common reported aminic antioxidants for use in biodiesel.
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Table 114: Some synthetic aminic antioxidants previously investigated for use in
biodiesel.

Name Abbreviation  Structure Ref.
Octylated/butylated O/BDPA Ry= =~ 235
diphenylamine N
\ /s
N, NiNecbutyl-p- PDA H 236, 237
phenylenediamine CH3/©/ j/\CHa
Hsc\)\p| CHj
N-Phenyil-naphthylamine  PANA @ 2817
HN
Ethoxyquin EQ H 237
o Z

Sarin et al?®* have investigated the effect of an aminic antioxidant (octylated
butylated diphenyl amine) for improving the oxidatioakslity of biodiesel derived

from variety of feedstocks. Based on Sairal**®

work, a dosage of 200 ppm of the
aminic antioxidant was doped in Jatropha, Karanjia, Sunflower and Soybean based
biodiesels and tested in Rancimat to evaluate the effectiveness of the aminic

antioxidan. According to Sarinet al,?®

the aminic antioxidant was partially
effective with Jatropha based biodiesel, however, interestingly, not effective with

Soybean based biodiesel.

Furthermore, Chen and L8 have also studied theffect of another aminic
ant i oxi diesacbutykpiphehypediamine (PDA)) on the oxidation stability
of biodiesel derived from free fatty acids (FFAs) using Rancimat standard (EN
14112). According to Chen and L&8,the effectiveness of the aminic antioxidant
(PDA) at 1000 ppm on the oxidation stability of the FB&sed biodiesel was similar

to a phenolic antioxidant (BHA).
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Subrotoet al?*” have investigated the effect of a number of antioxsl&inicluding
the aminietype) on the oxidation stability of oils extracted from Jatropha seeds by an
accelerated oxidation test described as EN 14112 using the Rancimat eq@ipment.

According to Subrotet al,?*’

pure Jatropha oil without an antioxidant adtied an
induction period (IP) of 1.6 hours, however, after the addition of three atypec
anti oxi dant sdi-sechutylpeheyylenddiarhing (PDA)N-Phenyil-
naphthylamine (PANA), and Ethoxyquin (EQ), at a concentration of 500 ppm, the

results ly Subrotoet al?*’

showed that the oxidative stability of the pure Jatropha oil
increased to the IPs of 5.8, 3.7 and 2.7 hours, respectively. Nonetheless, the effects of
these three aminitype antioxidants on the pure Jatropha oil wesggnificant in the
investigation of Subrotet al.>*” According to Subrote@t al,?*’ the effects of two
phenolictype antioxidants, Pyrogallol (PY) and Propyl gallate (PG), were more
significant, where remarkablyheir addition at the concentration of 500 ppm in

Jatropha oil increased its IP to 27.3 and 22.5 hours, respectively.

1.10BiomassDerived Antioxidants

Most currently used antioxidangsederived or synthesised from petroleum which is
expensive and its serves are limited and gradually being eadsted. Thus, this
situation lel some research groups to be interested in finding low cost antioxidants
derived from cheap renewable resourc&sTherefore, to impose reorientation of
antioxidants from fossil fuels to renewable resources, more investigation is needed
on antioxidants from easily accessible biomass that does not compete with food use.
To date Jimited studies have investigated antioxidainbm natural resources for use

in fuels, in particular biodiesé?® 2*°But, on the other hand, numerous papers have
been published on the investigation of synthetic antioxidants, such as butylated
hydroxytoluene (BHT), for preventing the oxidative degradation of biodtéséf>

226, 229, 230, 24243 Taple 115 summarizes some previous investigations on renewable

antioxidants from natural resourdes use in fuels or lubricants.
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Table 115 Some previous investigations on renewable antioxidants from biomass
for use in fuels or lubricants.

Sector Antioxidant name Antioxidant structure Source Ref.
Fuel & Mixture of: OH Waste 244
lubricant 2-methoxyphenol: @/O‘cm product
(gasoline and from wood
lubricating hydrolysis
materials) 2.6-dimethoxy OH

phenol; H,;CO. OCHj

3-hydroxy-4- o

methoxy H

benzaldehyde HO

(vanillin) and OCH,

1-(4-hydroxy-3- Oxy-CHs

methoxyphenyl)
ethanone
OCH,
OH
Fuel Utocopherol e ey . Sigma L
(biodiesel) L LT Aldrich 240
L, " (derived
from
vegetable
oil)
Lubricant Thio- > Synthesised *°
(mineral oils) phosphorylated L o from CNSL
cardol g cardol
¢
o
\/0\/
”P\O Ci5Hz5.31
Fuel (methyl Ferulic acid, 0 Models for %
linoleate) H3COJ©/\)L0H phenolics in
HO softwood
and
Syringaldehyde, 20 hardwood
H,CO OCH,
OH
Vanillin alcohol *
H
HO
OCH,
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Sector Antioxidant name Antioxidant structure Source Ref.

Fuel Mixed-phenolics  N/A? Jatropha 240
(biodiesel) extracted

with

methanol
Fuel Curcumin OCH, N/A 239
pidese RSN <o

iodiese
2 X OCH,
O O

Polymers Ester derivatives OH Commercial %’
(also, for use of rosmarinic acid 0 cooH OH " rosemary
in lubricating HO XN extract (93%
and diesel H rosmarinc
oil) HO acid)

2 Not available from the source.

Vasileva et al.>** have investigated a phenolic antioxidants mixture, produced by
alkaline destruction of lignin, for use in gasoline amdricating materials. The
phenolic mixture is believed to be consisting ofm2thoxyphenol; 26
dimethoxyphenol; dydroxy-4-methoxybenzaldehyde (vanillin) and(4-hydroxy
3-methoxyphenyl) ethanone (their sttures are presented Trable 115). According

,>** the antioxidation test is carried out at 12 by the

to Vasilevaet a
investigation of oxygen adsorption in a laboratory manometric installation. The anti
oxidation effect of the methoxyphenolic mixture is compared to the commercial
antioxidant butylated hydroxytolne (BHT). According to their results, the

methoxyphenolic mixture antioxidant effect on liquid paraffin is comparable to the

commercial antioxidant BHT at the concentration of 10 ppm.

Tang et al'™ have also included one natural antioxidabttqcopherol) intheir
investigation of variousynthetic antioxidants to improve the oxidation stability of
biodiesel. According to Tanet al,*"

the biodiesel industrial testing standard Rancimat method (EN 1#F1Zhe

the stability tests are determined according to
selected antioxidants are added to four different feeddiaskd biodiesel (soybean

oil, cottonseed oil, poultry fat and yellow grease) at varying concentrations between
250 and 1,000 ppm. According to their results, the natural antioxigtmtopherol
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addition has the least effect in increasing the induction time of the all differest type
of biodiesel when compared to the other synthetic antioxidant.

Maia et al?*® have synthesised new thiophosphorylated compound frorardol:
long-chain phenolic compounds extracted from cashew nut shell liquid (CNSL).
They investigated this compound for its antioxidant activity in mineral oil by using
an acelerated oxidation experimefietroOXY, Germany) at 14 to measure the
induction time. According to their results, the addition of this new compound to
mineral naphthenic oil at a concentration of 1% (w/w) increased the induction time to
approximately 20 hours, whereas the same concentration addition of the commercial
antioxidant BHT increased the mineral oil induction time to about 13 hours.

Salehiet al?* have studied the oxidation process of methyl linoleate 4C78&lone
and in combination with 20% (w/w) of lignin model compounds. The effects of these
compounds on methyl linoleate are monitorediR (both**C and*H) and FFIR.
According to their results, the phenolic lignin models (ferulic acid, syringaldehyde
and vanillin alcohol) are capable of slowing down the methyl linoleate oxidation

cycle by acting as radical scavengers.

El Diwani et al?*® have also investigated the protection of Jatropha biodiesel from
oxidative degradtion by adding natural antioxidants. According to their waik,
tocopherol and natural Jatropha root extract were investigated using thermal
oxidation at 6G:C and analysed using 2¢2phenyt1-picrylhydrazyl (DPPH) radical
method, and the results compar® the synthetic antioxidant BHT. According to
their results, by using 2@iphenytl-picrylnydrazyl (DPPH) radical method for
oxidation analysis, the addition of natural Jatropha root extract at 400 ppm (of BHT
equivalent, measured by Folfiocalteu asay) to Jatropha biodiesel is capable to
hold the biodiesel degradation up to 6 hours, whereas, in compddsocopherol

and the synthetic antioxidant (BHT) are less effective in stabilising the Jatropha
biodiesel at 6GC.

Leanne de Sousat al?*° have also used a natural phea@dompound (curcumin) to
study its antioxidant activity in soybean biodiesel. According to their study, samples
of soybean biodiesedre doped with curcumin at three concentrations (500, 1000,

and 1500 ppm) and stored at Z5 in dark glass to monitor thebxidative process
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by the industrial testing standard Rancimat method every 30 days for 180 days.
According to de Souset al,?**the addition of curcumin at the concentration of 1500
ppm to soybean biodiesel increased the induction period to 83%, and curcumin
addition at the concémation of 1000 ppm is enough to keep the oxidation induction
time of soybean biodiesel above the minimum requirement by law (6 hours at 110
¢C) for at least 180 days at the storage temperature .25

Doudin et al®*’ have introduced several ester derivatives (rosmarinates) of
rosmarinic acid derived from rosergaplant for use as antioxidants to stabilise

1,>*” the new rosmarinates esters were

polymers. According to Doudiret a
synthesised from a rosmarinic acid (its chemical structure is presented in Table 1.13)
obtained from a commercial rosemary extract (AquaROX 80; 93.4% pure rosmarinic
acid). The investigation of #se new synthesised antioxidants in polyethylene and
polypropylene indicated that they are very efficient antioxidants under both melt
processing and long term therrogridative conditions (by contrast, the commercial
hindered phenol antioxidants Irganox 780 and Irganox 1010 showed lower
antioxidancy effect than that of the new synthesised rosmarinates esters).
Furthermore, the free radical scavenging activity of the rosmarinates esters
antioxidants were also investigated in Doudtral?*’ published work using DPPH
(2,2-diphenyt1-picrylhydrazyl radical) assay tieat 90°C. Their results showed that

the DPPH scavenging activity of the synthesised rosmarinates esters is significantly

higher than that of the commercial antioxidants Irganox 1010 and Irganox 1076.

In spite of the above discussed literature onathigoxidants derived from different
renevable resourceghe information in the open literature on effective renewable
phenolic anti@idants for use to stabilise a modblodiesel autoxidation, in
particular, at high temperature120 ¢C) is still limited. Therdore, the aim of this
project wasto extract (and characterise) a crude-dilofrom spruce woodchips
(picea abiey using microwaveenhanced pyrolysis, and then to investigate the
sprucederived phenolic species in the crude-bibfor their potental application a
antioxidants for enhancing a modébdieseloxidation stability by examining methyl

linoleate autoxidation in 1 bar of oxygen at 2D
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1.11Contextualization of Thesis

Chapter 2 explains in details the experimental procedures, apparad mateals
used for thevork for this thesis

Chapter 3 describes the microwaamhanced pyrolysis of a woody biomass (spruce
woodchips) for the production of pyrolysis liquids (crude-biloand aqueous
fractions), char and gas. In order to understand in depth the chemical alteration of the
spruce wodchips and the pyrolysis products from it (excluding the gas fraction), the
spruce woodchips and its pyrolysis products were characterized fudhpoximate

and ultimate analysis (proximate analysis parameters include moisture, volatile
matter, fixed carbon and ash, and ultimate analysis elements include carbon,
hydrogen, nitrogen and oxygen), Karl Fischer titration, as welliasICP-MS
analysis. Furthermore, ATHRR analysis, NMR analysis, and @&@S
characterization were employed for the analysithefpyrolysis liquid products: the

crude bieoil and the aqueous fractions.

Chapter 4 illustrates the isolation and characterization of phenols from the crude bio
oil produced by the microwavenhanced pyrolysis of spruce woodchips. In order to
isolate thephenolic species from the crude {ai, the crude bienil was subjected to

two significant multisolvent fractionation procedures; watesoluble phase
fractionation of crude bioil, and watersoluble phase fractionation of crude -oih
Furthermore another fractionation was also carried out using supercritical t€O
investigate further the isolation of phenolic species from the crudeilbiasing this

greener alternative to more conventional solvent fractionation.

Chapter 5 investigates the poiahtipplication of using crude bioil produced from

the microwaveenhanced pyrolysis of spruce woodchips as a source of renewable
phenolic antioxidants to stabilize a model biodiesel and prevent autoxidation. The
effects of the crude bioil phenolic corént and a commercial synthetic antioxidant
(BHT) on a significant biodiesel component (methyl linoleate) were investigated
using static oxidation test, as well as a biodiesel industry standard Rancimat test (EN
14112). In order to understand the antioxdarof the crude biwil, further

investigations were also carried out on the effects of different isolated extracts from
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the crude bienil, as well as three significant phenolic species identified in the crude
bio-oil, and a mixed phenolic standard on nyttlnoleate autoxidation using the
static oxidation test.

Chapter 6 highlights the conclusions for the thesis projects, and the suggested
directions for future work.
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Chapter 2: Experimental
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2.1 Microwave-AssistedPyrolysis

The microwaveassisted pyrolysis of spruce woodchips was carried out in a
Milestone ROTO SYNTH Rotative Solid Phase Microwave Reactor (Milestone Srl.,
Italy). The microwave was fitted with a vacuum pump to aliowsitu separation and
collection of the geerated pyrolysis liquids from the microwaved woodchgese

Figure 21.

Figure 2.1. The microwave pyrolysis selp: A) Milestone ROTO SYNTH
microwave reactor; B) Rotative 2 dnmicrowave glass flask; C) Crude hid

collection point; D) Aqueous collection point; E) Vacuum pump; F) Pyrolysis gas
release point.

Samples of spruce woodchipEpproximatelyl50 g [er run) wereplaced in & dn?

glass flask(B in Figure 21) and attached to the microwave tube within the
microwave cavity. Then, the samples were exposed to a maximum microoage p

of 1200 W with amicrowave frequency of 2.45 GHz (wavelength 12.2 cm,
multimode). The pyrolysis was carried out unghartial vacuum with an initial
pressure of approximately 11 mbar absolute, and the maximum pyrolysis temperature
was controlled at below 2G@. During pyrolysis, the microwave cavity temperature
was monitoredvia an infrared detector, and the reaction was terminaddier (
approximately 10 minutesyhich isthe point at which the pyrolysis liquids (crude
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bio-oil and aqueous) lasstopped emerging from the microwave cavity. At the end of
each pyrolysis experiment, three fractions were collected, a cruddl bém aqueos
phaseand a char fraction. The gas fraction was not captured for further analysis in
this study andwas continuously released from the vacuum pump outlet to the

external atmosphenga the leboratory fume extraction system.

During theduration of thevork described in this thesisyo independent microwave
enhanced pyrolysis experiments were carried This was mainly due to the need of
producing morebio-oil to carry on with experimen&nd not to test reproducibility
More information about thewo microwaveenhancedgyrolysis experimentsan be

foundin AppendixD.

2.2 Crude Bioc-oil Fractionation

2.2.1 Solvent fractionation

The microwave enhanced pyrolysis crude-tiowas subjected to two liquitiquid
fractionation procedures, and they were classified here as-iwatduble phase and

watersoluble phase fractionation procedures.

2.2.1.1 Watetinsoluble phasdractionation of crude bicoil

The fractionation procedure of crude {wid was performed using a method
previously patented to isolate phenols from lignocellulosic matéffalsnd
previously described iliterature?* **°The crude bieoil (30 g) was first mixed with
100 mlethanol and filtered to remove solidntents, as shown fgure 22. After
removing ethanol by vacuum distillatiothe remainingbio-oil was added to 75 ml
distilled water with stirring for 30 min. The upper wasaluble phase formed was
separated from the lower wat@soluble phase. Themsolution of 2.5 mol/L NaOH
wasgraduallyadded to the watansoluble phase ith stirringuntil obtaining a black
mixture having a pHbf approximately 12 (monitored using a benchtop pH meter;
Jenway 3505 pH Meter)At pH > 12, the watemnsoluble phase was mostly
dissolved in the NaOH solution, then, 100 ml of dichloromethane (D@&s)used
twice for the extraction of neutral extract. The remaining Di@Gbbluble alkaline
solution was acidified with 1 mol/L HCI tapH of approximately6 (as indicated by
the benchtop pH meterand then, phenolic extract was extracted with 100 ml DCM
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twice. The remaining DCMhsoluble acidic solution was further acidifiedthwil

mol/L HCI to a pH of approximatel? (as indicated by the benchtop pH metand
organic acidsextract was thenextracted with 100 ml DCM twice. Finally, the
remaining acidicsolution was filtered to collect the solid precipitate. The water
soluble extract, neutral extract, phenolic extract, and organic acids extract all had the

solvent removed using a rotary evaporator under partial vacuum.

Crude bio-oil

l

Filtration and [—— Solid particles

distillation |[—— 3 FEthanol

Ethanol —

Solid-free crude bio-oil
Y

Water —| Extraction | s Water-soluble extract

Water insoluble phase
Y

NaOH —>| Extraction at [ DCM N —>DCM
»| Distillation
DCM —| PH> 12 soluble —— Neutral extract
DCM
insoluble
HCl ——=| Extraction at DCM . —> DCM
H~6 Distillation .
DCM p soluble —— Phenolic extract
DCM
insoluble
HCl—>| Extractionat | DCM Distillation [ PtM
DCM —| PH<2 soluble —— Organic acids extract
DCM
insoluble
Y

Filtration |———>Insoluble residue

|

Aqueous residue

Figure 2.2: Schematic diagram of wat@rsoluble phase fractionation steps.
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2.2.1.2 Watessoluble phase fractionation of crude bioil

The crude bieil was also further fractionated according to another method

b>®! The crude bie

previously reportedo separate phenolic antioxidants from-bi
oil (30 g)was first mixed withl00 mlethanol and filtered to remove sobtidntents,

as shown irFigure 23. After removing ethanol by vacuum distillation, tieenaining

bio-oil was added to 75 ml distilled water with stirring for 30 min. Next, the mixture
was allowed to stand for another 30 min, and then the lower-watduble phase
formed was separated from the appvatersoluble phase. ile watersoluble phase

was further extracted with diethyl ether (3 x 50 ml) and then with DCM (3 x 50 ml).
The solvents in the obtained extracts, including the aqueous residue, were removed
by a rotary evaporator under vacuum at a temperature 8€3Fhe three obtained
solventfree extracts were labelled as aethyl ether extract, a D@ extract and a

residue extract, angtoredin a fridge for future analysis.

Crude woodchips bio-oil

l

Filtration and |[— Solid particles

distillation |—— 3 FEthanol

Ethanol ——=|

Solid-free crude bio-oil
Y

Water — | Extraction |— Water insoluble phase

Water-soluble phase
Y

Di-ethyl
. [ Di-cthyl ether
Di-ethyl — | Extraction [SHT_ | pigillation Y
ether soluble —— Di-ethyl ether
extract
Di-ethyl ether
insoluble
Y
»| Extracti DCM Distillation DeM
DCM xtraction soluble —— DCM extract
DCM
insoluble

. T —— Water
Aqueous residue ——=| Distillation .
—— Residue extract

Figure 2.3: Schematic diagram of watspluble phase fractionation steps.
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2.2.2 Supercritical CQ, fractionation

The woodchips crude bioil was further fractionated using a supercritical @@it

system (SFE500) supplied by Thar technology. The crude-diio(11 g) was
dissolved in (600 ml) methanol, then mixed wit#Q0 ml) Celit€ 545 coarse and
taken to a rotary evaporator to remove the solvent. Then, the formed dry sample was
placed inthe unit extractor to nearly its full volume (~500 ml). The supercritical CO
extraction was carried out at a temperature ofG@nd a pressure of 350 bars with a
CO; flow rate of 40 g/min. The total run time was 3 hours, and four fractions were
collected in four collecting points. Each collecting point was set with different
pressure level of 200, 100, 75 and 1 bar absolute, and also with controlled

temperature set &0, 50, 35 and 35C, respectively.

2.3 Analysis

2.3.1 Thermogravimetric analysis

The thermogravimetric (TG) analysis of spruce woodchips and the microwave
enhanced pyrolysis products (crude-bih agueous and char) was carried out using

a Netzsch 409imultaneous thermal analyser (STA). The TG analysis data was used
to determine proximate analysis as of moisture, volatile matter, fixed carbon and ash
contents of the spruce woodchips and its microwave enhanced pyrolysis products,
according to a previousublished method by Donahue and RafsSamples of 100

mg were each heated under nitrogen (100 ml/min) and heated again under
atmospheric air (100 ml/minas the following temperature programmes.

Heating programme under nitrogen (100 ml/min):

1. Heating from 30 to 105C at a heating rate of EC per min.
2. Isotherming for 10 min at 10%C.

3. Heating from 105 to 908C at a heating rate of 5C per min.
4. lsotheming for 1 hour at 908C.

Heating programme under atmospheric air (100 ml/min):

1. Heating from 30 to 908C at a heating rate of 5C per min.
2. Isotherming for 1 hour at 9GC.
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Figure 24 shows an illustration of measuring proximate analysis data (moisture,
volatile matter, fixedcarbon and ash contents) in a single sample. The moisture
content was measured from the sample mass difference in nitrogen between 30 and
1052C. The volatile matter content was determined from the sample mass difference
between 105 and 9G@ under nitrgen. For fixed carbon content, it was calculated
from the difference between the remained mass under nitrogen and the remained
mass under atmospheric air at 9@0 Finally, the ash content was determined as the
remaining mass after isotherming samplesifdrour at 90F¢C under atmospheric

air.
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Figure 24: lllustration of proximate analysis (moisture, volatile matter, fixed carbon
and ash contents) determination from spruce woodchips TG analysis data.

2.3.2 CarbonHydrogen-Nitrogen analysis

The elemental percentage distribution of carbon, hydrogen and nitrogen for pyrolysis
fractions were evaluated using a carbyarogennitrogen (CHN) analyser CE440
(Exeter Analytical, Warwick, UK).

2.3.3 Karl Fischer titration

The water contenbf crude bieoil and aqueous fraction wergetermined by
volumetric Karl Fisher (KF) titration using a Metrohm KF titrator (Metrohm 903
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Titrando, with an integrated Metrohm 803 Titration Stand and a Reagent Organizer)
supplied by Metrohm UK Ltd. (Runcorn, Cheshire, UK). Approximately 300 mg of
each crude bioil sample was placed in the titration vessel, whichfilexd with
approximately30 ml of HYDRANAL-Solvent and titrated to dryness (conditioned)
with the HYDRANAL-Titrant until a constant drift of approximately-20 yuL/min

is achieved. This prétration step assures removal of any residual water content that
was in the solvent, aralso removes adherent moisture in the cell, on the walls of the
cell and the electrode. HYDRANAComposite 5K was used as the titrant and
HYDRANAL -KetoSolver was used as the solvent. All samples were measured in
triplicate. The results were processed amaresl usingtiamo titration software
(Version 2.4), which allows the simultaneous collection and storing of the results

from several instruments at the same time.

2.3.4 Inductively coupled plasmamass spectrometry analysis

The inductively coupled plasnmaass spectrometry (IGRS) analysis of microwave
enhanced pyrolysis liquid products (crude -bib and aqueous fractions) were
performed using the Agilent 7700x IS spectrometer for the determination of
metal content in each sample according to an enwvieotal calibration method.

