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Abstract

Biomass in the form of agricultural residues offers clear potential for conversion into energy,
especially the use of processing residues such as corn cob and rice husk etc, due to their
abundance/availability and high carbohydrate content. Depending @omtiversion process,
pretreatment allows easier access to the carbohydrate components (cellulose and
hemicellulose) for conversion to advanced generation biofuels and platform chemicals such as
5-hydroxymethyl furfural, furfural etc. leaving lignin asl@v-value residue which is often

burnt to provide parasitic energy for the conversion process. The conversion of lignin into high
value platform chemicals will increase the profitability and sustainability of the biorefinery
process. However, to achievengplete utilisation of the lignin, it must be of high purity and

lack extensive modification®©zone prdreatment is recently gaining attention as a promising
green alternative for cellulose isolation. However, the drawback of using ozone fesdatge
industrial applications is the high costs for generating ozes#u as it cannot be stored due

to its short lifetime and high reactivity.

This study aims to prFeat and fractionate the agricultural processing residues (corn cob and
spelt husk) and comrvt the carbohydrate components to chemical platforAhgdBoxymethyl
furfural and furfural) that can be used in several applications i.e medicines, diesel, fuel

additives and plastics.

The first stage of this study developed an eneffijgient surface wo-zone plasma ozone
generator consisting of two stainlessel mesh electrodes and a dielectric of quartz glass. The
design offered good temperature control, which produced 2.5 times higher concentration and
guantity of ozone at the same power input thalonventional singleone plasma reactor. A
maximum ozone concentration of 140 and 90g(kWh)? productivity was obtained from

the twozone system, comparable to commercial ozone generators but witd(®@ lower

power consumption (11kWkg?* Os). Hence mitigating the drawbacks with the use of ozone

in industrial applications caused by large energy demand.

Optimisation of the ozone pteeatment process was achieved by incorporating ultrasound
which enhanced lignin separatiory 188.5%. Following orgnosolv fractionationat low

t emper at ,,aboet 90%8a0d 94 of lignin with high purity (95%) were recovered for
corn cob and spelt husk respectively with guatsgyingy! lignin the major fraction from corn

cob and guaiacyl lignin from spelt hugk. addition,84 - 85% cellulose was recovereglith



78% purity Therecoveredcellulose had its crystallinity decreased by 19% and its degree of

polymerisation (DP) decreased by 17%.

In a microwave reactor, corn cob and spelt husk (untreated aiticbatel) were reacted in a
DMSO-H20O media to produce HMF and furfural. HMF and furfural yields of untreated corn
cob were higher than those from spelt husk due to a difference in their morphology with
increased porosity of corn cob allowing easy access to @sfluPrereatment led to a 58%

and 74% increase in HMF yield for corn cob and spelt husk respectively, while a 10% and
66.7% increase in furfural. Reacting fractionated cellulose from corn cob and spelt husk yielded
a similar HMF yield of 40mg? irrespetive of the feedstock used. Overall, HMF and furfural
yields were influenced by changes in cellulose properties following gaément suchs fibre

size, increased surface area, decrease in the degree of polymerisation and decrease in lignin

content following lignocellulose preeatment.

The economic efficiency and competitiveness of the conversion process for large scale co
production of HMF, furfural andlignin from spelt husk was determined. The proposed
approach was compared with process where HMF and furfural wepeodaced without

lignin. Co-production with ligninyielded aprofit of $213,657 higher than without lignin for a
plant sze of 100 tonnes per day of spelt husk due to extra revenue obtained from lignin sales,
meaning fractionation of lignin had a positive effect on the process economics than its
utilisation for heat or boiler fuel.

Thus, the improved prgeatment and quajitseparation of biomass components enhanced
downstream conversion to vakadded products, thereby improving the sustainability and
costeffectiveness of the ozone gireatment process and conversion to HMF and furfural. In
addition, the cgoroduction oflignin will offset the cost of production of platform chemicals,

thereby increasing the economics of a biorefinery.
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Chapter 1: Introduction
1.1Background

One of the keghallenges of any nation is energy generation as rapid economic growth has led
to increased demand for energy and platform chemicals (Makhubela and Darkwa, 2018). World
energy consumption is expected to increase by 50% between 2005 and 2030 with demands
rising from 11.4 billion tons of oil equivalent to 17.7 billiowgrld Energy Outlook, 2019).
Currently, fossil fuels provide more than thhgas ar t er s of t he worl doés
about 90% of materials and chemicéorld Energy Outlook, 20207.his growth in demand,
combined with depleting fossil fuel reserves, environmental pollatssociated with the use

of fossil fuelsand price volatility necessitates the search for renewable alternatives to fossil
fuels(Li et al., 2018)