A 0.5 g of each sample was dissolved in 5 ml Nitric acid (69 %, TraceSEDECT
then heated at 56C for 10 minutes. The mixture was then diluted with ultrapure
water till 100 ml and heated again at 8D for 30 minutes. After reistg for 30
minutes, the final solution was filtered with a micro syringe filter and submitted for

the analysis. Nitric acid concentration in the final solution is approximately 3.7 %.

The sampling and skimmer cones used were Ni, which is suitable foreavaiigty

of samples. The analysis was carried out in He mode. The sample uptake was 60
seconds, stabilise 40 seconds and wash time 60 seconds (using 5 % HCl and 2 %
HNO;3 (30 seconds in each)).

It should be noted thakelative standard deviation (RSD) veluwere calculated
using three replicate data points measured for each ele@emtentrationvalues
with an RSD greater than 10% will be reported as approximate vaéitegdn

brackets.

126



2.3.5 Gas chromatography
2.3.5.1 Gas chromatographyass spectrometry

Gas chromatographyass spectrometric (GMS) analysis was performed using a
Perkin Elmer Clarus 500 gas chromatograph (GC) attached to a Perkin Elmer Clarus
560s mass spectrometer (MS). The GC was fitted with éBB column ((5%
phenylymethylpolysiloxae column; length: 30 m; internal diameter: 0.25 mm; film
thickness: 0.25 &gm; by J&W Scientific, A
used was helium and operated at constant pressure of 22.4 psi. The injector
temperature was 308C and the flow e was set to be 1 ml/min. The oven
temperature was maintained at®Dfor 1 minute then to 36%C at a rate of 8C per

minute and then set to hold for 10 minutes at 360The Perkin Elmer Clarus 560s
mass spectrometer was operated in the electrosatom mode (El) at 70 eV, a
source temperature of 36Q and quadrupole in the scan range of 3200 amu per

second.

The data was collected using the Perkin Elmer enhanced Turbomass (Ver5.4.2)
chemical software and the compounds were identified by congpaheir mass
spectrum with NIST Mass Spectral Database (v. 2.2) 2008.

It should benoted that another oven method was also used for the analysis of water
soluble phase extracts presented in Chapter 4, where the oven initially SHE dons
3 minutes and increased to 2&Dat a rate of & per minute and then set to hold for

20 minutes at 28&3, which gives a total analysis time of 81.75 minutes.

2.3.5.2 Gas chromatographiyame ionisation detector

Gas chromatographic analysis wasrformed using a Shimadzu GCA gas
chromatograph (GC) fitted with a Zebfdh ZB-5HT column (5% phenyd5%
dimethylpolysiloxane column; length: 30 m; internal diameter: 0.25 mm; film
thickness: 0.25 ¢&m; by Phenomenetn Torr al
detector (FID). The injector and detector temperature wast360he oven was set

to be heated from 50 to 350 at a rate of & per minute and then set to hold for 20

minutes at 35&:, which gives a total analysis time of 80 minutes.
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It should benotal that another GEFID equipment wasised for the analysis of

watersoluble phase extracts presented in Chapter 4. Th&IB@Gpparatus was an

Agilent Technologies 6890N Network gas chromatograph system equipped with a

7638B series Agilent injector. Bhcolumn used was a Zebf8hzB-5HT column

(5% pheny95% dimethylpolysiloxane column; length: 30 m; internal diameter: 0.25

mm; film thickness: 0.25 & m; by Phenomenex
temperature was 25 and the detector temperature e . The oven was

initially set at 45€ for 3 minutes and increased to 280at a rate of & per minute

and then set to hold for 20 minutes at 280 which gives a total analysis time of

81.75 minutes.

External standard calibratioand evaluatiorof standard error

Quantitative data foindividual phenolic compounds in crude bidl and its extracts

were determinedy GGFID using BHTas a repesentative phenolic standaadd

the effective carbon number (ECHescribed in the next sectjoiechnique was then

used to obtain calibration factor for the other phenolic compounds detected. For the
main GC used for the majority of this work, repeated GC calibrations were similar,
within 7% over the course of this work, while thedividual respose versus
concentration gradients used to obtain calibration factors had standard errors for their
gradients of up to 5%. Therefore, the effectaecurag (standarderror) of the
concentration of phenolic species quoted later in this thetidkén as 7% of the
concentration, as an upper limit.should be also noted that data were reported to
one decimal place (1dp) figures, and this is consistent with the estimated accuracy of

the concentration of phenolic species quoted in the thesis.

2.3.5.3Effective carbon number technique

In order to givequantitative analysis fathe quantification ophenolic compounds

via GC-FID, the effective carbon number (ECN) method can be applied for the
calculation of relative response factors (RRF) in cases where lpem@aal standards
are not accessible for GEID calibration. The ECN method indicates tietative
response of an ionization detector (FID) to a compaandomparison with other

compounds
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The ECNs for the identified phenolic compounds including the atdn@BHT) were
calculated according to a previous published literdttif@> and can be found in

Appendix B. Then, the RRFs were determined using the following equation:

MW of compound A x ECN of standard
MW of standard x ECN of compound A

RRF of compound A =

Finally, the corrected peak area (CPA) for the detected phenolic compounds was
calculated according to Jureg al?*® by multiplying the primary peakrea (PPA)
with the obtained RRF from the previous equation, as the following equation:

CPA of compound A = PPA of compound A x RRF of compound A

2.3.6 FolinCiocalteu assay

The FolinCiocalteu assay was used for the evaluation of total phenolic content in the
microwave enhanced pyrolysis crude-biband in ts extracts. The preparation of
stock solutions and samples, as well as the Foilatalteu procedure were carried

out according to the literatufé’ 2%

with the variation that monphenol 4allyl-2-
methoxyphenol (eugenol) was used instead of toly-phenol gallic acid as a
standard for calibration as most species identified byMBCwere monephenols in

crude bieoil as will be demonstrated later in Chapter 4.

2.3.6.1 Preparation of stock solutions

Eugenol calibration standards

500 mg of eugenalas dissolved in 10 ml and then diluted to 100 ml with distilled
water to create 5000 mg/drooncentration. Then 1, 2, 5, 10 and 20 ml were diluted

with distilled water in 100 ml volumetric flasks to create standards with 50, 100, 250,

500 and 1000 mg/dhToncentrations, respectively.
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Sodium carbonate solution

100 g of anhydrous sodium carbonate was dissolved in 500 ml distilled water and let
to sit 24 hours at room temperature. The final solution was filtered through filter

paper and stored at room temgdere.

2.3.6.2 Preparation of samples

25 mg of each crude sample was dissolved in 25 ml ethanol to create a solution with
1000 mg/dm concentration. The samples then were filtered and kept in fridge for

future analysis.

2.3.6.3Folin-Ciocalteu procedure

1) 0.5 ml sample, eugenol calibration standard, or blank (distilled water) was
placed in 56ml volumetric flask.

2) 35 ml distilled water was added, followed by 2.5 ml FC reagent. Then the
solution was swirled to mix and incubated 1 and not more 8 min at room
temperature.

3) 7.5 ml sodium carbonate solution was added, then distilled water was added
to the 56ml line and the solution was mixed and incubated 2 hours at room
temperature.

4) 2 ml was transferred to-2l glass cuvette and the absorbance was measured

at 73 nm in a spectrophotometer.

After recording all the absorbance reading for the calibration standards, a calibration
curve was created to determine the corresponding eugenol concentration in the
analysed samplesthe standard error for thigradent was ewluated to be 3%.
Therefore, the effective accuracy (standard error) oftaked content of phenolics
quoted later in this thesis is takernta3% of the total contenflotal phenolic content

values will be reported in eugenol equivalents (EE) using ahitsg/dn?.

2.3.7 Ultraviolet-visible spectrophotometry

The ultravioletvisible spectrophotometry (UVis) was performed using a Jasco

model VM 550 double beam UWis spectrophotometer with 1.0 cm matching quartz
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cells and operated by Sgea Manager softward.able 21 shows further parameters
used with the analysis.

Table 21: General parameters appliemt the U\LVis spectrophotometry.

Photometric mode Abs
Wavelength range 200~900 nm
Response Medium
Band width 1.0 nm
Scanning speed 400 nm mirt
Data pitch 1.0 nm

2.38 Attenuated total reflectanceFourier transform infrared spectroscopy

The attenuated total internal reflection Fourier transform infrared &THR)
spectroscopy analysis of crude Huib and its extracts were performed using a Bruker
Vertex 70 FTIR spectrometer (Bruker Optics, Germany) equipped with a deuterated
triglycine sulfite (DTGS) detector with potassium bromide (k@&fpdow and a
Golden Gaté Single Reflection Diamond ATR accessory system (GS10500 Series;
Specac Ltd., UK). The angular incidence of light at the ATR crystal sample interface
is set at 45 The beamcondensing lenses used in the optical unit of the Golden
Gaté ATR are Zinc Selenide (ZnSe) lenses which fully absorb wide spectral
transmission range toa. 550 cm'. The spectra were recorded by averaging 128
scans in the midR (4006600 cm') wavenumberange at a resolution of 2 &m

The data were recorded and analyzed with OPUS software (versidnosS3ruker

Optics.

2.3.9 Nuclear magnetic resonance spectroscopy

The nuclear magnetic resonance (NMR) spectroscopic analysis for cruodié dmaol

its extracts were carried out on a JEOL ECS 400 NMR spectrometer. Each sample of
120130 mg was dissolved in 1 ml of deuterated dimethyl sulfoxide (99.9 % DMSO
ds, SigmaAldrich, UK) or in deuterated methanol (99.8fbethanold;, Sigma
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Aldrich, UK), filtered and submitted for'C as well asH NMR analysis. All NMR
spectra were recorded under room temperature’?@5 which at100 MHz (1024

scans) and 400 MHz (16 scans) ®& and'H, respectively.

2.3.10 High performance liquid chromatography

High performance liquid chromatograplifiPLC) for the analysis of sugars in the
watersoluble phase was carried out using a Hewlett Packard Series 1100 with both
diode array (DAD) and evaporating light scattering (ELSD) detectors. The column
used was a Luffeb pm NH, 100 A (250 mm x 4.6 mm 1.D., 5 pm particle size) from
Phenomenex (Torrance, CA, USA). The column was operated at a temperature of 40
¢C. The mobile phase consisted of acetonitrile:water (82.5:17.5, v/v). Each run was
completed within 24 minutes. THiBw rate was 1 ml/min and the injection volume

for all samples was 20 pl. All samples and standards were filtered through 0.45 pm
Millipore membrane before analysis. The DAD detects organic compounds that can
absorb ultraviolet or visible light. On theher hand, the ELSD detect compounds
that do not absorb light like sugars and lipids. Thus, ELSD was used for the detection
and quantification of sugars in the waseduble phase. The important parameters
used for optimising ELSD condition were the niteaggas flow rate at 1.3 L/min and

the drift tube temperature at 4&. The electronic data capture and analysis was

performed usinghe DataApex Clarity software.

2.3.11 Gel permeation chromatography

The gel permeation chromatography (GPC) analysis o#vtter soluble phase and

its extracts were performed on a Hewlett Packard Series 1100 fitted with an
evaporating light scattering detector (ELSD). The column used was a TSKgel
GMPWXL (7.8 mm x 300 mm) purchased from TOSOH Bioscience GmbH
(Griesheim, Germarny The mobile phase consisted of 0.1 mol/L J/AAc. The
operating flow rate was 0.5 ml/min and all analyses were performed at room
temperature. All crude samples were dissolved in distilled water to a final
concentration of 5mg/ml, and all were subjectedilti@tion using a 0.22um syringe

filter prior to GPC analysis. For calibration, the gel permeation column was

calibrated with 10 different polyethylene glycol/polyethylene oxide standards with
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Mp range from~2321015000 Daltons, which were supplied bluka (Sigma
Aldrich, Buchs, Switzerland).

2.4 Oxidation Tests

2.4.1 Static oxidation

The oxidation experiments of methyl linoleate and its blends with antioxidants and
bio-oil extracts were carried out using a stainless steel (BS 304) bench top reactor,
which was previously described by Alfatfd?, Stak et al,?*° Dugmore and Star¥*

and Dugmoré® The oxidation reactions were carried out with 2° @fi substrate

and 1 bar absolute of oxygen were sealed inside thelesmiisteel reactor. A
schematic diagram of the reactor in a sealed medgven inFigure 25 and the

reaction onditions are given ifable 22.
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Magnetic stirrer with heater

Figure 25: A schematic diagram of the oxidation test reactor in a sealed mode used
in this study.
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Table 22: Reaction specification for all oxidation experiments carried out in sealed
mode.

Reactor volume 42 cni

Sample volume 2 cnt
Temperature 120%C

Stirring rate 250 rpm

Oxygen pressure 1.00 bar absolute

For each single oxidation experiment, the reactor wash@aéed to 12GC, then
nitrogen gas wapassed througlthe reactor at a rate of 1.7 tra' to remove
atmospheric oxygen, and 2 o substrate was then injected into the reactor with a
syringe though the rubber septum. The temperature was monitored by inserting a
stainless steel coated, 0.5 mm diameter x 250 mm long, Type K thermocouple
directly into the reactor. When the sample reached the desired temperatut€)120

the nitrogen gas flow wasén switched to oxygen and after ca. 5 minutes (to allow
the oxygen sensor to reach 100% in the system) the gas inlet and outlet were sealed
to trap oxygen inside at 1 bar absolute. Then, the magnetic stirrer was switched on at
a rate of 250 rpm to ensutiee headspace gas was well mixed into the liquid. The
internal pressure was then recorded every two seconds during the reaction on a PC
using an analogue to digital converter (Picotec AZ). With the time of the
reaction, the pressure began to drop, Rggen started to be consumed by the
substrate, until the pressure reached a minimum indicating the oxygen was
consumed. Finally, the reaction was stopped when the pressure started rising

noticeably.

Typically, in the presence of an antioxidant in Hubstrate inside a sealed reactor,

the consumption of oxygen will be delayed by a period, defined here as the

Al nduction Timeo (I T), where the substrate

oxygen inside the sealed reacweeFigure 26.
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Figure 2.6: Diagrammatic illustration ofinduction time (IT) determination in a
typical pressure trace of an oxidation experintamtied out in sealed reactor.

The induction time (IT) can be understood as a measure of the effectiverass of
antioxidant, and this i®valuated in this work by finding the time at which the
tangent at the point of maximum gradient crosses the inrégispre, see fdurther
illustration Figure 26. The reprodwibility of induction timeresultswas examined
for repeated oxidation experents usingcatecholas an antioxidan{presented in

Chapter 5andthey were reproduciblevithin 9%.

2.4.2 Rancimat test

The determination of the oxidation stability of the pure methyl linoleate, with the

addition of commercial antioxidant (BHT) and with the addition of crudeobiwas

also performed on a Rancimat instrument model 743 (Metrohm, Herisau,
Switzerland) to provide a comparison with this industry standard test. The evaluation
was based on the determination of induction times (IT) using a Rancimat method
according to the standard EN 147#2Table 23 shows further general parameters

used for tis analysis.
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Table 23: General parameters associated with Rancimat test.

Temperature 110%C

Air flow 10 L/h

Evaluation Induction time (IT)
Evaluation sensitivity 1

Stop criteria End points

Sample amount 39

Measuring solution 60 ml distilled water

The procedure of this measurement started with passing a stream of air through the
methyl linoleate sample in a sealed and heated reaction v&s$&D ¢C. The
oxidation reaction can oxidise alkyl ester molecules in the sample, which enhances
the formatimm of peroxides as primary oxidation products. The methyl linoleate
peroxides can decompose to form secondary oxidation products including volatile
low molecular weight organic acids, for example, acetic acid and formic acid, as well
as other volatile organ compounds. These formed volatile acids transport with the
airstream by a connecting tube to a second vessel that contains distilled water, where
the conductivity is measured constantly. The detection of the passed organic acids is
achieved by the increa in conductivity. Therefore, the induction time (IT) here can

be measured from the time that elapses until the appearance of these secondary
reaction products, as indicated by an increase in conductivity.

2.5 Chemical Materials and Reagents

Table 24 summarises the biomass, chemical materials and reagentsattieabeen

used in this study.
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Table 24: Description of biomasghemical materials and reagents.

Category Name

CAS Num. Purity

Supplier/Source

(%)
@ Spruce woodchips N/A N/A Norway (harvested
= in southern Sweden
o
=
Methyl linoleate 112630 95+ TCI UK Ltd.
Butylated hydroxytoluene (BHT) 12837-0 99+ SigmaAldrich
Eugenol 97-53-0 99 Fisher Scientific
Catechol 120809 990+ Fisher Scientific
Guaiacol 90-05-1 990+ Fisher Scientific
2-Methoxy-4-methylphenol 93516 99 Fisher Scientific
Isoeugenol 97-54-1 99 Fisher Scientific
(_Ué 4-Ethylguaiacol 2785899 98 SigmaAldrich
o
©
1S 4-Hydroxy-3- 2503460 96 SigmaAldrich
S methoxyphenylacetone
|5 Ethanol 64175  99.97 VWR Chemicals
(@)
Tetrahydrofuran (THF) 109999 99.7 VWR Chemicals
Diethyl ether 60-29-7 99.99  Fisher Scientific
Methanotd, 811-98-3 99.8 SigmaAldrich
atom D
Dichloromethane (DCM) 7509-2 99.9+ VWR Chemicals
Acetonitrile 7505-8 99.9 VWR Chemicals
Dimethyl sulfoxideds 220627-1 99.9 SigmaAldrich
atom D
Hydrochloric acid N/A 3 Fisher Scientific
Nitric acid 769737-2 69 SigmaAldrich
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Category Name CAS Num. Purity  Supplier/Source
(%)
Sodium hydroxide 1310732 98.8 Fisher Scientific
Sodium carbonate 497-19-8 99.5 Fisher Scientific
Ammonium acetate 631-61-8 99 Fisher Scientific
Celite® 545 6885554- 89 SigmaAldrich
9 (SiGy)
Oxygen 7782447 99.5+ BOC
Nitrogen 7727379 99.9 BOC
Helium 7440597 99.9 BOC
Carbon dioxide 124389 99.9 BOC
Folin & Ciocal tNA N/A SigmaAldrich
reagent
2 HYDRONAL -KetoSolver N/A N/A  SigmaAldrich
2
[O]
04
HYDRANAL -Composite 5K N/A N/A SigmaAldrich
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Chapter 3: Extraction of Crude Bio-oils via Microwave-
Enhanced Pyrolysis and ldentification of Components
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3.1 Introduction

The hermal conversion of biomass solid, liquid and gas by means of microwave
enhanced pyrolysis hdeenstudied with great interest to explore a possible route of
many potential applications to alternate energy sources and chemical raw
materials’®® 2®* Most processes convert renewable solid biomass into liquid fuels
using pyrolysis, which is a thermal decomposition of biomass in the absence of
oxygen, and this pyrolysis treatment is believed to bditsteprocess discovered for
biomass conversion into liquid fuéf$The thermal breakdown of many renewable
biomasses, including spruce woodchips, typically produces a large nuvhbe
chemical substances. Therefore, it is reasonable and interesting to examine the
potential use of some of these pyrolysis chemicals as substitutes for conventional
fuels or chemicals. The understanding of the chemical composition of pyrolysis
liquids, including the identification and characterization of its chemical contents, is
highly important and an initial step during the investigation and applications of such
fuel or chemicalsThe chemical composition is a unique fundamental code that
characterize and determines the properties, quality, potential applications and any
environmental issues related to any pyrolysis product. For this purpose, this chapter
will cover a wide range of chemical analysis techniques that have been used for the
characterizabn of spruce woodchips and its pyrolysis products (crudeotbio
agueous, char, but excluding gas) produeidmicrowave enhanced pyrolysis of
spruce woodchips. For example, proximate analysis, namely moisture, volatile
matter, fixed carbon, and ash tems; ultimate analysis (C, H, N, O and water
content); ICPMS analysis for trace metal contents; ATR analysis for functional
group assignment$3C NMR analysis for carbon assignments; and\@§ analysis

for identification of major volatile compoundsave been combined to give as

comprehensive picture as possible.
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3.2 Microwave Pyrolysis of Spruce Woodchips

As described in Section 2.1 (Chapter 2), therawave enhanced pyrolysis gfrsice
woodchips was carried out in a Milestone ROTO SYNTH Rota8edid Phase
Microwave Reactor (Milestone Srl., Italy). The microwave pyrolysis was performed
under vacuum~11 mbar absolute) to allown-situ separation and collection of
generated pyrolysis liquids (crude wd and aqueous fraction) from the

microwavedwoodchips.

The spruce woodchips samples were exposed to the maximum microwave power of
1200 W using a special rotating microwave vessel (2 L), to allow an even microwave
irradiation distribution within the woodchips sample inside the microwave cdity.
The operation under vacuum allowiegsitu the fractionation of the pyrolysis liquids

into two forms of volatiles (a crude bml and an aqueous phase), seeftother

illustration Figure 31.

=

£

=

=

£

=

=

I 2

Chilled >
f Water Microwave

Crude bio-oil

Figure 3.1: Schematic diagram of the microwave-gpt including an illustration of
the obtained products (char, crude {oib and aqueous extracts) after the pyrolysis
experiment.
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During the microwave pyrolysis, an aqueous Hficiction emerged first and was
collected within the rountiottomed flask attached to the water chilled condenser.
Then, a crude bioil fraction was produced and collected within a secanahd
bottomed flask attached to a room temperature condenser. The crwalkefiziotion

was dark brown, homogenous, and from previous work typically consists of a
mixture of sugarsind phenolicd? On theother hand, the aqueous fraction was light

brown and typically contains water, acids and aldehytfes.

The distributionof yieldsfrom the microwave enhanced pyrolysis experiments (150

g of wood per run) of spruogoodchips are shown ifable 31. The gas fraction

yield was measured by mass difference as in the current work the gaseous fractions
during the microwave pyrolysis experiments of spruce woodchips were not captured
for further analysis anderereleased from the microwave system to the air extractor

system by the vacuum pump.

Table 31: The microwave enhanced pyrolysis fraction yields distribution per run
(150 g) and the average vyields distribution per 6 runs (900 g) of spruce woodchips.

Crude Aqueous Char Gas Total
bio-oil

Total recovered amount 166.2 265.7 335.8 132.3 900
per 6 runs (g)

Average recovered 27.7 44.3 55.9 22.1 150
amount per run (g)

Fraction Recovery 18.5 29.5 37.3 14.7 100
(% wiw)

& Calculated by difference

The microwave enhanced pyrolysis of spruce woodchips under vacuum has yielded
18.5 % crude bimil, 29.5% aqueous, 37.3 % char and 14.7 % gas fractions (the gas

measured by mass difference). The vyields distribution obtained from spruce

woodchips under these microwave enhanced pyrolysis conditions were typical and
approximately similar to other previously estigated woody biomass, for instant

wheat straw’?
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3.3 Proximate and Ultimate Analysisof Spruce Woodchips and its
Microwave-Enhanced Pyrolysis Products

For a better understanding of the thermal conversion processes by the microwave
enhanced pyrolysis of spruce woodchips for the production of potentially high value
materials, the proximatend ultimate analysis data of spruce woodchips, as well as
its microwaveenhanced products (crude #wd, aqueous, char fractions, and
excluding gas fraction) were olntad and summarized ihable 32. The proximate
analysis of moisture, volatile matter, fixed carbon and ash contents were measured
from thermogravimetric analysis (TGA) data of each sample that has been analysed
under both itrogen and air atmospheres, which is described in detail in the

experimental section 2.3.1 (chapter 2).

Table 32: Proximate and ultimate analysis data of spruce woodchips and its
microwave enhanced pyrolysis products.

Analysis  Fraction/Element  Spruce Crude bie  Aqueous Char
type name woodchips  all
§ Moisture 7.5 /2 / 3.6
ci Volatile matter 76.6 / / 49.7
& Fixed carbon 15.0 / / 45.6
=
£ Ash 0.9 <0.1 1.4 1.1
= C 46.52 55.57 20.34 61.88
E H 6.16 6.62 6.84 4.94
2 b
Q@ N N.D. 0.12 N.D. N.D.
©
£ o° 47.32 37.69 72.82 33.18
)
Water content / 4.7 43.8 /

% Not available
® Not detected
¢ Calculated by difference

Figure 32 shows the TGA curves of spruce woodchips under bothgeitrand air
atmospheresHgure 32 B) and spruce chafF{gure 32 A), including an illustration
of measuring moisture, \atile matter, fixed carbon and ash contents from these

curves.
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Figure 3.2: The TG analysis curves and an illustration of proximate analysis
(moisture, volatile matter, fixed carbon, and ash contents) determination of: A)
spruce char; B) spruce woodchips.

TGA can be defined astechnique in which the masta substance is monitored as

a function of temperature or time as the sample is subjected to either isothermal or
dynamic temperature program under controlled atmospfiefgpically, most TGA

data are represente¢ B GA curves that display mas$ssses, which are associated
with a dynamic temperature program, and the dynamic rate usually lies between 0.5
and 50 2C/min, which depends on the type of analysis required. The starting
temperature isisually at room temperatur® ( 3@ in order to monitor possible

drying of the analysed sample. On the other hand, the final temperature is typically
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relatively high (up to 10086C) for analysing organic materials. The reduction in the
sample massluring TG analysis is typically caused by chemical reactions, for
instance decomposition or combustion, or by physical transitions like desorption,
evaporation or drying. In a small number of cases, it is also possible to observe an
increase(mass gain) in theasnple masswhich is possibly as a result of chemical
reactions, for example, reactions with gaseous substances in the atmospheric air such
as Q or CQ, or even likely as a result from physical transitions such as adsorption

of gaseous substances on thalgsed sample.

It is noteworthy that when TGA was performed under air, it was noticed that the
residual mass (ash content) of some samples appeared slightly negative. This also
happened even after cleaning TGA crucible by heatmgo red hot (> 1008C).
Therefore, it was necessary to measure ash content for all samples by weighing the
ash residue independently after each TGA run using an analytical balance. By this

way, the accuracy of ash content measurement was greatly improved.

The proximate analysisf moisture, volatile matter, fixed carbon and ash contents of
spruce woodchips were 7.5, 76.6, 15.0, an@d(@/w), respectively. These values

are inreasonablagreement wittpreviousworks carried out by Demirba&.?*® For
spruce char produced from the microwave enhanced pyrolysis of spruce woodchips,
themoisture, volatile mattefixed carbon and ash contents were 3.6, 49.7,,4m@

1.1% (w/w), respectively, which indicates a noticeable increase in the fixed carbon
content {3 fold) in comparison to its fixed carbon content before pyrolysis.
Interestingly, the lowest ash contewis observed irthe crude bienil sample
(<0.1% wi/w), however, on the other hand, the highest ash content was eteasur

the aqueous fraction (2éw/w).

For the ultimate analysis, the carbon, hydrogen, nitrogen and oxygen content of
spruce woodchips anits pyrolysis products (excluding the pyrolysis gas fraction)
were evaluated, and the instrument used is described in the expericteapr
(Chapter 2;section 2.3.2 Furthermore, the water content of the pyrolysis liquids
(crude bieoil and aqueous dction) was also measured using Kiidher Titration,
which is alsodescribed in the experimentahapter(Chapter 2;section 2.3.3 The

water contents of crude bml and aqueous fraction were 4.dnd 43.86 (w/w),
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respectively, indicating that most tea vapour produced during the microwave
enhanced pyrolysis of spruce woodchips was condensed and collected into the
aqueous fraction. Furthermore, this also can be seen as an evidence of producing
crude bieoils with low water content by using the microveasetup illustrated in the

experimentathapter(Chapter 2section 2.}

3.4 ICP-MS Analysis of Spruce Woodchips and its Microwave
Enhanced Pyrolysis Products

Inductively coupled plasma mass spectrometry {M¥ was used for the
determination of metatontents in spruce woodchips and in its microwave enhanced
pyrolysis products (crude bioil, agueous, char, and excluding gas fraction). A
detailed experimental procedure for samples preparation, apparatus, aMSICP
analysis parameters are fully desedbin sedbn 2.3.4 (Qapter 2).Table 33
summarises the elements detected in spruce woodchips and in its microwave
enhanced pyrolysis products (excluding gas fraction). The results from tHASCP
analysis of the raw material (spruce woodchips) indicate a relatively high
concentration of calciunf~1616 ppm) and potassium-715 ppm), followed by
sodium €544 ppm), magnesium~864 ppm) and iron~256 ppm). The top two
concentrated elements are typical in most woody biomass and approximately in
agreement with what has been reported previouslyeratitre by Azeeet al?®’ and

by Werkelinet al?®® for the mineral content of spruce wood. Furthermore, after the
microwave enhanced pyrolysis of spruce woodchips, the top five concentrated
elementsCa, K, Na, Mg and Fe) in the spruce woodchips remained in great quantity
in the microwave pyrolysis residue (the char fraction). Therefore, theMEP
analyses of collected pyrolysis liquids (crude-biband aqueous fraction) show
lower concentrations ofa, K, Na, Mg and Fe, which indicates the difficulty for

these elements to leave the microwave cavity during the microwave pyrolysis.
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Table 33: Mineral contents of spruce woodchips and its microwave enhanced
pyrolysis products.

Element  Spruce Crude biaoll Aqueous Char
(ppmy* woodchips

Na 543.7 268.1 248.2 302.9
Mg 363.7 11.0 10.2 945.0
Al 74.1 22.1 (16.1) 149.4
K 715.2 57.7 49.0 1785.8
Ca 1616.2 (93.1) (61.8) 4410.8
Ti (6.9) N.D. N.D. (10.2)
Y, 0.3 N.D. (0.0) (0.1)
Cr 0.8 0.5 0.1 0.7

Mn 62.8 0.8 (0.2) 172.6
Fe 255.9 N.D. 3.2 647.0
Co 0.2 N.D. 0.0 (0.0)
Ni (0.5) 0.0 0.3 0.7

Cu 1.9 3.7 0.7 3.8

Zn 17.0 32.2 19.7 29.0
As 5.9 2.0 (4.4) 3.3

Se N.D. N.D. N.D. N.D.
Pd 1.0 0.7 0.2 0.9

Ag 1.0 N.D. 0.1 0.2

Cd 0.4 N.D. (0.0 0.3

Ba 45.7 16.0 15.5 62.5

U 0.1 N.D. 0.0 0.0

#In mg/L.

b Values between brackets are approximate values as their relative standard deviation (RSD) greater
than 10%.
° Not detected
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3.5 ATR-IR Analysis of Spruce Woodchips and itsMicrowave-
Enhanced Pyrolysis Products

Fourier transformnfrared spectroscopy in attenuated total reflectance (ATR) mode
was used for the characterization of the chemical composition of cruds! laiod
aqueous fraction that were produced during the miave enhanced pyrolysis of
spruce woodchips. The experimental details and instrument used forlIRATR

analysis are described in section 2.3.8 (Chapter 2).

The ATRIR spectra of crude bioil and aqueoufraction are shown ifrigure 33.
The wavenumbers with their band assignments of most absorption peaks in the crude

bio-oil and aqueous fractioare summarized ihable 34.
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Figure 3.3: ATR-IR spectra of crude bioil and the aqueous fraction generated from
the microwave enhanced pyrolysis of spruce woodchips. (Spectra offset vertically for
clarity)
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Table 34: ATR-IR data of functional groups and compound clagsesrude bieoil

and aqueous fracti

02ﬁ0, 269271

Wavenumber (cif)®

Functional group

Compound classes

Crude Aqueous
bio-oil fraction
3384 3366 O-H stretching vibration Phenols, alcohols, water,
carboxylic acids
2954 2951 C-H stretching vibration Alkanes, alkylgroups
2929 C-H stretching vibration Alkanes, alkyl groups
1714 1710 Carbonyl C=0 stretching Aldehydes, ketones, carboxylic
vibration acids, esters
1650 1644 C=0 stretching vibration Hydroxy unsaturated ketones,
aldehydes
+ H-O-H bending vibration Water
1611 Aromatic C=C ring breathing  Aromatics with various types o
substitution
1513 1515 Aromatic C=C ring breathing  Aromatics with various types o
substitution
1419 C-H bending vibration Aromatics, alkanes, alkyl
groups
1366 1375 Aliphatic C-H bending Alkanes, alkyl groups
vibration
+ O-H bending vibration Alcohols, phenols
1265 1270 C-O stretching vibration in Phenols with guaiacyl
guaiacyl units substitution
1206 1229 C-O stretching vibration Aromatics
1123 C-O stretching vibration Secondary alcohols, cyclic

+ C-H bending vibration in
syringyl units
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Wavenumber (ci) Functional group Compound classes

Crude Aqueous

bio-oil fraction

1036 1035 Aliphatic ether and alcohol-O Primary alcohols, aliphatic
stretching vibration ethers, sugars
+ C-H bending vibration in Phenols with guaiacyl
plain in guaiacyl units substitution

887 Aromatic and alkenes-& Aromatics, alkenes
bending vibration

814 Aromatic and alkenes-& Aromatics, alkenes
bending vibration

754 Aromatic and alkenes-& Aromatics, alkenes

bending vibration

2 As allocated in Figure 3.3.

From the infrared spectrum of crude 4oib, the absorbed broad peak Git. 3384

cm® was due to hydroxyl group@H) presence in the crude bod, indicating the
possible presence of phenols, alcohols, carboxylic acids, and residual waterHThe C
stretching vibrations of symmetric and asymmetric bonds were observed in the crude
bio-oil infrared spectrum ata. 2929 cm' and ca. 2954 cnt, respectively. These
bands suggest the existence of alkanes and alkyl groups, which was further
confirmed by the appearance of the low intensith Gending vibration bands aa.

1419 ancta. 1366 cm'. The sharp medium intensity peak appearethat 714 cni

was associated with the presence of compounds with carbonyl C=0 group, and this
carbonyl stretching vibration band mostly correspond aldehydes, ketones,
carboxylic acids and esters compoundsowdver, the assignment to mainly
carboxylic acids compounds is more appropriate rather than ketones and aldehydes,
as these compounds generally exist in smaller concentrations compared to carboxylic
acids?’#?’* Moreover, the carboxylic acid carbonylrogp has much more
absorbance intensity in comparison to the absorbance intensity of ketones and
aldehyde$®® Therefore, carboxylic acids compounds are possibly the highest
contributors toca. 1714 cm' band in the infrared spectra of crude-bib The low
intensity absorbed band e#. 1650 cni in the crude bieil infrared spectrum was

also due to either carbonyl groups C=0 stretching vibration of possibly hydroxy
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unsaturated aldehyde andt&nes or the bending vibration of water-@-H). The
presence of hydroxyl group@H) on unsaturated aldehydes or ketones decreases the
C=0 stretching vibration toca. 16701645 cm? and ca. 16551540 cnf,
respectively’’”® The sharp low intensity absorbed band appeared.ad513 cnt in

the crude bieoil infrared spectrum was due to the aromatic C=C ring breathing
vibrations, and this is associated with aromatic compounds with various substitutions
in crude bieoil. For the medium intensity absorbed band appeared.4265 cnf,

it was due to € stretching vibraon in guaiacyl units, indicating the presence of
phenolic compounds with guaiacyl substitutfdh.In addition, the presence of
aromatic compounds can be also confirmed with the appearance of the medium
intensity absorbed band e&. 1206 cnt in the crude bieil infrared spectrum, as

this was due to the-O stretching vibration in aromatic compoundst #@ medium
intensity absorbed band appeare@¢at1123 cni, it might be associated with-O
stretching vibration in secondary alcohols and cyclic ethers. However, this band can
be also assigned asHCbending vibration in syringyl units, indicating tpeesence

of phenolic compounds with syringyl substitution. The high intensity band appearing
at ca. 1036 cm' was related to @ stretching vibration of primary alcohols and
aliphatic ethers. However, this band can be also assignedHdse@ding vibratia in
guaiacyl units, consistent with the presence of phenolic compounds with guaiacyl
substitution. Furthermore, the appearance of the last two absorption bantit2@

cm® and 1036 crl) can also be due to-O stretching vibration in carbohydrate
sugas, as previously suggested by Nimlos and Ev&hdhe several medium
intensity adsorbed bands between 890 and 750 were due to €4 bending

vibration of aromatics and alkenes.

On the other hand, the infrared spam of the aqueous fraction produced during the
microwave enhanced pyrolysis of spruce woodchips shows some significant
difference in its chemical composition in comparison to the crudeibiofrared
spectrum.Similar to the crude bioil, an absorptin band was observed in the
aqueous fraction ata. 3366 cnT, indicating GH stretching vibration, but, however,
with higher intensity than the one observed in the crudeoibiovhich might
attribute mainly to the high carboxylic acids and water contpnésen in the

aqueous fraction. The suggestion of the presence of excessive carboxylic acids and
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water contents in the aqueous faction can be also enhanced with the appearance of
high intensity absorption bands @. 1710 andca. 1644 cn, respectively’’ The
presence of aromatic compounds in low quantities in the agueous fraction can be
confirmed by the appearance of low irgép absorption band ata. 1515 cnf,

which was due to C=C ring breathing associated with aromatics with various types of
substitution. The medium intensity absorption bandaafl035 cni in the aqueous
fraction indicates the existence of alcohols atmeies, as this band appearance could

be associated with-O stretching vibration in primary alcohols and aliphatic ethers.

3.6 NMR Analysis of Crude Bigoil

The fact that pyrolysis bioils produced from various types of biomasses have a
complex chemical @ure, a complete chemical characterization of theseilsas,

and always will be, a challenging task. As a result, many researchers tend to use a
variety of analysis techniques to understand the physical and chemical properties of
biooi | 6s c ounep IFa xinstanca,t analysis techniques based on gas
chromatography (GC) were commonly used to identify and quantify individual
components in pyrolysis bioils.2"®?8! However, just approximately 280% of the

bio-oil components could be detected by GC, as a great portion of thesédsbio
contains carbohydrate and lignin oligomers that are not volatile enough to pass
through GC column® 282 #3Fyrthermore, other applicable analysis techniques,
such as higiperformance liquid chromatography (HPLC) can be used to quantify
minor watersoluble comppoents (15%), and gel permeation chromatography
(GPC) can be also used to estimate molecular weight distributions of higher
molecular weight species in bals.'® 282 #3Despite the usefulness that these
chromatographic methods could contribute to the characterization -oflfi@again

all these can only characterize a small fraction tlé bicoil. In addition,
spectroscopic methods, such as infrared (IR) can be useful to know functional groups
existed in bieoils, however, this is can only provide an indication of the main
functional groups in the bioil.?®* 2% With respect to all analysis techniques
mentioned above, as explained each one has its own limitation, and may be nuclear
magnetic resonance spectroscopy (NMR) has the potential to prodtigomal

detailad characterization of tHaio-oil.?%®
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The'*C NMR analysis of crude bioil and aqueous fraction was performed based on
the procedure described in experimental section 2.3.9 (Chapter 2). Bhes liggh

water content presented in the aqueous fraction, both crudeil and aqueous
fractions produced from the microwave enhanced pyrolysis of spruce woodchips
were dissolved in methand} (MeOD-d,) and submitted fo’C NMR analysis. As a
result ¢ the complex nature of crude bl and aqueous fraction, varieties of
resonance signals were recorded in €86hNMR spectrum. Therefore, the carbon
assignments for both spectra were broadly grouped into a chemical shift range

according to a previousuplished work in literaturé®®

Figure 34 shavs the'*C NMR spectra of crude bioil and aqueous fraction derived
from the microwave enhanced pyrolysis of spruce woodchips, and the typical carbon
assignments relative to their chemical shefjions are summarized Trable 35. The
determination of exact chemical composition of crudedii@nd aqueous fraction

was difficult, or even was impossible, due to theimptex mixture of components.
However, it was possible to demonstrate in general the nature and the types of
chemical functional groups that were presented in the assigned regions of crude bio
oil and aqueous fractiofiC NMR spectra. As illustrated in thepectra, it was clear

that there were many differences in the whole chemical composition of the crude bio
oil and the aqueous fraction formed during the microwave enhanced pyrolysis of

spruce woodchips.
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Figure 34: **C NMR specta of crude bieoil and aqueous fraction produced from
the microwave enhanced pyrolysis of spruce woodchips. (spectra offset vertically for
clarity)
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Table 35: Carbon assignments based 8@ NMR analysis of bieil and aqueous
fraction produced from the microwave enhanced pyrolysis of spruce woodchips, and
the assignments arranged according to chemical shift range. (reproduc&d)from

Carbon assignments Relative structures Chemical
shifts (ppm)
Short aliphatics gz 0-28
~N~""CH,
Long and branched aliphatics H, H; H, 2855
AN NN
Alcohols, ethers, phenolic J\ 55-95
meth rbohydr r HO
ethoxys, carbohydrate sugars y ?H \ﬁz
Ho/d%&rl’o\ OCHs
HOY- ul= G\ -H
H|
OH
Aromatics, olefinsfurans H 95-165
NS H H
] e=¢
HC  #CH / y
I
Esters, carboxylic acids ﬁ 165180
o
Ketones, aldehydes ﬁ 180-215
PN

Resonance signals in the58 ppm region of*C NMR spectra of crude bioil and
aqueous fraction were due to aliphatic carbon atoms. The most resonance signals
appeared on the upfield region from 0 to 28 ppm of'tBeNMR spectra of crude

bio-oil and aqeous fraction consisted of methyl grougSHs), which were assigned

as short aliphatic chains. For example, the appearance of sharp resonance signal at
~21 ppm of crude bimil and aqueous fractiofC NMR spectra was likely due to

the methyl group -CHs) of acetic acid compourfd’ On the other hand, the
resonance signals (excluding the mat#issolvent) on theegion from 28 to 55 ppm

of the *C NMR spectra of crude bioil and aqueous fraction were dominated by
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methylene carbons@H,-), and they were assigned as part of long aliplatains.
Furthermore, methinearbon(CH) signals can also appear in theSBppm region,

as the appearance of these signals indicates the presence of branched aliphatic groups
within the chains. Overall, comparing the entire aliphatic regieB5(@pm) of:*C

NMR spectra of the crude bmil and the aqueous fraction, they wepp@ximately

similar, as both have the possibility of containing short and long aliphatic. However,
the aqueous fractiofC NMR spectrum showed more intense signals in 28 0

ppm region, suggesting that the aqueous fraction contains higher amountstof sh

aliphatic chains than the crude no.

From the®®C NMR spectrum of crude bioil, several carbohydrate sugars, such as
levoglucosan derived from the thermal degradation of cellulose, existed in the crude
bio-oil, which was confirmed by the appearanaf complex signals in the typical
carbohydrate sugars region from 55 to 95 ppm. In comparison;*theNMR
spectrum of the aqueous fraction displays fewer and much less complex signals in
the same region from 55 to 95 ppm, indicating the possibilitysifgmall quantities

of carbohydrate sugars that had been collected into the aqueous fraction during the
microwave enhanced pyrolysis of spruce woodchips. Furthermore, the presence of
alcohols and ethers in the crude-bibas well as the aqueous fractiarere also
possible, as these could contribute to the appearance of the complex resonance
signals in the same region from 55 to 95 ppm. However, the intense resonance
signals appeared at66 ppm and ~69 ppm in the aqueous fracttdd NMR
spectrum could berelated more to alcohol compounds rather than effiers.
Moreover, it is noteworthy that the presence of methoxy groups oenglic
compounds, such as guiai@nd syringol derivatives wadso observed, as the sharp
resonance signal at56 ppm confirms the existence of small amounts of these

species in the aqueous fraction and much higher amounts in the crale?ig®®

The resonance signals which appeared in the region between 95 and 165 ppm in the
13C NMR spectrum of mide bicoil were due to the aromatic portion of the crude
bio-oil, including carbon atoms in heteroaromatics that contain O such as furans, as
well as any olefinic carbons, which can also contribute to the resonance signals
appeared in this region. In cparison with the*C NMR spectra of the aqueous

fraction, the resonance signals appeared in the same region were fewer and much less
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complex, suggesting the possibility of containing lower aromatics than the crude bio
oil.

The resonance signals on thedamwnfield end of thé’C NMR spectra of crude bio

oil and aqueous fraction from 165 to 215 ppm were due to carbonyl carbons, as the
165180 ppm region represents carboxylic acids and esters, and tHEL3§6pm
region represents ketones and aldehydes. @dngpthe'*C NMR spectra of crude
bio-oil and aqueous fraction for the carbonyl carbons region, they both show
approximately similar signals, suggesting the possibility of containing carboxylic
acids, esters, ketones and aldehydes in each. Howevemgrla¢ssivere more intense

in the aqueous fraction, especially at the-189 ppm region, which indicates the
presence in significant concentrations of possibly simple carboxylic acids related
compounds, such as formic and acetic acids, as the sharp ressiugrate at-165
and~175 ppm appearance in the aqueous fracionNMR spectrum were likely

due to carboxyl group of formic and acetic acids, respectfiély.

3.7 GGMS Characterization of Spruce Pyrolysis Liquids

3.7.1 Results

The identification of major compounds in crude -bib and in aqueous fraction
produced from the microwave enhanced pyrolysis of spruce woadelaip achieved

by the use of gas chromatographgss spectroscopy (G@S). Details of the GE

MS analysis method, apparatus and column used are fully described in the
experimental section 2.3.5.1 (Chapter 2). The identification of compounds in crude
bio-oil and aqueous fraction was achieved by comparison with the 2008 mass
spectral library of National Institute of Standard and Technology (NIST 2008). The
NIST database of mass spectra can help to predict chemical structures of unknown
GC-MS peaks through theomparison of mass fragmentation. The mass spectra of
the identified compounds in crude d and aqueous fraction and their matching

mass spectra from NIST database are presented in Appendix A.

The complex chemical composition of the crude-diloand he aqueous fraction
makes it difficult, or even impossible, to perform a complete chemical

characterization using single or even a combination of analysis techniques.
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Therefore, the characterization of crude-biband aqueous fraction by G&S will

only detect aportion, mainly, lower molecular weight components that are volatile
enough to pass through the GC column. Furthermore, despite the small detectable
portion of the crude bioil and the aqueous fraction, many peaks were detected in
GC-MS traces ofboth fractions, which also cause a very difficult task to identify
them all. Thus, just major and identifiable peaks were identified in bottMGC

traces of the crude bioil and the aqueous fraction.