Natural gas
22.10%

Oil, 31.60%

Nuclear, 4.80%

Biofuels &~
waste, 9.50%

Coal 27%

Fig 1.1:Total world energy consumption in 2020v(w.iea.org/statistigs

The utilisation of renewable sources of energy (biomass, solar, wind, geothermal, hydro and
tidal) is increasing rapidly~<2.3% per yeargloballyto provide sustainable, cestfective and
environmentally friendly alternatives to fossil fuels (WadgkergyOutlook, 2019) Amongst

these renewable sources, biomass is the only renewable source that has the potential to produce
all forms of primary energy (transportation fuel, heat and eldagfri@nd valueadded
chemicals, as it is the only carbon & hydroger source available on earth besides fossil

fuels. To fulfil this growth in energy demand, it is important to have efficient ane:tfestive

technologies and pathways to produce enargyplatform chemicals.
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Biomass such as food crops (corn, sugarcane etc.) was projected to meet 30% of the growing
energy demand but has a drawback as it requires large areas of arable land winrchvill

lead to competition with food for the growing populatiorD e mi r b a.Kl¢ ov&xdorel a )
these drawbacks, the utilisation of waste from these food crops, forest residues and aquaculture
(algae and seaweeds) need to be exploited to generaf)y @anerchemicals as it is estimated

to meet 14% of the total energy supply globaWofld BioenergyAssociation, 2019).
Lignocellulose biomass such as agricultural residues, wood and wood waste containing 10
25% lignin, 20-30% hemicellulose and 4050% cellulose(Brémond et al., 2018re easily
accessible renewable sources that are widely available throughout many regions of the world.
Agricultural processing residues such as corn cob, cereal straw, spelt husk, sugarcane bagasse
etc offer clear poteral that avoids the development of extensive collection systems for these
low-density highvolumefeedstockgKumar et al., 2018)

The most rigid component of plant cell walls is lignwhich is a 3dimensional crosnked

aromatic polymer that coversfgects cellulose and hemicellulose obstructing their
biodegradation due to its resistance to chemical and enzymatic degrgdatioaini et al.,

2016) Cellulose and hemicellulose obtained from biomass can be hydrolysed with catalysts
(homogenous or hategeneous) to form sugars that can further be processed into chemical
platforms such as furfural andhydroxymethyl furfural (HMF) (Fig 1.2fTaherzadeh and
Karimi, 2008)

Formic acid

OH OH no/\o
o o_ 00 (o) E \
O OH —— -
s HO OH S—= Ho \ \\ / 5 o
Dehydration 2,0

H}d:o, is " Isomerization HON

OH oM
Cellulose Glucose l-ruclose 5- ”\" Rehycration

« Self-condensation . o)

'\ " Levulinic acid
— OH = ( \
HO 0 P %
OMH " Self-condensation
OH 4 YHOM
2 ® L~> o\ ; 5 _Z_,
0 -
il P o on o 0
Hydrolysis Dehydration
OH OH o OH OH
HO o \)Imt Furfural
OH OH

L, OH —Ja
Hemicellulose

Fig 1.2: Lignocellulose biomass conversion to HMF and Fur{@alk et al., 202).

Platform chemicals are chemical intermediates #rat ableto producea broad range of

derivatives with diverse final applicatio(Bomtempo et al., 2017Lurrently, ovearound 80
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vol% of crude oil processad converted into energy and fuels, of which less B@wobs is

used for bulk chemicals, polymers and pharmaceut{&tassberger et al., 2014ence the

need to explore this area.

Production of the top 10 platform chemicals (furfural, glutamic acidFHMconic acid, citric

acid, xylitol, succinic acid, malic acid, 2,5 furan dicarboxylic amd glycerol) listed by the

US Department of Energy is necessary due to its potential to replace pethalsedbuilding
blocks for polymer industries (plast)cfuel and speciality chemicals (Menegaetal, 2018).

The global demand for plastics in 2011 was 280 metric tonnes, of which 70% are made of
petrabasedpolyvinyl chloride (PVC), polyethylene terephthalatd®’ET) and polyolefins
(Louwerse and Rothenlzgr2012) The major problem with these petrolednased plastics is

that they are nobiodegradable and recyclable making plastic waste management one of the
biggest problemfacingmankind(Zheng et al., 2005Biobased plastics are emerging slowly

and pranising as they can be recycled to monomers by hydrolysis or thermal depolymerisation.