Figure 35 shows the GEMS trace of crude bioil derived from the microwave
enhanced pyrolysis of spruce woodchips. The major identified compounds in the
crude bieoil according to the NIST 2008 mass spal datdhase are summarised in
Table 36.
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Figure 35: GC-MS spectrum of crude bioil derived from the microwave enhanced

pyrolysis of spruce woodchips; A) Spectrum retention time from 3 to 20 min, B) The
follow-up of spectrum retention time from 20 to 37 min.
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Table 36: Major identfied compounds in crude bl derived from the microwave

enhanced pyrolysis of spruce woodchips.

Identified compount Structure Peak Retention
numbef  time (min)
Furfural 1 3.37
AW
o]
2-Furanmethanol OH 2 3.55
o; \’7
2(5H)-Furanone @éo 3 4.30
1,2-Cyclopentanedione o 4 4.40
é‘ i
2-Hydroxy-gamma 0 5 5.36
butyrolactone o
OH
1,2-Cyclopentanedion&- o 6 5.94
methyl l_l o
Phenol, 2methoxy /0:© 7 7.01
HO
Cyclopropyl carbinol gOH 8 7.09
2(3H)-Furanone, dihydrd- HO 9 8.25
hydroxy | I
o~ o
Phenol, 2methoxy4-methyt /OD/ 10 8.80
HO
1,2-Benzenediol 11 8.90

: 2
I
(o]
I
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Identified compount Structure Peak Retention
numbef  time (min)

1,4:3,6DianhydreU-d- o} 12 9.09
glucopyranose ﬁ‘b

Ho” 0——0
2-Furancarboxaldehyde; 5 0 13 9.41
(hydroxymethyl}

o
OH
1,2-Benzenediol, 4nethyt OH 14 9.98
OH

Phenol, 4ethyl-2-methoxy OH 15 10.29

(E/O\
2-Methoxy-4-vinylphenol OH 16 10.87

EP/O\

Z
3-Allyl -6-methoxyphenol OH 17 11.60

/0
AN
Benzaldehyde,-Bydroxy-4- o~ 18 12.30
methoxy HO :
\0
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Identified compount Structure Peak Retention
numbef  time (min)

Phenol, 2methoxy4-(1- o~ 19 12.44
Phenol 2-methoxy4-(1- A 20 13.09
propenyl}, (2)-

HO

_0

Phenol, 2methoxy4-propyk o~ 21 13.25
b-D-Glucopyranose, 1;6 o 22 13.45
anhydre HO )

HO

OH
Ethanonel-(4-hydroxy-3- o] 23 13.68
methoxyphenyh
(o}
on |

2-Propanone, -{4-hydroxy-3- _O 24 14.36
methoxyphenyh :@/\n/

HO ©
b-D-Glucopyranose, 1;6 o 25 14.54
anhydre® HO o

HO

OH

Phenol 4-(3-hydroxy-1- o~ 26 15.02

propenyl}2-methoxy

I
o]
o—
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Identified compount Structure Peak Retention
numbef  time (min)

Benzeneacetic acid; 4 o 27 16.08
hydroxy-3-methoxy HO
HO” o
4-Hydroxy-2- o~ o 28 17.28
methoxycinnamaldehyde |
AN
HO

10,12Dihydro-10-hydroxy o o 29 27.58
2,3 ~
dimethoxydibenz(b,f)oxepin o

HO
Unknown Unknown 30 29.94

& According to NIST 2008 mass spectral database.
® As marked irFigure 35.
“Peak 25 is possibly an isomerligé-anhydreb-D-glucopyranose.

Overall, 29 major compounds have been identifiedthe GCMS in the crude bio
oil, and the majority of these identifiedrapounds were phenols, followed fayans

and carbohydrate sugars.

Figure 36 shows the GE@MS trace of aqueous fraction derived from the microwave
enhanced pyrolysis of spruce woodchips. The magentified compounds in the
aqueous fractioaccording to the NIST 2008 mass spectral lszda are summarised
in Table 37.
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Figure 36: GC-MS spectrum of aqueous fraction obtained from the microwave
enhanced pyrolysis of spruce woodchips.

Table 3.7: Major identiied compounds in aqueous fraction obtained from the
microwave enhanced pyrolysis of spruce woodchips.

Identified compount Structure Peak Retention
numbef  time (min)

2-Furanmethanol OH 1 3.11
Butanoic acid, 4ydroxy o 2 3.63
HO

/\/\E
2(5H)-Furanone <0J¢o 3 3.74
2-Cyclohexenrl-ol OH 4 3.83
Ethanol, 2,2diethoxy \/Oj/o\/ 5 3.93
HO



Identified compount Structure Peak Retention
numbef  time (min)
2-Furancarboxaldehyde; 5 0 6 4.39
methyl
o
Phenol OH 7 5.05
Furan, 2,Ediethoxytetrahydro 8 5.14
/\o o/\
(o]
1,2-Cyclopentanedione-3 0 9 5.41
methyt o
Phenol 2-methoxy _O 10 6.43
HO
2-Cyclopentenl-one, 3ethyt 0 11 6.91
2-hydroxy oH
cis-3-Hexenal diethyl acetal 12 7.40
X 0\/

R
Cyclohexanone, 2;8imethyk 13 7.45
1,3-Benzenediol, «thyl 14 7.92

HO

OH

Phenol, 2methoxy4-methyk _O 15 8.17
HO
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methoxy

H

Identified compount Structure Peak Retention
numbef  time (min)
3,4-Dimethoxytoluene 16 8.87
o
°<
1,2-Benzenediol OH 17 9.08
i OH
Phenol, 4ethyl-2-methoxy OH 18 9.57
(E/o\
2-Methoxy-4-vinylphenol OH 19 10.18
o<
=
3-Allyl -6-methoxyphenol OH 20 10.85
/o\él
AN
Phenol, 2methoxy4-propyt o~ 21 10.99
Benzaldehyde,-Bydroxy-4- o~ 22 11.57
0. i
o

166



Identified compount Structure Peak Retention
numbef  time (min)

Phenol, 2methoxy4-(1- o~ 23 11.66
propenyl} HO
Phenol 2-methoxy4-(1- A 24 12.28
propenyl}, (2)-
HO
/0

2-Propanone, {4-hydroxy-3- _O 25 13.50
methoxyphenyh m
HO ©

& According to NIST 2008 mass spectral database.
® As marked irFigure 36.

Geneally, 25 majorcompounds were identified in the aqueous fraction, and the
majority of thesewere phenols, followed by furans and ketgriesluding simple
carboxylic acid compounds (formic and acetic acids) as théASCuts of the first 3

minutes of the run to preserve the MS from solvent.

3.7.2 Discussion

All the identified phenols appeared tine region between 7 and 18 minutes on the
crude bieoil GC-MS trace(Figure 35), and they are typical compounds derived
from the breakdown of lignimluring the microwave enhanced pyrolysis of spruce
woodchips?® Most of these detected phenols were guaiacol (methoxy phenols)
derivatives, such g¥)-2-methoxy4-(1-propenyl}pherol (peak marked 20 iRigure

35 A), which is the highest intensity chromatographic peak observed in the crude
bio-oil. Other nonguaiacol phenolic compounds were also detected in théVIGC
trace ofcrude bieoil, for example 1,z2benzenediol and -fhehyl-1,2-benzenediol
(peals marked 11 and 14 iRigure 35 A, respectively). The formation of %,2
benzenediol (catechol) is believes a result of the further decomposition of

guaiacolsuring pyrolysis® as shown irFigure 37.
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O_CH3 o\ o CH3
CH2
©i 0 ©:H - Ci o
O—H o gl o H
+ Hzl
OH
: :OH
Figure 3.7: The suggested mechanism of-bghzenedioformation from guaiacol
during pyrolysis®®

The compounds identified in the region between 3 and 6 minutagure 35 were
mostly furans and their derivatives, for instance fiaffigpeak marked 1 iRigure 35

A) and 2furanmethaol (peak marked 2 inFigure 35 A). In addition, 5
hydroxymethyi2-furancarboxaldelde (peak marked 13 iRigure 35 A) was also
observed ata. 9.41 minutes in the crude baml GC-MS trace. The appearance of
these furans and their derivatives was probably due to the ahelegradation of
celluloseand hemicellulose during the microwave enhanced pyrolysis of spruce
woodchips. Furthermore, the broad chromatographic peaks appeased®d5 and
ca. 14.54 minutes were identified as Ja6hydreb-D-glucopyranose (peakmaked

22 and 25 irFigure 35 A), which is a carbohydrate sugar, and it is considered as the
most important primary degradation product of celluf34&he second peak (peak
marked 25) is possibly an isomer dbf6-anhydreb-D-glucopyranosehowever, a
definite assignment of this isomer could not be confirmed by M&3,6dianhydre
UD-glucopyranose was also another significant identified sugar in the crudé bio
(peak marked 12 ifrigure 35 A), which is a dehydrated form of tghhydreb-D-
glucopyranosé®’ The chromatographic peak detected at the far end in tht16C
trace of crude biwil (peak marked 29 irFigure 35 B) was identified as 10,11
dihydro-10-hydroxy-2,3-dimethoxydibenz(b,f)oxepin (mass od. 272 Da), which is
possibly a product derived from the thermal degradation of lignin. The last
chromatographic peak appeared at the far end in thé1G@ace of the erde bie

oil (peak marked 30 iRigure 35 B) could not be identified using the NIST database
of mass spectra, as none of the mass spectra hits sifficreatches its mass

spectrum (the highest mass detected for this unknown peakcava®44 Da).

168



However, a previous study was carried out by Taletdd®*under the titl e
chromatographic and mass spectrometric {@&) analysis of lignirderived

products fromCryptomeria japonicat r eat ed i n s upedetectadt i c al
similar mass fragmemteaks to peak 30 (iiRigure 35 B), and they have assigned this

peak as a ligniderived dimeric product. Therefore, it is reasonable snrag that

peak 30 (inFigure 35 B) is al® alignin-derived dimeric compound.

The appearances of phenols in the aqueous fractioM&®@ace(Figure 36) were

due to the thermal degradation tbi lignin fraction in the spruce woodchipAs

with the bicoils, most of these detected phenols were guaiacols (methoxy phenols)
and their derivatives, for examplen2ethoxyphenol, 2methoxy4-methytphenol,
4-ethyl2-methoxyphenol, 2methoxy4-vinylphenol, and (ZR-methoxy4-(1-
propenyl}phenol (peaks marked 10, 15, 18, 19, aAdrespectively, ifrigure 36).
Furans were also detected in theuemus faction GGMS trace, such as-2
furanmethaol (peak marked 1 iRigure 36), and 2(5H)furarone (peak marked 3 in
Figure 36). Cyclic ketones as well were present in the aqueous fraction, sueh as 3
methyt1,2-cyclopentanediondpeak marked 9 irFigure 36), and 2,3dimethyt
cyclohexanoe (peak marked 13 iRigure 36), which are believed to be typical
products derived from the thermal breakdown of cellulose fraction that probably

occurred during the microwave enhanced pyrolysis of spruce wood¢hips.

By comparing crudebio-oil GC-MS trace Figure 35 A) with aqueous fraction
(Figure 36), the crude biail contained more complex spesi¢han the aqueous
fraction, withmany more chromategphic peaks, and also witireater intensities,
appeared in the crude bol GC-MS trae. This also further suggests that the crude
bio-oil possibly has higher concentrations of organic species than the aqueous
fraction. Interestingly, some of the pyrolysis products appeared in botM&C
traces (the crude bioil and the aqueous fractiorguch as Zuranmethanol (peak
mariked 2 inFigure 35 A and peak marked 1 iRigure 36), 2(5H)furarmone (Peak
marked 3 inFigure 35 A and Figure 36), 3-methyl1,2-cyclopentanedine (peak
marked 6 inFigure 35 A and peakmarked 9 inFigure 36), 2-methoxyphenol (peak
marked 7 inFigure 35 A and peak marked 10 figure 36), 2-methoxy4-methyt
pherol (peak marked 10 ifrigure 35 A and peak marked 15 iRigure 36), 1,2
benzenedil (peak marked 11 ifigure 35 A and pe& marked 17 irFigure 36), 4-
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ethyl2-methoxypherol (peak marked 15 ifrigure 35 A and peak marked 18 in
Figure 36), 2-methoxy4-vinylpherol (peak marked 16 ifrigure 35 A and peak
marked 19 inFigure 36), and (Z)}2-methoxy4-(1-propenyl}phenol (peakmarked
20 in Figure 35 A and peak marked 24 iigure 36). However, in terms of their
chromatographic peak intatys all those species weraore intense in thergde bic

oil GC-MS trace, except-thethoxyphenol (peak marked 7 iRigure 35 A and eak
marked 10 irFigure 36) and 2methoxy4-methytpherol (peak marked 10 iRigure

3.5 A and peak marked5lin Figure 36), which they were slightly less intense than
that in the GEMS traceof aqueous fractionHigure 36). Surprisingly, carbohydrate
sugars, for example L#nhhydreb-D-glucopyranose, were not detected in the
aqueous fraction, indicating all carbohydrate sugars were collected into thee cru
bio-oil, althoughthe earlier*C NMR analysis resultén section 3.6)uggestedhe
possibilityof their presencean the aqueous fraction

3.8 Conclusion

The workdescribedn this chapter demonstratthe success of thermally converting
a renewable biomass (spruce woodchips) into liquids (crudeiband aqueous

fraction), char and gasa the microwave enhancegnolysis technique. The product
distribution obtained from the microwave enhanced pwislpf spruce woodchips
were 18.5 % (w/w) for crude bioil, 29.5 % (w/w) for aqueous, 37.3 % (w/w) for

char and 14.7 % (w/w) for gas (measured by mass difference).

The further study of these products by multiple analytical techniques allows a
detailed undrstanding of their chemical nature to be developed, which is an
important step to explore the many possible routes of potential applications. Among
the three obtained pyrolysis fractions (crude-tiip aqueous and char), the crude
bio-oil was found to bethe most important pyrolysis fraction that could be an

interesting source to many potential applications.

The microwave seatip that has been used in this study helped to sepamateu
most pyrolysis water from the crude kod, and the water conteim the crude Io-
oil was found to be just 4.% (w/w). The ash content was low in the aeubicoil

and found to be <0.% (w/w). The ICPMS analysis of the metal contents of spruce
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woodchips and its pyrolysis products revealed that the spruce wooddmizsnc
high levels of calcium~1616 ppm) and potassiumA15 ppm), and after pyrolysis,
these minerals were at greater levels in the char fraction, indicating the difficulty for

these minerals to leave the microwave cavity during the pyrolysis.

From the AAR-IR analysis of crude bioil and aqueous fraction, the results indicated
that the crude bioil contains aromatics and sugars, whereas the aqueous fraction
contains mainly water and carboxylic acids. In addittig, NMR analysis added
more characterizen information into the crude bioil and aqueous fraction. The
result from the'3C NMR analysis confirms the presence of carbohydrate sugars, as
well as the high aromatic content in crude-bib Large portion of the aromatic
content in the crude biail is probably phenols, with mostly methoxy group attached
to the phenol ring. Carbonyl carbon related compounds, such as sianptexylic
acids compoundgxisted in great concentrations in the aqueous fraclioaresults

by **C NMR analysis wouldlsosuggest the likelihood of the presence of acetit a
formic acids inaqueous fractionThe presence of alcohols in the aqueous fraction
was also possible, as th€ NMR spectrum showed some intense signals that could

be related to alcohol compounds.

The GC-MS analysis of crude bioil and aqueous fraction identified the major
volatile compounds. The results showed that the crudeibamntain more complex
volatile organic species than the aqueous fraction. The majority of the identified
compoundsvia the GCGMS were phenols, furans and carbohydrate sugars in the
crude bicoil. In contrast, in the aqueous fraction, the majority of the identified
compounds were phenols, furans and ketoakisough acetic and formic acid elute
with the solvent and themfe are excluded from the M$owever, the phenol
concentration in the aqueous fraction is low, as their peaks were less intense in

comparison to the same phenolic peaks intensity in the crudm! I6&€-MS trace.
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Chapter 4: Extraction and Characterisation of Phenols
from Spruce-Derived Bio-oils
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4.1 Introduction

In chemistry, separation methods are very important and fundamental in many
analytical investigations, for example, in pwnifg synthetic products, and in
isolating natural products from rewable sources. Therefore, for a chemist, it can be
quite challenging to separate a product, especially from a complex mixture of
hundreds or more of compounds within different chemical families. This challenge
starts with choosing a separation method, tgpetally choosing an organic solvent,

as most laboratorgcale separation techniques involgae or more of organic

solvents.

The common laboratorgcale techniques used for separating chemicals are not all
suitable for use to separate key chemicals ride bicoils?®®> The thermal and
chemical instability of crude bioils and the richness of components with similar

boiling points narrow the choice of separation technigtres.

This chapter will demonstrate the possibility of fractionating crudeoltsointo
chemically valuable extractsvia laboratory accessible techniques, such as
supercritical CQ@ extraction technigue. The main aim of carrying out these
fractionation procedures was to isolate phenolic species from the crudé aial,

as will be demonstrated in Chapter 5, study their effect as a renewable antioxidants
for use in fuels (biodieselEach fractionation procedure was supported with detailed
characterization of the extracted componenégsGC-MS and GCFID, as well as

other techniques, for example, ATR, **C NMR and total phenols by Folin

Ciocalteu assay.

4.2 ldentification and Quantfication of Phenolic Compounds in
Crude Bio-oil Extracts

The identification of phenolic compounds irrude bicoils generated from
microwave enhanced pyrolysis of spruce woodchips was carried out by the use of gas
chromatographynass spectroscopy (G@S). The details on the G®IS analysis
method, apparatus and column used are described in the experimental chapter
(section 2.3.5.1, Chapter 2). The identification of phenolic compounds separated by

GC in crude bieoils was based on the best match with theB2®@ss spectral library
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of National Institute of Standard and Technology (NIST 2@08) a consideration of
potential biomass decomposition pathways.

Two microwave enhanced pyrolysis experiments of the spruce woodchips were
carried out at different stageiring this study, and both crude o yields have

been analysedia GC-MS, named here as'and 29 extracts of crude bioil.

After the GGMS analysis of the *1crude bieoil extract; 13 phenolic compounds
were tentified as shown iFigure 41 (A). However, for the % crude bieoil
extract, 18 phenolic compounds wedentified as shown ifigure 41 (B) (note that

the retention time differ slightly between run A and B, due to slightly different GC
conditiors, particularly column length). The mass spectra for the identified phenolics
in bothcrude bieoil extracts and their best NIST library match of mass spectrum are

shown in Appendix A.

100 — 18
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Figure 4.1: The GGMS chromatograms of: (A) identified phenolic compounds’in 1
extract of crude bimil; (B) identified phenolic compounds iH'%extract of crude
bio-oil (some phenolic peaks were identifiéater in Table 43, therefore, for
consistency the phenolic peaks numbering were labeled here according to the
phenolic gak retention times dfable 43).
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The quantification of the phenolic compounds identified by/#&in the £'and 2

crude bieoil extracts were achieved by the use of gas chromatogféghg
ionization detector (G&ID). The details othe GGFID analysis method, apparatus

and column used are also described in the experimental chapter (section 2.3.5.2,
Chapter 2). The quantification of phenolic compounds in crudeibextracts using
GC-FID was based on a method associated with a porafean effective carbon
number (ECNY>® Further information of the ECN concept is explained in the

experimental chapter (section 2.3.5.3, Chapter 2

The quantification results by GEID of the identified phenolic compounds it dnd
2" extracts of crude bioil by GC-MS are presented ifiable 41 in terms of w/w of
component(obtained using BHT as a representative phenolic standard and the

effective carbon number (ECN) technique).

Table 41. The quantification and identification of GC detectable phenolic
compounds intand 29 extracts of crude bioil.

Compound Structure Peak Ret. Quantity (mg/g)
Num. Time?®

(min)  1%extract 2" extract

Phenol o 1 581 [° 0

Phenol, 4methyt \©\ 3 747 |/ 0

Phenol, 2methoxy /Z:@ 4 769 8.8 7.5

Phenol, 2methoxy4-methyt /3@/ 7 9.53 10.2 6.3
H

1,2-Benzenediol 8 9.72 6.2 9.4

Phenol, 4ethyl-2-methoxy o 10 11.03 4.6 1.8
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Compound Structure Peak Ret. Quantity (mg/g)
Num. Time?®
(min)  1%extract 2" extract
1,2-Benzenediol, 4nethyt o o 11 11.30 / 2.4
2-Methoxy-4-vinylphenol ™ . 12 1162 7.3 4.6
N
/;
3-Allyl -6-methoxyphenol .U 14 12.33 3.0 1.3
e
QL
Phenol, 2methoxy4-propyk \éﬁ\ 15 1250 / 0.2
Benzaldehyde,-Bydroxy-4- o~ 16 1296 7.4 2.8
methoxy “°\ﬁ?
\O
Phenol, 2Zmethoxy4-(1- o~ 17 13.16 2.0 0.4
propenyl} “°\©I
|
Phenol, 2methoxy4-(1- A 18 13.82 8.7 8.7
propenyl}, (Z)- Ho
/O
Ethanonel-(4-hydroxy-3- ° 20 1434 4.4 2.0
methoxyphenyh 5\
OH cl)
2-Propanone, -{4-hydroxy-3-  ~° 21 1498 10.9 6.5
methoxyphenyh Hom
Phenol, 4(3-hydroxy-1- o~ 22 15.63 / 0.8

propenyl}2-methoxy

=
o
I
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Compound Structure Peak Ret. Quantity (mg/g)
Num. Time®

(min)  1%extract 2" extract

Benzeneacetic acid; 4 o~ 24 16.74 2.4 4.1
hydroxy-3-methoxy ”°\©l

HO o
4-Hydroxy-2- o~ 0 26 1789 6.5 2.5

methoxycinnamaldehyde /@/\)

2 Retention times according to detection fi@ude bicoil extract.

® The standard error is 7% of the quantities qued in this table, as described in section 2.3.5.2.
° Not detected.

4 Detected but too small to quantify reliably.

1-(4-hydroxy-3-methoxyphenyb2-propanone (peak number 21p-methoxy4-
methylphenol (peak number 7):n2ethoxyphenol (peak number 4), and {Z)
methoxy4-(1-propenyl)phenol (peak number 18) are the most abundant phenolic
components in %l crude bicoil extract presenat 10.9, 10.2, 8.8, and 8rig g,
respectiely. The total content of identified phenols in tiiectude bicoil extract, &
quantified by GEFID, was 8.2 (w/w).

For the 2% extract of crude biwmil, 1,2benzenediol (peak number 8), {Z)
methoxy4-(1-propenyl)phenol (peak number 18)}ntethoxyphenol (peak number
4), and 1(4-hydroxy-3-methoxyphenyb2-propanone (peak number 21) are the most
abundant phenolic components i erude bo-oil extract presented at 9.4, 8.7, 7.5,
and 6.5mg g, respectively. The total content of identified phenolshim 2% crude
bio-oil extract, @ quantified by G&-ID, was 6.% (w/w).

It is noteworthy that all phenolic species identified in tfecfude bicoil extract

were identified again in the"2crude bieoil extract, howevertheir concentrations
vary slightly, which could be attributed to the degree of the thermal degradation of
lignin in spruce woodchips during the microwave pyrolysis experiment. This also
could explain the appearance of more phenolic peaks in"thew@lebio-oil extract.

However, the concentrations of these new phenolic species are mostly low.
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Therefore, the reproducibility of the majority of these phenolic species is reasonable,
while their individual and total concentration might vary slightly.

The phentic content in pyrolysis crude bioils can be influenced by mulfactors,
including pyrolysis temperature, heating rate, reactor pressure and holding“time.
2% However, pyrolysis temperature and heating rate are the most significant factors

that affect the phendalicontent in pyrolysis crude biuils.2**

GarciaPerezet al?®® have carried out an investigation on the effects of temperature
on the formation of lignikderived oligomers during the fast pyrolysis of Mallee
woody biomass. Within their discussion, they have linked the ckanghe contents

of the most significant compounds in the crude pyrolysisoi® (e.g, phenolic
compounds) to the function of pyrolysis temperature. This was observed when they
have carried out a number of fast pyrolysis experiments at different tetonmsr
between 35®80 ¢C, and they have found that phenols content (according to GC
MS) in the crude biil were at maximum at the pyrolysis temperatureaf450

¢C, but not at higher pyrolysis temperatures. Their interpretation of this was that the
increase in the yield/content of the phenolic compounds with increasing pyrolysis
temperature (< 500°C) was a result of the intensification of the primary
thermochemical reactions with temperature. However, the decrease in their
yield/content at higher terepatures (> 50F°C) indicates that the rates of the
secondary thermochemical decomposition reactions surpassed the rates of primary
thermochemical reactions that responsible for the formation of phenolic compounds
that detectable by G®IS.

Similar observavns of the effect of pyrolysis temperature on the phenolic content
were also reported when producing crude-dile using microwavassisted
pyrolysis of woody biomass" 2®® Therefore, the interpretation that the pyrolysis
temperature has the most significant effect on the phenolic concentration in crude
bio-oils could support the previous suggestitirat the degree of the thermal
degradation of lignin during the microwave pyrolysis of spruce woodchips has
caused the changes in the individual phenolic concentration, as well as the

appearance of new phenolic peaks in tHeude bieoil extract.
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4.3 Multi -Solvent Fractionation of Crude Bic-oill

The 29 crude bieoil extract was subjected to two significant musitlvent
fractionation procedures. Each fractionation procedure was based on work that has
been previously reported to fractionate phenoliccgsefrom bieoils obtained by
pyrolysis of lignocellulosic materiaf$¥%* Both procedures have used water as the
first step to fractionate crude baml into waterinsoluble phase and watsoluble
phase. For the following steps reported here, one procedure used thensatdile

phase, while the other used the wateluble phaseTherefore, it was interesting to
combine the two procedures to studydiepth each fraction produced from these two
multi-solvent fractionation procedures. However, for clarity, each procedure is
presented here under two subheadings: waseluble phas fractionation, and

watersoluble phase fractionation.

4.3.1 Waterinsoluble phasefractionation

Further fractionation of the"2crude bieoil extract was carried out for the isolation

of phenolics according to a previous reported metA&d® and fully described in the
experimental chapter (section 2.2.1.1, Chapter 2) which produced asolatde
extract, a neutral extract, a phenolic extract and an organic acids extract, as well as
an insoluble and an aqueous residues that were not studied further. Approximately
57% (w/w) of the crude bioil was soluble in water and described as watdunbke

extract after removing water by distillation. A total of 16.6% (w/w of the crude bio
oil) was recovered from the remaining waitesoluble phase by DCM extraction at
three different pH levels. The phenolic extract extracted at pH ~ 6 had the highest
extract amount of 11.2% (w/w) of the crude {mib, which was approximately
equivalent to 2.1% (w/w) of the original woodchips. The quantities recovered of each

fraction are showin Table 42.
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Table 42: Fractional weight distribution recovered from crude-tilovia the water
insoluble phasé&actionation experiment and its equivalent recovery percentage from
the original woodchips.

Fraction Recovery (% wi/w) of Recovery (% w/w) of
crude biaeoll woodchips

Watersoluble extract 57 10.5

Neutral extract 2.7 0.5

Phenolic extract 11.2 2.1

Organic acids extract 2.7 0.5

Insolubles & aqueous residtie 26.4 4.9

Total (crude bieoil) 100 18.5

& Calculated by difference.

Figure 42 shows the total identified phenolic peaks in GC traces. The analysis by
GC-MS identified 18 phenolic compounds in the crude-dilo For the isolated
fractions, 8 phenolic compounds were itiieed in the watersoluble extract, 12
phenolic compounds in the neutral extract, 18 phenolic compounds in the phenolic
extract, and 15 phenolic compounds in the organic acids extract. The mass spectra
and assignments are provided in Appendix A. Some pteamolic compounds were
detected after the fractionation of the crude-diloon the GGMS. The likely
explanation for this could be the low phenolic compound concentration in the crude

bio-oil or overlap with other peaks in G@S chromatogram.
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Figure 4.2: The GGMS chromatograms of the identified phenolic compounds in: A)
2" extract of crude bimil; B) Watersoluble extract; C) Neutral extract; D) Phenolic
extract; and E) Organic acids extracts.

The quantification results by GEID of the identified phenolics bC-MS are

presented ifable 43 in terms of w/w of component.
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Table 43: Identification and quantification of phenolic compoundsThextract of crude bimil and in its extracted fractions.

Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  2Ycrude Water Neutral Phenolic  Organic
bio-oil ex. soluble ex. ex. ex. acids ex.

Phenol © 1 581 O /° / 0.9 /
Phenol, 2methyt i 2 712 |/ / / 0.5 /
Phenol, 4methyt \©\ 3 747 0 / / 1.7 /
Phenol, 2methoxy /0]© 4 769 75 / 1.0 21.3 34
Phenol2,5dimethyt i 5 8.79 |/ / / 0.1 /
1,3-Benzenediol, 4thyk \(é 6 9.33 / / 0.5 / /
Phenol, 2methoxy4-methyt 7 953 6.3 0.7 14.0 35.2 /




Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  2"crude  Water Neutral Phenolic  Organic
bio-oil ex. soluble ex. ex. ex. acids ex.
1,2-Benzenediol &OH 8 9.72 94 7.2 / / 4.6
1,2-Benzenediol, 3nethyt . 9 10.79 / / / / 0.9
Phenol, 4ethyl2-methoxy d%/\ 10 11.03 1.8 / 13.5 8.4 /
1,2-Benzenediol, 4nethyk <>/ 11 11.30 2.4 / / / /
2-Methoxy-4-vinylphenol & o 12 11.62 4.6 / 0.4 8.7 1.6
55
Phenol, 4(2-propenyl} D/v/ 13 12.10 / / / 0.5 /
3-Allyl -6-methoxyphenol 14 12.33 1.3 / 150 8.6 /




Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  2"crude  Water Neutral Phenolic  Organic
bio-oil ex. soluble ex. ex. ex. acids ex.
Phenol, 2methoxy4-propyt \é\k 15 1250 0.2 / 6.1 1.2 /
Benzaldehyde,-Bydroxy-4-methoxy . - 16 1296 2.8 2.2 / 13.6 7.8
Phenol 2-methoxy4-(1-propenyl} HO&\ 17 13.16 0.4 / 0.8 5.5 /
I

Phenol, 2methoxy4-(1-propenyl}, (2)- /(P/ﬁ 18 13.82 8.7 / 15.7 37.9 2.2
3,7-Benzofurandiol, 2,3lihydro-2,2-dimethyt C[% 19 14.12 / / 1.4 / /
Ethanone, {4-hydroxy-3-methoxyphenyh 20 14.34 2.0 0.6 / 8.1 /




Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  2"crude  Water Neutral Phenolic  Organic
bio-oil ex. soluble ex. ex. ex. acids ex.
2-Propanone, -{4-hydroxy-3-methoxyphenyh /°m 21 1498 6.5 14 / / /
Phenol, 4(3-hydroxy-1-propenyl}2-methoxy \é\ 22 15.63 0.8 0.2 / / /
Benzoic acid, sydroxy-3-methoxy o 23 15.68 / / / / 9.6
\0

Benzeneacetic acid;Hlydroxy-3-methoxy \él 24 16.74 4.1 1.6 0 17.4 9.9
4-((1E)-3-Hydroxy-1-propenyl}2-methoxyphenol /D@M 25 17.06 / / / 2.8 /
4-Hydroxy-2-methoxycinnamaldehyde o o 26 17.89 25 0.6 / 1.3 /




Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  2"crude  Water Neutral Phenolic  Organic
bio-oil ex. soluble ex. ex. ex. acids ex.
Benzeneacetic acid;lydroxy-3-methoxy, o~ 27 1797 |/ / / / 2.6
methyl ester E o
Phenylacetylformic acid,-Aydroxy-3-methoxy D—_b_‘}_/g 28 19.22 |/ / / / 13
Naphtho[2,3c]furan1,4-dione,3,3a,9,9a o i 29 21.80 / / / / 15
tetrahydre6-hydroxy-7-methoxy )@iﬁ\?
[ b
2H-1-Benzopyrarn7-ol, 3,4dihydro-3-(4- O " 30 24.66 / / / / 0
hydroxy-2-methoxyphenyh O I
Podocarp#,11,13triene7 b ,-diol314- o 31 2473 | / 0.5 / /
isopropyt
Phenol, 42,3-dihydro-7-methoxy3-methyt5-(1- i . o— 32 29.63 / / / / 0

propenyl}2-benzofurany2-methoxy




Compound Structure Peak Ret. Quantity (mg/g)

num. time?®

(min)  2"crude  Water Neutral Phenolic  Organic
bio-oil ex. soluble ex. ex. ex. acids ex.
2(3H)-Furanonedihydro-3,4-bis[(4-hydroxy-3- o 33 31.98 / / / / 4.5
methoxyphenyl)methyd] (3R-trans)
{ b
Naphtho[2,3c]furan1(3H)one, 3a,4,9,9a ! 34 33.44 | / / / 1.4

tetrahydre6-hydroxy-4-(4-hydroxy-3- 3 . O
methoxyphenyh7-methoxy, [3aR( 3 a U, 41 w @‘

o
| o

o

& Retention times according to detection in crudediics C-MS spectrum, some according to BG4S detection in the other extracts.
® The standard error is 7% of the quantities quoted in this table, as described in section 2.3.5.2.

¢ Detected but too small to quantify reliably.

4 Not detected.



1,2-Benzenediol (peak number 8) and -Zinethoxy4-(1-propenyl)phenol (peak
number18), are the most abundant phenolic components in therade bio-oil

extract present at 9.4 and 8ngy/g, respectively. The total content of phenols in
crude bieoil, as identified ad determined by GEID, was 6.% (w/w), while of the
extracts, the pdnolic had the highest total phenolic content of 17.4% (w/w), with
(2)-2-Methoxy-4-(1-propenyl)phenol (peak number 18pnd 2methoxy4-
methylphenol (peak number 7) being the most abundant phenolic components at 37.9
and 35.2 mg/g, respectively. In compariswith their quantity before fractionation,

they are 4.3 and 5.6 times higher, respectively.

The heaviest phenolic species identified by GC had a mass of ca. 350 Da (equivalent
to G006H1s), however, as it was suspected that larger polyaromatic spediesben

in the samples, but were not volatile enough to pass through the GC column, another
phenolic quantification method was also carried out by Folotalteu (FC) assay.

The total phenolic determination by means of F@lincalteu (FC) assay showed a
higher phenolic content for the crude {wid and the extracted fractions in
comparisea with GGFID results. Table 44 shows the total phenolic content
estimated by G&ID and by FolinCiocalteu (FC) assay. In the phenolic extract, the
phenolic content quantified by GEID was 17.4% (w/w), whereas by FC assay was
49.6% (w/w of eugenol equivalent). The large difference between the two methods
could be constent with the presence of phenolic compounds with high molecular
weights, such as phenolic dimers, trimers or other larger phenolics, being too large to
be detectable by GC due to being involatile at the maximum operating temperature of
the GC column, buhowever detectable by the FC method.
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Table 44: Summary of the phenols content estimated byFHZ and by Folin
Ciocalteu (FC) assay, and the ratio of these.

Sample ID Total phenolic Total phenols bf¥C  Proportion of phenolic
content by G&FID assay (% wiw) species detected by
(% wiw)? GC-FID (% w/w)

2" crude bieoil 6.1 23 26.5

extract

Watersoluble 15 13.7 10.9

extract

Neutral extract 6.9 11.3 61.1

Phenolic extract 17.4 49.6 35.1

Organic acids 5.2 38.3 13.6

extract

@ Mass ratio of phenolics to the mass of total sample detected HIIGC

P Mass ratio of phenolics to the mass of total sample detected byGiolialteu reagent, using
eugenol as standard.

¢ Ratio of phenolic content by GEID to total phenols by FC aay.

ATR-IR spectra of the™ crude bieoil extract and the extractethttions are shown

in Figure 43, along with the band assignments of the major absorptidkspabkso
summarized iriTable 45. The broad absorption peak . 3380 cm® was due to
hydroxyl groups {OH) present in the crude bal and the extracted fractions. After
fractionation, most of hydroxyd¢ontaining molecules remained in the weageluble
phase, which is consistewith the crude bieil containing a high content of alcohol
groups for instance, sugars. Furthermore, the strong absorbance pmaki@43

cm?! in the watersoluble phase spectrum is consistent with -® Gtretching of
primary alcohols, which reinforesghe suggestion that most of the alcohols stayed in
the watersoluble phase. The neutral extract spectrum shows the lowest hydroxyl
absorbance band of the hydroxyl groups suggesting that it has the lowest hydroxyl
containing molecules. According to the &D results, the phenolic extract contains
the highest amount of momhenolics, and hence, the hydroxyl absorbance band in
the phenolic extract might be from phenols. The sharp absorbance p=al %t 7

cm® in the phenolic extract was attributed t@matic C=C ring stretching, which
also supports the presence of phenols. The C=0 stretching band at the pos#ion of
1716 cmi was due to carbonyl and/or carboxyl groups. This peak was intense in the
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watersoluble phase and in the organic acids extiwoe. appearance of this band in

the watersoluble phase could be from aldehydes, ketones, carboxylic acids and
esters. However, in the organic acids extract, the majority of the absorbance could be
from carboxylic acids and esters rather than aldehydekedodes due to the low pH

extraction level (< 2) when this fraction was extracted.

=C

O stretching

'=C stretching

= = Phenol C-O
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== == Aromatic C

_————C
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@)
P
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Figure 43: ATR-IR spectra of: A) Crude bioil; B) Watersoluble extract; C)
Neutral extract; D) Phenolic extract; and E) Organic acids extract.
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Table 45: ATR-IR data of functional groups and compound cfa%s.

Wavenumbers (cil)  Functional groups Compound class

3380 O-H stretching vibration phenol, alcohols, water,
carboxylic acids

2940 C-H stretching vibration alkanes

1716 Carbonyl/carboxyl C=0 aldehydes, ketones, carboxylic
stretching acids, esters

1601 C=Cstretching vibration aromatics

1517 Aromatic C=C ring stretching aromatics

1272 Phenol CO phenol

1043 Aliphatic ether GO and alcohol alcohols, ethers
C-O stretching

3¢ NMR spectroscopy was also employed for the characterization ofticeudle
bio-oil and the extracted fractions, and thgpectra are shown iRigure 44. The
typical *C assignments relative to their chemical shiftiorg are summarized in
Table 46 and also provide information on the typical chemical functional groups that
appeared in the spec®.From comparing the extracted fractiérspectra to the
unfractionated crude bioil spectrum, it was obvious that the mudalvent
extraction interestingly fracti@ted the crude bioil into two major families; sugars
and phenols. Carbohydrates sugars typically appear from 55 to 95 pp® NVR
spectra, which mostly appeared in the watduble extract. On the other hand,
phenolic extract contains the most phenfshction that usually lay between 95 to
165 ppm. The majority of these phenols in the phenolic extract may have a methoxy
(-OCHg) substitution due to the sharp peak appearance at ~56 ppm.
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Figure 44: °C NMR spectra of: A) ? extract of crude bimil; B) Watersoluble
extract; C) Neutral extract; D) Phenolic extract; and E) Organic acids extract.
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Table 46: Peak assignments f6iC NMR spectr&>®

Chemical Shifts (ppm) Carbon assignments

0-28 Short aliphatics

2855 Long and branched aliphatics

55-95 Alcohols, ethers, phenolimethoxys, carbohydrate
sugars

95-165 Aromatics, olefins

165180 Esterscarboxylic acids

180-215 Ketones, aldehydes

Further analysis of sugars in the wagetuble extract was carried out using High
Performance Liquid Chromatography (HPLC). The details about this technique and
apparatus used are explained ineélperimental chapter (section 2.3.10, Chapter 2).
The HPLC spectra of sugars standards and the ‘wabeble extract are shown in
Figure 45. As canbe seen from watesoluble extractrace (red trace ifigure 45),

only levoglucosan was identified in the sample. The estimated concentration of
levoglucosan in watesoluble extract was approximately 31 mg/g (equivalent to
3.1% w/w).
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Figure 45: HPLC spectra of sugars standards and wsaerble extract (red trace:
ELSD detector, and black trace: DAD detector).

4.3.2Water-soluble phase fractionation

Further fractionation to the watspluble phase of the"@crude bieoil extract was

also carried out for further investigation on the wsai@uble phenolics. The
fractionation procedure was carried out according toewipus reported study*

and fully described in the experimental chapter (section 2.2.1.2, Chapter 2). This
fractionation procedure was based on a lidigdid extraction method, and
produced a diethyl ether extract, a DCM extract, and a ‘gdigle residue.
Approximately 16.7% (w/w) of the wateoluble extract was soluble in diethyl ether
and described as diethyl ether extract after removing diethyl ether by distillation. The
remaining watesoluble phase was also subjected to another sol(2GiM)
extraction, and approximately 9.6% (w/w) was recovered and described as DCM
extract after removing DCM by distillation. A watsoluble residue (73.7% w/w) of

the remaining watesoluble phase was stored for further analysis after removing
water by vacuum distillation. The quantities recovered of each fraction and their

equivalent recovéss ofthe originalwoodchips are shown ifable4.7.
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Table 4.7: Fractionalweight distribution receered from crude bioil via the water
soluble phasdractonation experimenand its equivalenrecovery percentage from
the original woodchips.

Fraction Recovery (% w/w) of crude Recovery (% w/w) of
bio-oil woodchips

Waterinsoluble phase 43 7.9

Diethyl ether extract 9.5 1.8

DCM extract 5.5 1.0

Watersoluble residué 42 7.8

Total (crude bieoil) 100 185

&Calculated by difference.

Figure 46 shows the total identified phenolic peaks in the-ED traces of the ™
extract of crude bimil, water soluble extract, diethyl ether extract, DCM extract, and

watersoluble residue.
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Figure 46: The GGFID chromatograms of the identified phenolic compounds in:

A) 2" extract of crude bimil; B) Watersoluble extract; C) Diethyl ether extract; D)
DCM extract; and E) Watesoluble residue. (For consistency, tH& @ude bieoil

and the water soluble extracts were reanalyzed again together with the rest of extracts
via another GGFID apparatus with different programmed method at the point of this
experiment. Therefore, the retention time of phenolic peaks differ fr@vious GE

MS chromatograms ifigure 42).

197



The analysis by G®S identified 15 phenolic compounds in tH¥ &xtract of crude
bio-oil, and for theisolated fractions, 9 phenolic compounds were identified in the
watersoluble extract, 15 phenolic compounds in the diethyl ether extract, 8 phenolic
compounds in the DCM extract, and 4 phenolic compounds in the-saitdiie
residue. The mass spectra assignments are provided in Appendix(éxcluding

DCM extract andwatersoluble residue, as the assignments of their phenolic
compounds were based on the retention time of phenolic compounds in the other
extracts) It is noteworthy that the numbers and the retention times of the identified
phenolics here in the"2crude bieoil and in the watesoluble extracts are diffent

when compared td-igure 42, and this is due to different GKAS programmed

method that was used at the point of carrying out this experiment.

Interestingly, four new phenolic compounds have appeared in the diethyl ether
extract (peaks numbed 9, 11, 35, and 36 iRkigure 46). This again could be due to
the low concentration of these phenolic compounds inther@de bieoil extract or

overlap with other peaks in th8%2rude bieoil extract GC trace.

The quantification results by GEID of the identified phenolics bC-MS are
presented iMable 48 in terms of w/w of componenbDue to differentGC-MS and
GC-FID programmed method used in this section, and for consist?i@yude bie
oil and watersoluble extract identified phenols (with the new GC method) were

guantifiedagain and presented Trable 48.
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Table 48: Identification and quantification of phenolic compoundsthc2ude bieoil extract and in its watesoluble phase extracted fractions.

Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  2Ycrude  Water Diethyl DCMex. Water
bio-oil ex. soluble ex. ether ex. soluble re.

Phenol, 2methoxy /OD 4 10.23 6.2 [ 2.7 3.0 /
Phenol, 2methoxy4-methyk /OD/ 7 13.74 7.0 2.0 3.0 2.3 /
1,2-Benzenediol ™ o 8 15.19 3.3 2.6 24.4 / /
Phenol, 4ethyl2-methoxy i o 10 16.53 3.1 1.6 1.8 / /
1,2-Benzenediol, 3nethyt ™ . 9 16.85 / / 5.6 / /

2-Methoxy-4-vinylphenol I 12 16.99 1.8 / / / /
7



Compound Structure Peak Ret. Quantity (mg/g)
num. time®
(min)  2Ycrude  Water Diethyl DCMex. Water
bio-oil ex. soluble ex. ether ex. soluble re.

1,2-Benzenediol, 4nethyt . 11 18.12 / / 8.9 / /
3-Allyl -6-methoxyphenol o & 14 19.02 29 1.6 2.1 / /

Q.
Phenol, 2methoxy4-propyk Ho\éI 15 19.30 1.8 / / 1.7 /
Benzaldehyde,-Bydroxy-4-methoxy o o~ 16 20.48 3.3 3.0 8.8 3.0 25
Phenol, 2Zmethoxy4-(1-propenyl) \é\k 17 20.59 2.8 / / / /

I

Phenol, 2methoxy4-(1-propenyl}, (2)- 18 21.88 4.8 1.7 1.8 / /



Compound Structure Peak Ret. Quantity (mg/g)
num. time®
(min)  2Ycrude  Water Diethyl DCMex. Water
bio-oil ex. soluble ex. ether ex. soluble re.
Ethanone, 44-hydroxy-3-methoxyphenyh ° 20 23.06 2.9 2.1 5.8 2.1 1.6
; f
Benzoic acid, sydroxy-3-methoxy, methyl Y% 35 23.93 / / 2.0 / /
ester —°; C< o
2-Propanone, {4-hydroxy-3-methoxyphenyh /Zj@/\n/ 21 2421 3.2 2.4 7.0 29 1.8
Benzeneacetic acid;ydroxy-3-methoxy \é}\ 24 27.68 3.1 2.2 5.6 3.4 1.7
Phenylacetylformic acid}-hydroxy-3-methoxy _OE °> <° 28 28.64 2.2 / / / /
4-Hydroxy-2-methoxycinnamaldehyde o o 26 29.99 2.8 / 3.1 1.8 /



Compound Structure Peak Ret. Quantity (mg/g)

num. time?
(min)  2Ycrude  Water Diethyl DCMex. Water
bio-oil ex. soluble ex. ether ex. soluble re.
b-(4-Hydroxy-3-methoxyphenyl)propionic acid o” 36 3119 / / 2.0 / /

HO.
OH

2 Retention time according to detection {l{ &ude bieoil extract GGFID spectrum, some according to GID detection in the other extracts.
® The standard error is 7% of the quantities quoted in this table, as described in section 2.3.5.2.
° Not detected.



2-methoxyphenol (peak number 4) andnithoxy4-methytphenol (peak number

7) are the most abundant phenolic components in drigdeil presented at 6.2 and
7.0mg g*, respectively. The total content of phenols in crudedilicas determined

by GGFID, was 5.1% (w/w), while of the extracts, the diethyl ether extract had the
highest total phenolic content of 8.5% (w/w), with-bghzenediol (peak number 8)
and 4methyl1,2-benzenediol (peak number 11) being the most aminghenolic
components at 24.4 and 8r@g g', respectively. Interestingly, Lfenzenediol
quantity is 7.4 times higher in the diethyl ether extract when compariés quantity

before fractionation (3.3 mg'y

The heaviest phenolic species identified by GC had a mass 210 Da (equivalent

to CioH100s), however, as it was suspected that larger polyphenolic species could be
in the sample, but were not volatenough to pass through the GC column, another
phenolic quantification method was also carried out by Folotalteu (FC) assay.

The total phenolic determination by this method showed a higher phenolic content
for the crude bimil and the extracted fctions when compared tineir GGFID

results. Table 49 shows the total phenolic content estimated by-F3Q and by
Folin-Ciocalteu (FC) assay. In the diethyl ether extract, the phenolic content
quantified by GGFID was 8.5% (w/w), whereas by FGsay was 55.7% (w/w of
monao-phenol equivalent). The great disagreement between these two methods could
be again due to the presence of high molecular weights of phenolic species that were
not detected by GC, but hower detectable by the FC method.
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Table 49: Summary of the phenolic content estimated by-F80 and by Folin
Ciocalteu (FC) assay, and the ratio of these

Sample ID Total phenolic Total phenols by FC Proportion of phenolic
content by GEFID*  assal (% w/w) species detected by
(% wiw) GC-FID (% w/w)

2" crude biooil 5.1 23 22.2

Watersoluble 1.9 13.7 13.9

extract

Diethyl ether 8.5 55.7 15.3

extract

DCM extract 2 12.8 15.6

Watersoluble 0.8 14 57.1

residue

& Mass ratio of phenolics to the mass of total sample detected HIIGC

P Mass ratio of phenolics to the mass of total sample detected by-Giokalteu reagent, using
eugenol as standard.

¢ Ratio of phenolic content by GEID to total phenols by FC agsa

4 Quantified using another GC methdtknce the difference in comparison vifdble 4.4.

ATR-IR spectra of the™ crude bieoil and the extracted fractions from the water
soluble phasare shown irFigure 47. The band assignments of the major absorption
peaks aresummarized earlier iTable 45, as most absornpn peaks appeared in
Figure 47 are similar to absorption peaks appeared in the-MBpectra of extracts

from the watetinsoluble phase [Figure 43).
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Figure 4.7. ATR-IR spectra of: A) Crude bioil; B) Watersoluble extract; C)
Diethyl ether extract; D) DCM extract; and E) Wasetuble residue.

The interesting finding according to ATIR spectra of extracts from the water
soluble phase are that the wagefubleresidue spctrum (spectrum E iRigure 47)

is almost identical to the watepluble &tract (spectrum B inFigure 47). The
solvent extraction by diethyl ether and the followingrastion by DCM seems not
significanty changed the overall ATHR spectrum of the watesoluble extract. The
only minuscule observations when thoroughly comparing the ARRpectrums of
the watersoluble extract to the watspluble residue are the absorption peaksaof
1515, 1270, and 1043 ¢m

205



The absorption peaks of. 1515 and 1270 cthwere due to aromatic C=C ring and
phenol GO stretching, respectively. These absorption peaks appeared less intense in
the ATRIR spectrum of watesoluble residue, suggesting that most aromatic
species, in particular phenols, were extracted into dietimdr and DCM extracts. In

fact, the spectrum of the diethyl ethedtract (spectrum C ifrigure 47) shows the

most strong absorption peaksaaf. 1515 and 1270 cthwhen compared to the other
ATR-IR spectra. Thus, the aromatic species were mostly extracted into the diethyl
ether extract from the watspluble extract. This ATRR observation agree with
resuls presented earlier ifable 49, which showed that diethyl ether extract has the
highest concentrations of phenolic species, present at 55.7% (w/w) as estimated by

Folin-Ciocalteu (FC) assay.

Moreover, the strong absorption peakcat 1043 cnt in the watersoluble extract
spectrum was due to-O stretching vibration of primary alcohols, and this strong
peak appeared slightly more intense in the wsdduble residue, which could be
because othe concentration of primary alcohols were slightly increased after the

solvent extration by diethyl ether and DCM.

13C NMR spectroscopy was also employed for the characterization of extracts from
the watersoluble phase, and theipectra are shown iigure 48. The typical**C
assignments relative to their chemical shift regionssaremarized earlier imable

4.6, including information on the typical chemical functional groups that appeared in
the spectra. When comparing the crude-dlcspectrum with the other extracts, it

can be seen thatigeificant changes occurred to each fractionated extract. For
instance, the complex peaks appeared in the chemical shift region between 55 and 95
ppm of the crude bioil spectrum remained in the watssluble extract, but
however, mostly disappeared inetliethyl ether extract as well as in the DCM
extract, suggesting that the majority of these peaks could be related to carbohydrate
sugars. Furthermore, the peaks appeared in the chemical shift region between 95 and
165 ppm of the crude bioil spectrum mestly disappeared in the watsoluble
residue, but however, mostly appeared in the diethyl ether extract as well as in the
DCM extract, indicating that the majority of these peaks could be related to aromatic

compounds, particularly phenolic species.
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Figure 48: °C NMR spectra of: A) Crude bioil; B) Watersoluble extract; C)

Diethyl ether extract; D) DCM extract; and E) Wasetuble residue.
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According to GCGFID quantification results, 1;Benzenediol (catechol) was
identifiedin the diethyl ether eract at a concentration of 24Mg g*, which is high

when compared to other concentrations of identified phenolic species. Therefore, the
three sharp peaks appeared in the aromatic region of the diethyl ether spectrum could
be relaed to catechol presence in a relatively higher concentration in comparison to
other phenolic species concentrations. In fact, after comparing these sharp peaks with
a *C NMR spectrum of a catechol standard, it was confirmed that these peaks are

indeedderived from the @atechol molecule, sdggure 49.

= o)
2! )
o OO0 5/6§1/0H
I
Catechol standard 3 OH

Solvent (DMSO-d)

220 200 180 160 140 120 100 80 60 40 20 0

Di-ethyl ether extract

TR 1 i IJ-AJJ L ,.JL\_L_L‘L___

220 200 180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

Figure 49: *C NMR spectra of diethyl ether extract and catestamdard.

The weight average molecular weights (Mw) of organic species in ‘saiidnle
extract and in its extracts were estimated by gel permeation chromatography with an
evaporative light scattering detector (GECSD). The details of the apparatus,
column used, sample preparation, and GPC standards are described in the
experimental chapter (section 2.3.11, Chapter 2). The-BEIESD spectra of these
extracts are shown ifrigure 410, and the estimated molecular weights in each
extract are presented rable 410.
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Table 410: The weight average molecular weight (Mw) of watetuble extract and
its fractions estimated by GPELSD.

Extract ID Retention time (min) Mw (Da)
Watersoluble extract 24.42 715
27.53 53
Diethyl ether extract 24.43 709
DCM extract 24.74 547
Watersoluble residue 24.52 657
27.45 57

From theresults presented ihable 410, the weight average molecular weights of
organic species in watsoluble extract were estimated todze 715 and 53 Da. For

the diethyl ether and DCM extracts, they were estimated tab#09 and 547 Da,
respectively. The wateoluble residue has approximately similar weight average
molecular weights (Mw) of organic species to the watduble extract, which were
estimated to bea. 657 and 57 Da. The low average molecular weight (Mwjeof

55 Da estimated in wataoluble extract and in watspluble residue could be
attributed to the presence of high content of light carboxylic acid compoergs,
formic and acetic acids, and possibly light alcohols. Whereas, the high average
molecubr weight (Mw) ofca. 700 Da estimated in all samples could be related to the

presence of polyaromatic species.

4.4 Supercritical CO, Extraction

4.4.1 Overview

When a fluid is described as supercritical, this means that the fluid is forced into a
pressure and temperature beyond its critical point, Figere 411.2°° Therefore,
under these conditions, the properties of this fluid are positioned between those of a

liquid and those of a g&&°
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Figure 4.11: Typical pressuréemperature phase diagram of supercritical fftiid.

The diffusivity of a suprcritical fluid is intermediate between the two states (liquid
and gas), however, its density is comparable to a liquid and its viscosity is
comparable to a gas, s€éable 411.%°° Thus, the definition of the supercritical state

of a fluid is a state in which liquid and gas are indistinguishable from each other, or a
state in which the fluid becomes compressible as @&gas though having a density

comparable to a liquid and, hence, comparable solvating FoWwer.

Table 411: Range values of some physicochemical properties of gases, liquids and
supercritical fluid<®®

Fluid state Density Diffusivity Viscosity
(4, glcn?) (Dag, cnf/s) (1, g/s cm)
Gas’ 10° 10" 10*
Liquid® 1 <10° 102
Supercriticaf 0.30.8 10%-10* 10*-10°

dp=1bar;T=213C.°p=1bar;T=15303C.°p=p; T=T.
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Due to these different physicochemical properties, the extraction and/or fractionation
via supercritical fluids offer several operational advantages over traditional
extraction method®® For instance,supercritical fluids have better diffusion
properties than liquid®° This is because of their relatively high diffusivity and low
viscosity, where they can diffuse easily through solid materials ageh can
provide faster extraction yields when compared to ligth8Eurthermore, one of the

key characteristics of a supercritical fluid is the option of manipulating its solvation
power by alteringpressure and/or temperatidP&.This is particularly useful for
achieving high selectivity, especially when extracting and/or fractionating complex
samples such as plant materifllsAlso, the extraction by a supercritical fluid is
usually conducted atlatively low temperatures, thus, it could be the most suitable
technique to investigate thermally unstable compounds, where many undesirable
reactions, such as oxidation, hydrolysis, rearrangement and degradation, could be

effectively prevented®® 3%

The other advantages, in companiseith other extraction techniques, are the use of
no or significantly few amount of organic solvents, the elimination of potential
contamination of the product by extraction solvents, and the possibility of direct
coupling with analytical chromatographiechniques, such as gas chromatography
(GC) or supercritical fluid chromatography (SFC), which can be substantially

practical for extraction and direct quantification of highly volatile compodffd®?
A wide range of solvents can be used as supercritical fitidgable 412 shows

some of these solvents as well their critical properties

Table 412 Critical properties of some selected solvents used in supercritical fluid
extraction®®

Solvent T. ((C)? P, (bar)®
Ethene 9.4 50.4
Carbon dioxide 31.1 73.8
Ethane 32.3 48.7
Nitrous oxide 36.6 72.6
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Solvent T. GC)? P. (bar)®

Propane 96.8 42.5
n-Hexane 234.5 30.1
Acetone 235.1 47.0
Methanol 239.6 80.9
Ethanol 240.9 61.4
Ethyl acetate 250.2 38.3
Water 374.1 220.6

4T, critical temperature.

Pp.: critical pressure (values are converted from MPa (megapascal): 1 MPa = 10 bar).

The most common used solvent in supercritical fluid extraction and/or fractionation
technology is carbon dioxide due to its low critical temperature (31)land low
critical pressure (73.8 bat}' Also, it is nonflammable, relatively cheap, readily
obtainable in large quantities with high purity, and has lower toxicological effects

than some of the conventional volatile organic solvéfit%*

Additionally, there are a number of operational advantages that make chiokimle

a popular choice over the wide range of solvéhtBor instance, carbon dioxide is a

gas at room taperature, thus, a complete elimination of carbon dioxide is achieved
without any residues when the system is decompressed after an extraction process,
leaving a solvenfree extract’® Another advantage is the possibility of recycling

carbon dioxide internally when using this technology at an industrial ¥¢ale.

The negative side, however, of using pure supercritical carbon dioxide is its
inefficiency in extracting more polar compounds from plant matetialEhis is due

to its low polarity. Therefore, to resolve this issue, highly polar compounds called
omodi fiersd (-solvente) ark nommmonly added i emall quantities,
which can make significant changtsthe solvent properties of pure supercati
carbon dioxid€®® 3% The most commdy used modifier in supercritical carbon
dioxide extraction of plant materials is methanol because it is an effective polar

modifier and is up to 20% miscible with carbon dioxifeAnother commoly used
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modifier of supercritical carbon dioxide extraction is ethanol, especially when
extracting natural products due to its lower toxicity in comparison with metfi&nol.

Another critical factor that can fett the extraction of natural products using
supercritical fluid extraction technology is sample particle €% 3% arge
particles could result in prolonged extraction as the process can become diffusion
controlled®® %" Therefore, pulverizing the sample until it becomes a fine powder
can improve the process efficiency by speeding up the extrdftidf: **'However,

this may also cause a problem in keeping a good flow’¥af&®’ Thus, an effective

way to avoid this potential problem is by packing the sample with rigid inert
materials such as glass beads or sea sand to prevent the daomplpsessing into

solid impermeable plugs and, hence, maintaining a smooth floifate.

To conclude it is obvious that supercritical fluid extraction technology has
immediate advantages ovénaditional extraction techniques. However, from an
industrial point of view, the only serious drawback of scaling up this technology to a
commercial scale is the higher investment costs when compared to the existing
traditional extraction techniqué®’ Indeed, this will most likely be the case when
supercritical fluid extraction technology is considered as an alternative to a single
extraction step. It should, however, be developed as an iredgmbcess for
biomass processing, probably as part of a larger biorefifieMyithout such an
integrated approach, the feasibility and the full potential of supercritical fluid

technology cannot be recogniz&d.

4.4.2 Results and discussion

A further fractionation of the *icrude bieoil was carried out using a supercritical

CO;, extraction method. The detailed experimental procedure for sample preparation,
apparatus, and supercritical g@@xtraction parametersrea described in the
experimental chapter (section 2.2.2, Chapter 2). The crude material was separated by
using four vesselset with different pressure lewadf 200, 100, 75, and 1 bar, and

with controlled temperature at 50, 50, 35, and?@5 respectivel. Therefore, the
extraction procedure produced four extracts, named hepel COO-2, CQ-3, and

CO,-4.
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The quantities recovered of eaftaction are shown ifTable 413. A total of 33.4%

(w/w of the crude bimil) was extracted from the crude bad into the four
extraction systems, and the weight distribution of extracts was 5.6, 8.8, 1.5 and
17.5% (w/w) h CO-1, CO-2, CO-3 and CQR-4, respectively. As can be seen, £0

4 has the highest extract amount of 17.5% (w/w), whereas;30@s the lowest
extract amount of 1.5% (w/w).

Table 413 Fractions weight distribution recovered fromrude bieoil via
supercritical CQ@fractionation experiment at 350 bar and?&D

Fraction Recovery (% w/w) of crude Recovery (% w/w) of
bio-oil woodchips

CO-1 5.6 0.8

CO,-2 8.8 1.3

COs-3 1.5 0.2

COA14 17.5 2.6

Residué’ 66.6 10.1

Total (crudebio-oil) 100 15

&Calculated by difference.

From the previous results of the analysis of thextract of crude bimil by GGMS
presented irFigure 41, the GGMS had identified 13 phenolic species in thHé 1
crude bieoil extract. Therefore, after the fractionation of tiieektract of crude bio

oil into four extracts using the supercréidCQO, technique, the analysis by @@S

of the CQ extracts identified 12 phenolic species in the,QCextract, and 13
phenolic species in the rest of extracts §20CQO-3, and CQ-4), seeFigure 412,

The mass spectra and assignments for the identified phenolic peaks in all four CO

extracts are shown ippendix A.

The quantification results by GEID of the identified phenolic species the four

CO, extracts by @-MS are presented ifiable 414 in terms of w/w of component.
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Table 414: The identification and quantificatiosf GC detectable phenolic compounds in crudediiand in the CQisolated fractions.

Compound Structure Peak Ret. Quantity (mg/g)
num. time?
(min)  1'crude CO»rlex. CO,-2ex. CO-3ex. CO-4ex.
bio-oil ex.
Phenol, 2methoxy /OD 4 6.19 8.8 20.6 3.3 2.9 8.7
Phenol, 2methoxy4-methyk /Zji>/ 7 7.91 10.2 28.2 2.3 2.6 7.8
1,2-Benzenediol o o 8 8.07 6.2 & 8.4 51 19.8
Phenol 4-ethyl-2-methoxy I 10 9.35 4.6 10.2 2.4 2.8 2.6
N
2-Methoxy-4-vinylphenol 12 9.93 7.3 8.1 1.8 1.6 2.3

\_< E)—O
/O




Compound Structure Peak Ret. Quantity (mg/g)

num. time®
(min)  1%crude COrlex. COr2ex. COr3ex. CO,;4 ex.
bio-oil ex.
3-Allyl -6-methoxyphenol I 14 10.65 3.0 10.7 0.8 1.6 5.0
/0
1Y
Benzaldehyde,-Bydroxy-4-methoxy o~ 16 1134 7.4 7.3 6.9 4.3 7.3
HO( i
\O
Phenol, 2Zmethoxy4-(1-propenyl} o~ 17 11.46 2.0 5.6 0.8 1.3 3.7
HO\©I
|
Phenol, 2Zmethoxy4-(1-propenyl}, (Z)- m 18 12.10 8.7 26.6 3.6 3.8 9.6
/0
Ethanone, 44-hydroxy-3-methoxyphenyh °5 20 1270 44 4.8 9.1 11.6 6.2
?
OH




Compound Structure Peak Ret. Quantity (mg/g)

num. time*
(min)  1%crude COrlex. COr2ex. COr3ex. CO,;4 ex.
bio-oil ex.
2-Propanone, -{4-hydroxy-3-methoxyphenyh /OD/\”/ 21 13.37 10.9 8.5 4.6 7.2 6.3
HO' °
Benzeneacetic acid;lydroxy-3-methoxy o~ 24 1506 24 3.8 2.7 2.4 4.6
HO.
HO (o]
4-Hydroxy-2-methoxycinnamaldehyde o~ 0 26 16.23 6.5 7.7 9.3 3.5 14.1

2 Retention times according to detection thektract of crude bimil.
® The standard error is 7% of the quantities quoted in this table, as described in section 2.3.5.2.
° Not detected.



1-(4-hydroxy-3-methoxyphenyh2-propanone (peak number 21) anan2thoxy4-
methylphenol (peak number 7), were the most abundant phenolic components in the
1% extract of crude bimil presented at 10.9 and 10.2 m{ gespectively. However,

after superctical CO, extraction, the distribution of concentrations of the phenolic
species quantified in theZextract of crude bimil has changed with all four GO
extracts. For instance, in GQ extract, 2nethoxy4-methylphenol (peak number 7)

and (Z)}2-methoy-4-(1-propenyl)phenol (peak number 18) are the most abundant
phenolic components present at 28.2 and 26.6 hgegpectively. Therefore, in
comparison with their quantityefore extraction, they are 2.8 and 8rties higher,

respectively.

It is noteworthy that 1:benzenediol (peak number 8) was not detected in thelCO
extract, however, it was detected in the other, €@Qracts, which indicate that 1,2
benzenediol is not stable under the supercriticaj &€@raction pressure of 200 bar
and at he temperature of 56C. This phenolic specewas the most abundant
phenolic component in the G@& extract presented at 19.8 mi§ gnd in comparison

with its quantity before extraction, it is 3.2 times higher.

Table 415 shows the total phenolic content estimated by in the £'extract of
crude bieoil and its supercritical COextracts. Therefore, according to &M
guantification results,he CQ-1 extract has the highest total content of phenols at
14.2% (w/w), followed by C@4 extract at 9.8% (w/w).

Table 415 Summary of the phenolic content estimated byBD for 1% crude bie
oil extract and its supercritical G@xtracts.

Extract ID Total phenolic content by GEID (% w/w)
1% crude bieoil extract 8.2

CO,-1 extract 14.2

CO,-2 extract 5.6

CO,-3 extract 51

CO,-4 extract 9.8
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ATR-IR spectra of the®*lextract of crude bimil and the supercritical CQextracted
fractions are shown ifigure 413. The band assignments of the major absorption
peaks vere summarized earlier iTable 45, as most significant absorption peaks

appearedn ATR-IR spectra ofFigure 413 are mostly similar té-igure 43.

The absorbed broad peakaat. 3380 cnit was associated with hydroxyl groups (
OH) presehin the crude bieil and supercritical C®extracts. After supercritical
CO, extraction, the absotipn band intensity of hydroxyl groups noticeably
decreased in C&£8 and CQ@4 extracts, suggesting that both have the lowest
hydroxylcontaining molecules. However, in the other hand, in-€@xtract, the
absorption band intensity of hydroxyl groups Im@st identical to the absorption
band intensity of hydroxyl groups in crude daih, suggesting that C£R extract has
the highest hydroxytontaining molecules. The strong absorption banchall123
cmi’ in the crude bienil spectrum is consistence withG-O stretching vibration of
secondary alcohols arm@yclic ethers. This absorption band is less intense irX0
and CQ-4 extracts, which indicasa low content of secondary alcohols arytlic
ethers. Furthermore, the strong absorption bama.at055 cnt in the crude biepil
spectrum is also consistence with aOCstretching vibration, but however, of
primary alcohols and aliphatic ethers. This absorption band is sharp 3 @ad
CO.-4 extracts, indicating the possibility of containing a higincentration of either
primary alcohols or aliphatic ethers. It is noteworthy that the absorption bacals at
1123 ancca. 1055 cnt' in the crude biail spectrum could also be consisterith a
C-O stretching vibration of sugars, suggesting the poggilaf sugars presence in
crude bieoil, however, in C@3 and CG-4 extracts, the sugars concentration could

be very low because of the low intensity of the absorption baral £123 cni-

The presence of phenols in the crude-dilovas confirmed by G&ID, therefore,

the sharp band appearectat1515 cni' in the crude bieil spectrum is attributed to

the aromatic C=C ring stretching, which also confirms the presence of phenols.
Moreover, in supercritical CQOextracts, the same sharp band appearedath
spectrum, however, in GEL and CQ-2 extracts, the sharp band is more intense than
the other extracts, indicating the possibility of phenolic presence at higher
concentrations. The appearance of the absorption bard 228 cm1 in CG-3 and

CO,-4 extracts is due to-El bending vibration of eithearomatics or alkenes.
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Figure 413: ATR-IR spectra of crude bioil and its supercritical C{solated
extracts (spectra offset vertically for clarity).

4.5 Discussion of the Renolic Separation and Quantification

Bio-oils derived from biomass pyrolysis contain hundreds of compounds with
relatively high amount of oxygetontaining organic species. The quantities of these
various components in the boal are strongly dependentdhe biomass feedstock,
as well as the production method and reaction conditfénsately, increasing
attention has been paid to the recovery of figlue chemicals from bioil, more
specifically, the recovery of oxygerontaining organicompounds, such as alcohols
and phenols, which are vakaelded chemicals used in industry and in many other

applications’® Currently, most oxygewontaining chemicals are synthesized from
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crude oil via hydration or oxidation of alkenes to introduce oxygentaining
functional groups?® Fortunately, these functional groups are also found irobio
Therefore, separating higralue chemicals from bioil is a potential approach for

efficiently utilizing biomass.

Typically, phenolic compounds found in badls are simple phenols containing an
aromatic ring bearing one hydroxyl gro®H), with aldehyeé or carboxylic acid

side groups, and also found are oligomeric polyphenols having large multiples of
phenol structural unit§® All of the phenolic compounds found in bidls are
products of lignin decomposition, which is one of the primasynponents of dry
wood and generally accounts for-48% (w/w) of the total wood mass, depending

on the wood speciés®
Table 416 summarizes some of the previous work on phenolic separation fram bio

oil by liquid-liquid extraction technique.

Table 416: Summary of some previous work on phenolic separation froreibloy
liquid-liquid extraction.

Bio-oil source Solvent$ Species isolated Ref.

Eucalyptus wood Ethyl acetate, NaOH ardClI Phenols 310
aqueous solutions

Cotton stalk DCM, NaOH and HCI aqueous Phenol, cresols, sl
solutions guaiacol, 4methyl

guaiacol and syringol

Pine wood and forest  Methyl isobutyl ketone and Phenols 293
residue NaOH aqueous solution

Salix viminaliswood Diethyl ether, DCM and water Phenols 251
Douglas firsawdust Chloroform and water Phenols and guaiacol 3*?
pellets

Lauan sawdust DCM, water, NaOH and HCI ~ Phenols and guaiacol **°

agueous solutions

CoaP Methanol, DCM and water Phenols 313

& Just recommended solvents by the authors were stated.

® For comparison.
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As it can be seen froable 416, different types of biomass were used to obthe
pyrolysis bicoil and varieties of solvents were investigated to separate phenolic
compounds from the bioil. All of these studies appear to claim that their solvent
extraction method and the choice of solvents associated with this method is the
optimum way to extract the phenols from fods. However, it is not straightforward

to establish which one may be optimal for the phenolic separation from a particular

bio-oil.

Olejniczaket al*** have investigated phenolic componentSafix vimnalis derived
pyrolysis bicoil for their potential application as antioxidants of synthetic
lubricating oils. According to their study, a solvent extraction method was performed
to isolate the phenolic species from the-bilp generating two phenolic fctions,
extract A and extract B. Their results showed that extract A was the richest in
monomeric phenols when compared to extract B, which, according to their results,
found to be respectively 47.5% and 16.8% (w/w) by-BB. The major phenolic
componentsof the extract A were syringol (2dimethoxyphenol) and itpara-
substituted derivatives, whereas in extract B, the major phenolic components were
mainly syringol and syringyl acetone. Interestingly, they determined the total
phenolic content of extra@ via another method, namely the Felhocalteu (FC)
assay. According to their results, this quantification method revealed a higher content
of total phenols, at 97% (w/w of the extract), in comparison to theé=[BCresult.

This was more than 2 times hegtthan their reported GEID concentration value of
47.5% (w/w). Their attribution for the higher total phenolic content was that extract
A contain phenolic compounds with large molecular weights. Unfortunately, they
have not determined the total phenalantent for extract B by the Fol@iocalteu

assay which could be interesting to compare with itsKEZ concentration value.

12°1 with the work described in this

By comparing the work of Olejniczakt a
chapter, a similar separation method of rpslies was carried out for thé'®2crude
bio-oil extract as presented earlier in section 4.3.2. The results of total phenolic
content by FC assay were in approximate agreement with the work of Olejsiczak
al.,>®* where the total phenolic conteaf diethyl ether extract was higher (55.7%
w/w) than that of DCM extract. However, in comparison with Olejniczakl,**

this total phenolic content of diethyl ether extract is lower than their reported value
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of 97% (w/w). This is probably becse of the different species of wood used to
obtain the bieoil, as well as the different pyrolysis technique.

Wanget al®*° have also investigated the separation of monophenols and pyrolytic
lignins from the watemsoluble phase of lauan sawdust deriveddiioAccording

to their study, a mulstep separation procedure was carried out to fractionate the
bio-oil by a solvent extraction method. Three fractions were generated by &/ang
al.,”®° namely fradon A (FA), fraction B (FB) and fraction C (FC). According to
their results, FB was rich in phenolic compounds and its phenolic concentration was
reported to be approximately 94% (based on % of total area in GC analyses of the
compounds eluting by GC). Umtunately, Wanget al?*° did not mention in their
published work the total phenolic concentrationtlod original sample of bioil

before fractionation for comparison. In addition, Wasgal**° have ealuated the
phenolic concentration using G@S peak area normalization. The accuracy of this
quantification technique is unlikely to be as good as that achievable uskkjBGC
technique, as, for example, used in the work reported here. Besides, fromvather
including that reported here, it is very unlikely that all the phenolic species in their
bio-oil sample are volatile in nature, many will be involatile polyphenolics.
Therefore, their reported concentration of phenols may not be reliable. The same
separation method of phenolics was also carried out for ther@de bicoil extract

as presented earlier in section 4.3.1, with results being similar to the work ofétvang
al.,®° where the phenolic extract (FB in Waeg al?*° work) was indeed rich in
phenolic compounds.

Recently, an alternative green technology, supercritical fluid extraction (SFE), has
been applied for the separation of Hoib component$?® This new extraction
technology las many advantages in comparison to solvent extraction. For instance, it
eliminates the possible contamination by organic solvents and it can avoid additional
costs of removing these solvents from the extr&étd. number of solvents have
been investigated for use as a SFE solV&owever, CQis found to be the ideal

SFE solvent, most likely due to its low critical temperature (3C)land low critical
pressure (73.8 barj?
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Mudraboyinaet al*** have demonstrated the use of supercriticah @Cselectively
extracting single ring phenolic components from lignin microwaymlysis oil. The
extraction method that they have used was supercritical fluid rectification (SFR), a
variation system of supercritical fluid extraction (SFE), where a rectifier column is
included after the supercritical G@xtractor to increase the selectivity for some
compounds over others during the extraction process. According to Mudralebyina
al.,***the extraction was carried out at temperature 6i3%nd 80 bar pressure on a

4 g bio-oil sample using a COflow rate of 10 mL/min. The mass of the extract
recovered was 0.47 g and its total single ring phenolic concentration was found to be
68% (w/w). According to their results, the extract was selectively enriched with all
major sinde ring phenols except catechols. The most two concentrated single ring
phenols in the extract were creosol and guaiacol at 18.5 and 17.0% (w/w),
respectively. Interestingly, these two phenolic compounds were also the most
abundant phenolic species in thieio-oil sample before supercritical rectification, at

4.9 and 3.9% (w/w), respectively.

A similar result to Mudraboyin®t al®'* was observed for the supercritical £0O
extraction of bieoil that was presented earlier in section 4.4.2. Creosoigthoxy
4-methylphenol), one of the most abundant phenolic species irf'#eract of bie

oil, was also found to be the most concentrated phenolic compound in theé CO
extract However, unlike Mudraboyin®t al,*** catechol (1,2enzenediol) was
successfully extractedia supercritical CQ, which was found to be the most
concentrated phenolicompound in the C@®4 extract. This is probably due to the
different extraction condition that was used, where the extraction was performed at

temperature of 56C and 350 bar pressure using a,@0@w rate of 40 g/min

4.6 Conclusion

The identification ofphenolic compounds in two extracts of crude-tiioextracted

using microwave enhanced pyrolysis of spruce woodchips was carried out by the use
of gas chromatographyass spectroscopy (G@S). The GCMS identified 13
phenolic species in the®lextract ofcrude bieoil, and the total quantification of
these phenolic species were 8.2% (w/w) that achieved by the use of gas

chromatographflame ionization detector (GEID). For the 3¢ extract of crude
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bio-oil, the analysis by G®IS identified 18 phenolic spexs, and the total
quantification of these phenolic species werg% (w/w) thatachievedalso by the

use of GGFID. The variation between crude bid extracts in the total
concentration and the number of phenolic species is attributed to differ iresegre
the thermal degradation of lignin during the microwave pyrolysis of spruce
woodchips. However, all the 13 phenolic species identified in therdde bicoil
extract were identified again in the"2crude biooil extract. Therefore, the
reproducibiity of the majority of these phenolic species is comparatively high,

though the concentrations may vary slightly.

The 29 extract of crude bimil was subjected to two multiolvent fractionation
procedures; watdnsoluble phase fractionation, and waseluble phase

fractionation.

The watefinsoluble phase fractionation procedure produced a vgatable extract,

a neutral extract, a phenolic extract and an organic acids extract, as well as an
insoluble and an aqueous residue that was not studied furtheeranalysis by GC

MS identified 8 phenolic compounds in the wadeluble extract, 12 phenolic
compounds in the neutral extract, 18 phenolic compounds in the phenolic extract,
and 15 phenolic compounds in the organic acids extract. Phenolic extradtevas t
richestin phenolic species, and the phenolic content quantified byFBCwas
17.4% (w/w), whereas by Fol@iocalteu (FC) assay was 49.6% (w/w of eugenol

equivalent).

For the watersoluble phase fractionation procedure, it produced a diethyl ether
extract, a DCM extract, and a watmluble residue. The analysis by &45
identified 15 phenolic compounds in the diethyl ether extract, 8 phenolic compounds
in the DCM extractand 4 phenolic compounds in the wadetuble residue. Diethyl
ether extract was the richest with phenolic species, and the phenolic content
quantified by GEFID was 8.5% (w/w), whereas by FC assay was 55.7% (w/w of

monaphenol equivalent).

The greater cantities of phenolic compounds detected using FC assay, in
comparison with GE&-ID, is consistent with the presence of phenolic species with

high molecular weights (> 350 Da). These heavier phenolic species are too large to
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be detectable by GC due to beingolatile at the maximum operating temperature of
the GC column, but however can sti# detectable by the FC method.

Further fractionation of the*1lextract of crude bimil was carried out using a
supercritical CQextraction method. The extractioropedure produced four extracts

that extracted at different controlled pressures and temperatures, and the four extracts
were nhamed as C£l, CO-2, CO-3, and C@-4. The analysis carried out by GC

MS of each extract identified 12 phenolic species in @@&tract, and 13 phenolic
species in each of the other £€@éxtracts, which are identical, but vary in their
individual concentration. According to GEID quantification results of the phenolic
species, the CEL extract was the highest in the total cont@hphenols at 14.2%

(w/w), followed by the C@4 extract at 8% (w/w).
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Chapter 5: Effect of SpruceDerived Phenols on Oxidative
Stability of Methyl Linoleate
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5.1 Introduction

Biodiesel is treated with chemicals known as additives that function f thel
biodiesel when used as a road transportation fuel by improving several negative
properties, for instance higher viscosity, sensitivity to hydrolysis (corrosion), cold
filter plugging point (CFPP), low cetane number, storage problems, and oxidation
stability. 3318

Fuel stability isa key charaetr i st i ¢c of fuel guality and it <c
resistance to degradation processes that can change the fuel properties and form
undesirable speci€s’ When focusing on stability of the biodiesel fuel, different

terms of stabilities can be assocthtet o bi odi es el . For exampl e,
stabilityd is a common term utereattwithn r el ati o
oxygen at ambient temperatures, or in other words, to describe relatively the

n319

tendency of fuels to degradatima autoxidation:™ However, these reactions are

considerably slower than those that would take place at higher tempefatures.

The term At her mal stabilityd can also be wuse
as a result of very high temperatuf&sThis term was asstated to biodiesel usage

since the possibility of being exposed to elevated temperatures at environments
encountered in engine fuel injection systems, specifically when biodiesel fuel is re
circulatedvia the injection system and back to the fuel tAk.

Theer m Astorage stabilityd is another commonl
of fuels during the longerm storagé'® One of the primary problems related to this

term could be the oxidative degradation, however, storage stability can also involve

other isues like water contamination and microbial gro¥gttMicrobial growth can

be promoted by water that leads to tank corrosion, participate in the formation of

emulsions, and cause hydrolysis or hydrolyti@laton >**

With respect to different uses of the ter ms
be the most approjate one for use in general with biodiesel, as oxidation can occur

during biodiesel production, storage and-ese>?
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The poor oxidation stability of pure biodiesel (B100) could be the most undesirable
feature that prevents the use of B100 biodiesel as a transportation fuel from being
widespread in the marketplacehérefore, to solve this with other negative matters,
the biodiesel industry add additives to biodiesel, and one of the most important group
of additives in the biodiesel industry could be the antioxidarntkemicals added,
usually less than or equal to G® ppm (w/w), to prevent autoxidation of the

product3?3 324

Antioxidants are well recognised for use to control biodiesel oxidation by inhibiting
the oxidation process. Generaltliere are two types of antioxidants used to prevent
autoxidation: hydroperoxide decomposers and chain breakers, with most reported
papers within the biodiesel development sector focused on the chain breaking type,

and the two wetknown chain breaking tygeare phenolic and amine antioxidaifts.

5.1.1 Methyl linoleate autoxidation mechanism

The autoxidation reactions (as discussed in Chapter 1) of saturated lipids are
comparatively straight forward. They produce hydroperoxides as the primary product
in a noticeably quantitative yield at moderate temperature and low conv&fsion.
Therefore, according to a previous published wotithe quantitative results, under
these conditions, of oxygen uptake, substrate disappearance, and hydroperoxide
formation are all agree well with the autoxidation mechanism. The autoxidation
reactions of unsaturated lipids can be more complic&feh addition reaction to

the double bond could occur, and this can compete with the allylic hydrogen
abstraction reaction by peroxyl radici8.The addition mechanism can produce
polyperoxides and epoxide, whereas the abstraction mechanism produces

hydroperoxides as a major prod€fct.

Similar oxidation reactions can occur in biesil major omponents, whichare
generally described as fatty acid methyl esters (FAME). The unsaturated FAMES in
bi odi esel are known to be the source of
instability is fundamentally due to the presence of carbon doubl@gsbhi@=C) in the

FAME chain®®° The instability is critically exacerbatedatigher number of carbon

double bonds (two or more) is present in the FAME chain, and therefore, the
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biodiesel with higher concentrations of polyunsaturated fatty acitlH=Ap is

relatively less stabl&®

In the oxidation process of PUFA, unsaturated sites of a FAME chain undergo free
radical atack, which results in a hydrogen atom abstraction from the FAME ¢Hain.
Ambient oxygen then freely reacts at the site, subsequently forming hydrmjes;ox

see for exampl€igure 51.319 3%

13-Hydroperoxide 9-Hydroperoxide
Figure 5.1: Initial stages of thenechanism of methyl linoleate autoxidatin.

The FAME unsaturated sites in biodiesel generally contain allylic or doubly allylic
C-H bonds that are lower in their bond dissociation energy (BDE) than FAME
saturated site§? seeTable 51. Thus, the oxygeentred radicals will tend to react

more rapidly with the FAME unsaturated sif&s.
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Table 51: The BDEs of major types of-8 bonds in biodiesel FAME chains and
their rate constant&) at 30°C for hydrogeratom abstraction.

Compound Structure BDE (KJ/mol) Ref. k(M*s')  Ref.

Methyl stearate 416.3 331 2 /
/\I!'/\

Methyl oleate % 359.8 33t 0.22 332
/\IL/\

Methyl linoleate AN\ X\ 3205+25 % 31 332
qA

Methyl linolenate == — = 320.5+25 333 59 332

2 Not available.

Most typical biodiesel fuels consist of a mixture of FAMEs that have structural
characteristic&s summarised ifiable 52. As can be seen froable 52, most of

the FAMEs in biodiesel consist of hydrocarbdmains with 18 carbon atoms and
mostly have between one and three C=C bonds in their hydrocarbon chain. The
proportions of these FAMEs in biodiesel can vary depending on the feed¥tock.

the United States, biodiesel is commonly derived from soybean feedstock, however,
in Europe, rapeseeterived biodiesel is more commdii. Therefore Table 52 also

shows the proportions of major FAMESs in biodiesel derived from both feedstocks.

Table 52: Major FAMEs in biodiesel and their typical concentrations in soybean
and rapeseed derived biodie¥8l.

Common name  |[UPAC name No. of C: % in biodiesel (w/w)
no. of C=C
Soybean Rapeseed
Methyl palmitate  Methyl hexadecanoate 16:0 1012 2-6
Methyl stearate ~ Methyl octadecanoate 18:0 35 4-6
Methyl oleate Methyl (E)-octadee9-enoate  18:1 1826 52-65
Methyl linoleate ~ Methyl (9E,12E)-octadeca 18:2 4957 1825

9,12dienoate

Methyl linolenate  Methyl (9%,12E,15E)- 18:3 6-9 10-11
octadeced,12,15trienoate
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5.1.2 Antioxidant mechanism by phenols

Phenolicantioxidants interrupt the radical chain by transferring a hydrogen atom to
the propagating perokyadicals (RO®) to form a hydroperoxide (ROOHJ® see
Reaction 5.1.

OH o’
ROO" + © ——> ROOH + © (5.1)

In order for this reaction to be successful, the hydrogen atom donation by the
phenolic antioxidant must proceed at a rate much faster tharinthbe chain
propagating step of the hydrocarbon peroxidatfon.

For the antioxidant derived radical QAformed in Reaction 5.1, it shouideally
react further to produce neadical products by reacting with another petaagical
(RO) to be more efficient® see Reaction 5.2.

o.

© + ROO ———» non-radical products (5.2)

This reaction (Reaction 5.2) has not been studied in d&plowever, it is thought
that the RO®addltion to the benzene ring of a phenoxyl radicaligsthe ortho- and
para- positions to produce alcohol anetho- andpara-quinones-2° see for example

Figure 52.
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(o} o o)
© + ROO" 5 @ —_— + ROH

H 'OOR o

(o) (o] o
OOR o
+ ROO" — 5 H —— + ROH

Figure 5.2: Proposed reactions of the phenoxyl radical with peroxyl radical to
producealcohol andrtho- andpara-quinones:®

The antioxidant power of phenols depends on various structural factors, incheling
reaction conditions of the oxidatior.§, solvent and temperatur&f. However, the
greatest factor is usually the rate constant for its reaction with peroxyl radicals,
which, in turn, depending on the-® bond strength of the phenSf During the
antioxidant reaction with peroxyl radical, the @4 bond of a phenolic antioxidant is
cleaved, and a hydroperoxide (ROOH) is formi&drherefore, in order to achieve
the phenolic GH bond cleavage, an amount of energy is required, which is often
described as the bond dissociation energy (BSEyhe BDE ofthe OH bond of
various types of phenols were investigated intensively in the pastamaigathered

in databooks®*" **®These investigations revealed that the substituents in a phenolic
ring have strong influence on the BDE value of the phenolid @ond, see for

exampleFigure 53.

369.0 37 y 3464097\ y 339.0+ 0.5 y
Phenol 2,6-Di-tert-butylphenol Butylated hydroxytoluene
(BHT)

Figulres?gs: Examples of phenolic species and their experimental BDE values (kJ
mol™).
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The BDE value of the phenolic-B bond can be noticeably lowered when specific
substituent groupare attached in the phenolic rif{§ The character of substitution
group (mostly alkyl, alkoxyl, or hydroxyl groups) and its positionti{o, meta or
para position) in the phenolic ring play an important role in reducing the BDE value
of the phenolic €H bond3*°

5.2 Resuls

5.2.1 Effect of crude bieoil derived phenols on methyl linoleate
5.2.1.1 Static oxidation test

To examine the effect of the crude {aih in preventing the autoxidation of methyl
linoleate, a number of higtemperature static oxidation tests weegried out. The
experimental details of the oxidation test (under static miogle a sealed reactor
with no flowing oxygei are explained in the experimental chapter (Chapter 2,
section 2.4.1).

The exposure of methyl linoleate to high temperature ¢0and oxygen pressure

at 1 bar absolute gives rapid methyl linoleate autoxidation, which could be delayed
by adding an amxidant. For exampl&igure 54 shows the effect of the crude bio

oil on the inhibition of methyl linoleate autoxidation, where the antioxidant
concentrations quoted (from 0 to 69.5 x>I@ol dm°) correspond to the amount of
total phenolics added to the methyl linoleaggpressedas the equivalent molar
concentration of a monphenol (eugenol) as determined by the F@incalteu (FC)

assay.
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Figure 54: Oxidation pressure traces of 2 ml methyl linoleate with concentrations of
crude bieoil from 0 to 69.5 x 18 (mol dm?® at 1202C and 1 bar of oxygen
(phenolic concentrations determined by FC assay that assume onlypmemalic
present).

The traces inFigure 54 show that the crude bioil greatly extended the methyl
linoleate induction period at the addition of three investigated total phenolic
concentrations (17.4, 34.8 and 69.5 xAol/dnT).

Figure 55 shows the oxidation pressure traces of methyl linoleate with
concentrations of butylated hydroxytoluene (BHT) from 0 to 80 X (tfol/dnt).
This common commercial petroleum derived antiortdaas used as a reference

species to which the biderived extract could be compared.
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Figure 5.5: Oxidation gressure traces of 2 ml methyl linoleate with concentrations of
BHT from 0 to 80 x 13 (mol dm?) at 120°C and 1 baof oxygen.

The traces inFigure 55 show that the commercial antioxidant BHT extended the
induction period (IP) of methyl linoleate at the additionfaiir investigated BHT
concentrations (6, 20, 40 and 80 x*1@ol/dnT). When comparing this commercial
antioxidant with thecrude bieoil (as inFigure 54), it is noteworthy that the crude
bio-oil is clearly an effective antioxidant at approximately comparable molar

phenolic concentrations to the commercial antioxidant BHT.

5.2.1.2 Rancimat test

Tests were also carried out using the industry standandifRat test (EN 14112),
which uses a temperature of 140 for testing the oxidation stability of biodiesel.
More details on the Rancimat test, including sample preparation, test condition and
the apparatus used were explained in the experimental ch@bigptér 2, section
2.4.2).

Figure 56 show the obtained induction times (IT) of methyl linoleate alone, and with
the addition of: 20 x Z®mol dmi® of the commercial antioxidant BHT, and 35 x°10

mol dm® phenol (eugenol)equivalentof crude bieoil, separately, by using the
industry standard Rancimat test (EN 14112). The concentration quoted for the crude
bio-oil correspond to the amount of totgbhenolics added to the methyl linoleate,
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which is the equivalent molar concentration of a mphenol (eugenol) as

determined by the Foli€iocalteu (FC) assay.

These tests were conducted to provide confirmation of the comparatively high
antioxidant powebf the crude bieil in an industry standard testd to demonstrate

its potential competitiveness in comparison with the commercial antioxidant BHT.

0 antioxidant £®20.21 BHT &34.80 crude bio-oil

4.36

=N
1

3.31

w
1

Induction time (hour)
(o]

[y
1

0.42
oL B

Figure 56: The average Rancimat test (EN 14112) induction times of 3 g methyl
linoleate without antioxidant, and with concentrations of 20.21 and 34.8C (rb0
dm’®) respectively of BHT and crude bl at 110%C (the induction times here are
the average of four independent runs and the error basstedard deviation. the
phenolic concentration quoted for the crude-dilovas determined by FC assay that
assume only monphenolic present).

The results inFigure 56 showthat the crude bioil greatly extended the methyl
linoleate induction time to~4.4 hours at the addition of the molar phenolic
concentration ota. 35 x 10° mol dmi®. Therefore, in comparison with BHT, the
crude bieoil can be comparable at approximatetymilar molar phenolic

concentrations.
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5.2.2 Effect of Isolated Extracts on Methyl linoleate
5.2.2.1 Watetinsoluble phase isolated extracts

Figure 57 shows aschematic diagram of the crude fmo | 0 sinseWdle phase
fractionation steps.The extraction procedure, condition and solvents used are

described in detail in the experimental chapter (Chapter 2, section 2.2.1.1).

Crude bio-oil

l

Filtration and
distillation

Ethanol — 5| —— Solid particles

—— 3 Ethanol

Solid-free crude bio-oil

Y

Water —|  Extraction | — s Water-soluble extract

Water insoluble phase
Y

NaOH—>| Extraction at [ DCM e —DCM
»| Distillation
DCM —| PH> 12 soluble —— Neutral extract
DCM
insoluble
HCl ——=| Extraction at DCM . —> DCM
H~6 Distillation .
DCM p soluble —— Phenolic extract
DCM
insoluble
HCl—>| Extractionat | DCM Distillation [ PtM
DCM —| PH<2 soluble —— Organic acids extract
DCM
insoluble
Y
Filtration |———>Insoluble residue

|

Aqueous residue

Figure 5.7: Schematic diagram of wat@rsoluble phase fractionation steps.
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Figure 58 shows the effect on methyl linoleate autoxidation of four extracts from the
crude bioeoll, the watersoluble (A), neutral (B), phenolic (C) and organic acids (D)
extracts. The concentratiorqgioted here again correspond to the total phenolics
added to the methyl linoleate, which is the equivalent molar concentration of a

monao-phenol as determined by the Feldocalteu (FC) assay.

241



-0 —-10.38 —=20.75 —©-41.5

0.8 -
=]

= 0.6 -
204
£0.2 -

0 T T T T T 1
0 50 100 150 200 250 300

0 —<-8.63 =17.25 —©-34.5

0.8 -
=

1=
204 4

£02 -

0 50 100 150 200 250 300
0 —-37.75 =755 —©-151

0 50 100 150 200 250 300
=0 —-29.13 —+~58.25 —©-116.5

T

0 50 100 150 200 250 300
Time (min)

Figure 5.8: Oxidation pressure traces of 2 ml methyl linoleate with concentrations
of: (A) watersoluble extract from 0 to 41.5 x $@nol dm®; (B) neutral extract from

0 to 34.5 x 10 mol dm®; (C) phenolic extract from 0 to 151 x i@nol dmi® (D)
organic acidextract from 0 to 116.5 x T0mol dm?, at 1206C and 1 bar of oxygen.
(Phenolic concentrations determined by FC assay assuming only-phenolic
present).
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These oxidtion experiments (ifigure 58) were conducted to see how extracts with
higher contents of phenolics than the crudedlde.g, the phenolic extract) would

behave as antioxidants when added to methyl linoleate.

It is naeworthy that all four isolated fractions gave lower induction times than the
crude bieoil when compared at similar molar phenolic concentrations, indicating
that the crude bioil was better than the isolated extracts in delaying the methyl

linoleate aubxidation reaction at 124C.

5.2.2.2 Watessoluble phase isolated extracts

Further oxidation tests were performed on another extracts isolated from the water
soluble phasef the crude biepil. Figure 59 shows aschematic diagram of the crude
bio-o i | 0 ssolubke phage fractionation stefffie extraction procedure, condition
and solvents used are described in detail in the experimental chaptete(Chap
section 2.2.1.2).
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DCM ——| Extraction >
soluble
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Aqueous residue ——
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—— DCM
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Distillation

— Water
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Figure 59: Schematic diagram of watspluble phase fractionation steps.

Figure 510 shows the effect on methyl linoleate autoxidation of four extracts from
the crude bieoil, the watersoluble extract (A), diethyl ether extract (B), DCM
extract (C) and watesoluble residugD). The concentrations quoted here again
correspond to the total phenolics added to the methyl linoleate, which is the

equivalent molar concentration of a mepleenol (eugenol) as determined by the

Folin-Ciocalteu (FC) assay.
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Figure 5.10: Oxidation pressure traces of 2 ml methyl linoleate with concentrations
of: (A) watersoluble extract from 0 to 41.5 x Eqmol dm?); (B) diethyl ether
extract from 0 to 169.5 x 10(mol dm®); (C) DCM extract from 0 to 39 x 10(mol

dm?); (D) watersoluble residue extract from 0 to 4.5 x*1@nol dm?®), at 120%C

and 1 bar of oxygen. (Phenolic concentrations determined by FC assay assume only
monao-phenolic present).
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The oxidation tests ifrigure 510 were carried out to investigate further the effect of
the watersoluble phenolic species on the autoxidation of methyl linoleate.

It is noteworthy that the effect of diethyl ether extractmethyl linoleate induction

time was the same as the watefuble extract when compared at similar molar
phenolic concentrations. However, both extracts were slightly less effective than the
crude bieoil in hindering methyl linoleate oxidation at 120.

5.2.3 Effect of phenolic standards on methyl linoleate
5.2.3.1 Effect of single phenolic standard on methyl linoleate

The antioxidancy of three significant phenolic components of the crudeilbis
identified during analysis (described in Chapterettion 4.2) weg also examined,

andFigure 511 shows their chemical structures.

Eugenol Catechol Isoeugenol
OH | OH OH |
(0] ©/OH o
=z

Figure 5.11: Chemical structures of eugenol, catechol and {ismsugenol.

Eugenol, isoeugenol and catechol were chosen as they are commercially available,
and their structures, chemical formulas and masses were known, allowing accurate
molar concentration values tioe calculated. Also, their @8 BDE values were
previously measured, and more importantly, their chemical structures are similar to
most of those monphenolic species identified by G@S in the crude biwil as
described in Chapter 4.

Figure 512 to Figure 515 show the effect of eugenol, catechol (two experimental

runs) and isoeugenol on methyl linoleate oxidation at*2and 1 bar of oxygen.
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Figure 512 Oxidation pressure traces of 2 ml methyl linoleate with concentrations
of 4-allyl-2-methoxyphenol (eugenol) from 0 to 162 x31@nol dm>) at 120°C and
1 bar of oxygen.

The traces irFigure 512 show that eugenol poorly extended the methyl linoleate

induction period at 126C and 1 bar of oxygen.

-0 —<—12.3 —4—40.5 —-0-81 —¢162

Pressure (bar)

0 50 100 150 200 250 300
Time (min)

Figure 5.13: Oxidation pressure traces of 2 ml methyl lindéewith concentrations
of 1,2benzenediol (catechol) from 0 to 162 x31@nol dni®) at 1205C and 1 bar of
oxygen (catechol here was ddxperimental run)
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The traces irFigure 513 show that catechol greatly extended the methyl linoleate
induction time, however, when higher molar concentrations of catechol (> 48 x 10
mol/dnT) were added, its effect on methyl linole@teuction time were noticeably

reduced.

+0 =<—10 20 -0—-30 —-%X—40 —x-50 —+—-60

Pressure (bar)

0 50 100 150 200 250 300
Time (min)

Figure 5.14: Oxidation pressure traces of 2 ml methyl linoleate with concentrations
of 1,2benzenediol (catechol) from 0 to 60 x*1@nol dm™>) at 120C and 1 bar of
oxygen (catechdiere was a" experimental run)

The traces ifFigure 514 show a 2 experimental oxidation tests of catechol addition
to methyl linoleate at 128C and 1 bar of oxygen. These oxidation tests were carried
out to confirm the high antioxidant activity of catechol in methyl linoleate as

observed irthe previous figureKigure 513).

It is clearfrom the traces irFigure 513 and Figure 514 that catechol can be a
powerful antioxidant, however, when molar centrations greater thara. 40 x 10°
mol/dnT of catechol were added, the effect of any additional catechol in extending

the methyl linoleate induction time were very limited or negative.
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Figure 5.15: Oxidation pressure traces of 2 ml methyl linoleate with concentrations
of isoeugenol from 0 to 60 x Tqmol dm?) at 1206C and 1 bar of oxygen.

The traces inFigure 515 show that isoeugenol extended the methyl linoleate

induction time, but its antioxidant effect was very low.

5.2.3.2 Effect of mixed phenolic standard on methyl linoleate

The antioxidant effect o mixed phenolic standard on methyhdleate was also
examined.The standard consists ofghenolic components: guaiacol, catechal, 2
methoxy4-methylphenol, isoeugenol, -ethylguaiacol and -hydroxy3-
methoxyphenylacetone. Their molar concentrations in methyl linoleate samples

before oxidabn tests are shown ikable 53.
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Table 53: The phenolic composition of mixed phenolic standard and their molar
concentrations in methyl linoleate samples before oxidation.

Phenolic standard Structure Concentration (x 1&mol dni®)

Sa.l Sa.2 Sa.3 Sa.4 Sa.5

Guaiacol /OD 0.76 3.04 6.08 12.16 24.32
HO’

Catechol oH o 1.10 4.40 880 17.60 35.20

2-methoxy4- Ao 0.57 228 4.56 9.12 18.24

methylphenol HOD/

Isoeugenol o 0.69 2.76 5.52 11.04 22.08
HO.

4-ethylguaiacol o 015 060 120 240 4.80

4-hydroxy-3- ﬁm 045 180 360 7.20 14.40
methoxyphenylacetone Ho °

Total 3.72 1488 29.76 59.52 119.04

It is noteworthy that these 6 phenolic standards were the highest-phenolic
components in the crude bal, and their molar concentrations in the mixed
phenoic stock (as in Sa. ITable 53) were chosen to be approximately similar to
their GGFID estimated molarconcentrations in crude bmil, specifically the
concentrations of the 6 phenolic standards (asainlSTable 53) are equivalent to
their molar concentrations in 25 mg of crude-bibas estimatedia GC-FID. Their
equivalent molar concentrations in 100 mg are presented in Appendix C, along with
other identified phenolic species in the crudedilo

Figure 516 shows the oxidation pressure traces of methyl linoleate with increasing
molar concentrations of the mixed phenolic standard.
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Figure 5.16: Oxidation pressure traces of 2 ml methyl linoleate with concentrations
of mixed phenolic standard from 0 to 119 x>1@nol dm?® at 1202C and 1 bar of
oxygen.

The oxidation tests ifFigure 516 were carried out to see how the antioxidant activity
of mixed phenolics will compare with the antioxidant activity of the crudeolbio
when examined with methyl linoleate at 12D and 1 baof oxygen. It is clear from
Figure 516 that the mixed phenolic standard addition was effective in extending the
methyl linoleate induction time a202C and 1 bar of oxygen.

5.3 Discussion

5.3.1 Effect of isolated extracts total weight addition on induction time
5.3.1.1 Effect of wateinsoluble phase isolated extracts

To allow a comparison of the antioxidanicgparted tomethyl linoleaé by crude
bio-oil (Figure 54), and with watessoluble, neutral, phenolic and ganic acids
extracts Figure 58) at 120°C and 1 bar of oxygen, the induction times determined
for the aboveifures are given ifigure 517.

Induction time is a measure of the effectiveness of an antioxidant, and this was
evaluated for this work by determining the time at which the tangent at the point of

maximum rate gradient crosses the initial pues, see for examplagure 54.
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Figure 517 shows methyl linoleate induction times with total weight addition
percentages (w/w) of the crude fwd and its extracts from the watarsoluble
phase. The concentration added for eachaekind their corresponding induction

times are given in Appendix C.
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0 1 2 3 4 5 6

Total Extract Addition % (w/w)

Figure 517: The induction time of 2 ml methyl linoleate at three total weight
addition % (w/w) of crude biwoil, watersoluble extract, neutral extract, pheaool
extract and organic acids extract at #20and 1 bar of oxygen.

The results irFigure 517 illustrate the variation of inhibition activity by each extract
and the crude bioil at three total weight addition percentages (1.4, 2.8 and 5.6%
w/w). The crude biail, phenolic and organic acids extracts gave approximately
similar induction times wit the addition of 1.4 and 2.8% (w/w). However, with the
addition of 5.6% (w/w), the crude bml gave the highest induction time (163 min)

in comparison with the other extracts. Moreover, neutral extract gave the lowest
induction times at the three invggtted addition percentages followed by the water

soluble extract.

5.3.1.2 Effect of watesoluble phase isolated extracts

To allow also a comparison of the antioxidancy examined of methyl liroleibt
crude bioeoil (Figure 54), and with watesoluble, diethyl ether, DCM and water
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solude residue extracts={gure 510) at 1202C and 1 bar of oxygen, the induction
times determined for the abovgures are given ifigure 518.

Figure 518 shows methyl linoleate induction times with total weight addition
percentages (w/w) of the crude o and the extracts from the watssluble phase.

The concentration added for each extract and their corresponding induction times can
be found in Appenia C.
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= 100 -
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0 E ] 9 ] 9 ] ] ] x 1
0 1 2 3 4 5 6

Total Extract Addition % (w/w)

Figure 5.18. The induction times of 2 ml methyl linoleate at three total weight
addition % (w/w) of crude bioil, watersoluble extract, diethyl ether extract, DCM
extract and watesoluble residue at 128C and 1 bar of xygen (crude bimil and
watersoluble extract results are presented here again for ease of comparison).

The results inFigure 518 demonstrate the viation of inhibition activity by each
isolated extract and the crude {aib at three total weight addition percentages of 1.4,
2.8 and 5.6% w/w. Remarkablhe diethyl ether extract shows the highest induction
times at the addition of 1.4 and 2.8% (w/w). However, at the addition of 5.6% (w/w),
the diethyl ether extract effect on methyl linoleate induction time was noticeably
decreased, but still the highest wheompared to the rest of the other isolated
extracts. Moreover, the wateoluble residue addition to methyl linoleate was
essentially ineffective at the addition of 1.4% (w/w) or even after increasing its
addition fourfold. This suggests that most of #mioxidant effective components in

the watersoluble extract were successfully extracted into the diethyl ether phase.
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DCM extract addition has very low effect on methyl linoleate induction time, and it
was approximately similar to the watssluble reside at the two total weight
additions of 1.4 and 2.8% (w/w).

5.3.2 Effect of isolated extracts total phenols on induction time
5.3.2.1 Effect of wateinsoluble isolated extracts

To allow a compasion of the antioxidancgf methyl linoleate with the additns of
crude bieoil (Figure 54); commecial antioxidant BHT Figure 55); watersoluble,
neutral, phenolic and ganic acids extracts-igure 58); eugenol Figure 512); and
catechol Figure 513 andFigure 514) at 120°C and 1 bar of oxygen, the induction
times determined for th abovefigures are given irFigure 519. The phenolic
concentrationsas determined by the Foliocalteu techniqueand the induction

times are gien in Appendix C.
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Figure 5.19: The induction times of 2 ml methyl linoleate with increasing
concentrations of: (A) crude biml, watersoluble, neutral, phenolic and organic
acids extracts;

The results fronfFigure 519 indicated that the addition of the commercial phenolic
antioxidant BHT increased methyl linoleate induction time from 0 to 192 minutes at

a concentration of 80 x TOmol/dn?. BHT, along with the other standard

anti oxi

most strikingly for eugenol where the induction time was essentially unchanged (~34
minutes) when its concentration increased threefold from 54 ta 162 mol/dn,

Antioxidant Concentration (x 10 mol/dm?)

(B) BHT, eugenol and catechol at?f2and 1 bar of oxygen.

dants show Asaturationo effect
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The inhibition difference between BHT and eugenol could be attributed to many
factors. However, generally, phenolic antioxidants can be evaluated for their
antioxidant power by the bond dissociation energy (BDE) of the phetblbOnd
andby the kinetic rate constant for inhibitioknf), and from a thermodynamic point

of view, the GH BDE value of the phenolic antioxidant has to be lower than the O
BDE value of the ROEH (368.2 kJ/mol) formed in the inhibition mechanism in
order to givea more favorable reactiofi* Therefore, comparison of the-i BDE
values for BHT (339.0 kJ/mol) and eugenol (351.41al), as presented ihable 54

with other OH BDE values of some selected phenols, indicate that BHT provide
more exothermic reactions towards peroxy radicals (§@@n eigenol, thus better

antioxidant power.

Table 54: Bond dissociation energies (BDE) of some selected phenbl$ond (kJ
mol™) and their rate constant (Ms") at 302C for H abstraction by peroxy radicals
(ROD).

Compound Structure BDE Ref. kg Ref.
(kd/mol) (x 10" M*sh
Phenol o4 369 +3 306 342

339 1.4 343

BHT > 339.0+ 0.5
Catechol T 342.25 344 55 341

2-Methoxyphenol 354.4+0.8 3 047 342

2-Methoxy-4-methylphenol ~ §* 346.4+0.9 * 12 342

Eugenol o 351.5 5 \
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Compound Structure BDE Ref.  Kpn Ref.
(kd/mol) (x10*M*sh

Isoeugenol T 347.1 ) \

NCH,4

% Not available.

The results inFigure 519 also show that the separate addition of the four isolated
extracts from the crude bl extended the methyl linoleate induction time at
varying molar phenolic concentrations. However, the relative induction time
extension to the total molar phenolic content was not identical between the four
isolated extracts. This finding suggests titphenolic species ithe crude bienil

have differng antioxidaneffecs on methyl linoleate. This was clearly obvious when
comparing the antioxidancy effects of waseduble and neutral extracts on methyl
linoleate. An induction time of22 minutes was achieved when addingaalO x

102 mol/dn? of total molar phenolics from the wateoluble extract, whereas an
induction time of just-18 minutes was achieved when adding more than threefold (at
ca. 35 x 10° mol/dnt) of total molar phenolics from the neutral extract.

Furthermaoe, the results froririgure 519 clearly show that the crude bal addition

to methyl linoleate increased its induction time from 0 to 163 minutes at the total
molar phenolic concentration of. 70 x 10° mol/dn?. In comparison with the other
extracts, crude bioil has the best inhitbon performance, and the overall ranking
order was as follows: crude bal > watersoluble extract > organic acids extract >
phenolic extract > neutral extract. Surprisingly, the watduble extract showed
comparable induction times to the crude -bib at similar molar phenolic
concentration, and neither showed any saturation effect when increasing their

concentration in methyl linoleate.

Strangely, the phenolic extract did not show a better inhibition performance than the
crude bieoil, as had beemxpected. However, the phenolic extract had a better
inhibition performance than eugenol, especially at high molar concentrations (> 27 x

10° mol/dnt). The inhibition difference between the crude-biband the phenolic
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extract could be attributed to tladsence of other phenolic components which are
either better antioxidants or able to create a synergistic effect with the phenols in the

phenolic extract for a stronger inhibition performance.

From the GGFID quantification results presented in Chaptdsdction 4.3.1), 1;2
benzenediol (catechol) is the phenolic with the highest concentration in the water
soluble extract, and also in the crude -bib Consequently, catechol could
potentially be a key phenolic component that plays a significant rolepaserful
inhibitor among the other identified ghols in spruce crude bml. Therefore,
Figure 519 also shows the induction times of catechol towangethyl linoleate
autoxidation at varying concentrations. Remarkably, the results indicated that
catechol showed similar induction times with the crudediiat belowca. 40 x 10°
mol/dn?. However, catechokhows a reduction in itseffectivenessat higher
concentratiog, greater tharca. 40 x 10° mol/dn?, where unexpectedlycatechol
somehowactedas a retarder of methyl linoleate autoxidation nathan an effective

antioxidant

A retarder decreases the autoxidation,rbtg does not eliminateisible oxidation

early in the reactiofsimilar to thatbserved with the addition of 162 x 1fol/dn?

of catechol standard to 2 ml thgl linoleate in Figure 513).3*° An effective
antioxidant, howeverprevens visible oxidation up to a certaitime (as observed

with the addition of 80 x I&mol/dnt of BHT to 2 nmi methyl linoleate inFigure

55), and when this cerita time ends, the autoxidation begins with a rate that is
essentially the same as that for the reaction without an antioxidant added (as
observed when oxidizing 2 ml methyl linoleate redp as in for exampl&igure
55).34

Whencomparing crude btoil inhibition performance with BHT (as irfrigure 519),
the crude bienil did not show a saturation effect like BHT, and the ertib-oil
induction times were approximately comparable with BHT at an approximately
similar molar phenolic concentration in methyl linoleate. Remarkably, BHT and
catechol inhibition performances were similar at the molar concentraticen 40 x
10° mol/dnt. However, at molar concentrations ab@@e40 x 10° mol dm?® BHT

addition to methyl linoleate was better in achieving higher induction times. The
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inhibition performance agreement between BHT and catechol at low molar
concentrations (< 40 x TOmol/dn?) could be attributed to the approximately
comparable €H BDE values for catechol (342.3 kJ/mol) and BHT (339.0 kJ/mol).

5.3.2.2 Effect of watesoluble isolated extracts

To allow a compasion of the antioxidancgf methyllinoleate with individually, the
additions ofcrude bieoil (Figure 54); the commaegial antioxidant BHT Figure 55);
watersoluble, diethyl ether, DCM extracts, andt@rasoluble residueHigure 510);
catechol Figure 513 andFigure 514); and isoeugenoFjgure 515) at 120°C and 1

bar of oxygen, the induction times detemeud for the abovdigures are given in
Figure 520. The measured total phenolic concentrations and the induction times are

given in Appendix C.

Figure 520 (A) shows the induction times of methyl linoleate with isolated extracts
from the wateisoluble phase of crude bl (diethyl ether, DCM and watesoluble
residue), including the induction times results of crudediliand watersoluble
extract for eas of comparison. The antioxidant concentrations quoted again
correspond to the amount of total phenolics added to the methyl linoleate, which is
the equivalent molar concentration of a mgi®nol as determined by the Falin

Ciocalteu (FC) assay.

Figure 520 (B) shows the induction times of methyl linoleate with the commercial
antioxidant BHT, isoeugenol and catechol. BHT and catechol are presenteébagain

ease of comparison.
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Figure 520: The induction times of 2 ml methyl linoleate with increasing
concentrations of: (A) crude biul, watersoluble, diethyl ether, DCM and water
soluble residue extracts; (B) BHT, isoeugenol aatkchol, at 126C and 1 bar of
oxygen (crude biail, watersoluble extract, BHT and catechol are presented again
for ease of comparison).

The results irFigure 520 (A) indicated that the addition of the diethyl ether extract
increased methyl linoleate induction time from 0 to 175 minutes at the total phenolic
concentration of 85 x I®mol dm?®. However at the total phenolic concentration of
170 x 10° mol dm?®, the effect of diethyl ether extract on methyl linoleate inductio

time was slightly decreased.
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Moreover, the concentration of catechol in the diethyl ether extract was significantly
higher to tte extent that it was possible to obseitwia *C NMR spectroscopy after

the addition to methyl linoleate. After the oxidation experiment of the lincleate
extract sample at 126C and 1 bar of oxygen, tHéC NMR resonance signals of
catechol molecule dappeared from the linoleate medium, indicating the reaction of
catechol (in diethyl ether extract) with the free radicals generated during the
oxidation experiment of methy! lifeate.Figure 521 shows the*C NMR spectra of
catechol standard and the linoleatdract sample before and after the oxidation

experiment at 126C and 1 bar of oxygen.

Figure 521: The*C NMR spectrum of catechol standard and'f@&eNMR spectra
of methyl linoleate with the addition of 170 xifhol dmi® of diethyl ether extract
before and after oxidation at 12G and 1 bar oxygen.

The °C NMR resonance signals of the catechol from the diethyl ether extract in
methyl linoleatebefore oxidation (inFigure 521) was the same as tH&C NMR

resonance signals of a catechol standard in methyl linoleate befaneidhé&on test,
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