Amongst these top 10 chemicals, HMF (Fig 1.
broad versatility as it contains aldehyde and ketone functional grodgsfaranic ring system

which when broken down leads to the formation of 175 product derivatives as well as 20
different highperformance polymers (Lauren, 2017). For example, the substitution of
polyethylene (used for food packaging and soft drink tx)tbg HMF derived compounds will

reduce healthelated problems as it is toxfree. The aldehyde group and hydroxyl methyl
groups in HMF make it suitable for many chemical reactions such as esterification,
dehydration, hydrolysis, and halogenation duigstpotential in synthesising compounds such

as medicines, diesel, fuel additives and plagieset al., 2017)Currently, the production of

HMF depends on extracted sugar syrups from energy crops (sugarcane) as an alternative to
fossil fuel source¢Klausli, 2014) although thiscan have a significant effect on global food
security. The first commerciaicale HMF plant was developed in Switzerland in 2014 by AVA
Biochem (a subsidiary of AVALON industries) with a capacity of 300sten! annual
production of HMF from fructose(Thoma et al., 2020)n 2019, they announced the plan to

scale up HMF production to 50G010,000tonnes yr! (Thoma et al., 2020ut to date, no
largescale commercial HMF plant is in operation due to the high price of EI@600kg™)

(Slak et al.,, 2022)As such, more sustainable, cestfective and efficient commercial
manufacturing is to target cheap biomass sources such as plant and agricultural wastes.



Furfural (Fig 1.3) has the potential to be transformed into al@@¥different chemicals that

can be utilised as solvemtuels, resins or lubricasi{Dashtban et al., 2012furfural contains

a heteroaromatic furan ring with an aldehyde functional group making it suitable for typical
aldehyde reactions such as acstdlon, decarbonylation ameduction to alcohols to produce
solvents such as furfuryl alcohol, resins, and nylon(ld&iscal et al., 2016) Current large

scale commercial production of furfural was developed by central Romana corporation located
in theDominican Republic with a capacity of 35,000 tgri$obtained from sugarcane bagasse
(Slak et al., 20223nd 20,000 tosyr* capacity produced in South Afri¢ilariscal et al., 2016)

. Furfural production is estimated to have a market value of 63@mHEUR by 2024 with a

plant capacity of 300,000 togs® using agricultural residues as feedsto@sak et al., 2022)

H
@) O N

X)) OO\ O

Furfural 5-hydroxymethyl Furfural (HMF)

Fig 1.3: Chemical structure of furfural and HMF.

1.2 Project significance

Globally about 14@iga tonnef biomass wastes are produced annually with 66% derived
from cereal crops (wheat, rice, corn, oat, sorghum, bgfTeyathi et al., 2019), of which 60%

of these residues are produced in-doaome countries (Smil, 1999)ith about 517 Mt of

cereal cropesidue unexploited globally. Particularly in developing countries such as China,
India and Africa, most agricultural residues are not utilised but burned in operpfiettlicing
particulate and smokes that aftbnesystemp@me pl ed s
allowed to decompose naturally, which promotes increased greenhouse gas emissions. Global
cereal yield is predicted to increase by 0.9% per annum between 2007 and 2050 equating to a
further increase of 1 billion tonnes of residqui@pathi et al., 2019hence making it a consistent
by-product from agricultural production. Recycling these residues will play a vital role to
reduce environmental problemsowever, using them as feedstock for chemical and biological
processes needs greament to disrupt the complex structure (lighicarbohydrate complex)



and allow increased accessibility and easy conversion of the carbohydrate content to platform
chemicalgSatari et al., 2019)The lignincarbohydrate bonds create an obstacle to suotess
fractionation and selective isolation of individual components from lignocellulose biomass
(Balakshin et al., 2011)

The main stages (Fig 1.4) involved in the conversion of lignocellulose biomass into platform
chemicals are (i) lignin separation anddhglysis of cellulose/hemicellulose into monomers

(sugars) and ii) conversion of monomers in the presence of a catalyst(s) into chemical

platforms.
PRE-TREATMENT + DEHYDRATION +
HYDROLYSIS MONOMERS eg CATALYST CHEMICAL PLATFORM eg
BIOMASS > GLUCOSE » 5- HYDROXYMETHYLFURFURAL
FEEDSTOCK XYLOSE LEVULINIC ACD

FRUCTOSE FORMIC ACID

Fig 1.4: Stages involved in the conversion of biomass waste to platform chemicals.

Currently, most biaefineries focus on exploitation of the carbohydrate portion of biomass to
produce advanced generation biofuels e.g. cellulosic eth{fatisakas et al., 2019nd
platform chemicals such asfydroxymethyl furfural (HMF) and furfurgZhang et al., 2017a)
Lignin left as a residue is considered of low value and often burned agréale fuel or
dumped as waste which causes environmental poll{ioan et al., 2013)Conversion of
lignin into highvalue chemicals that can be used todpi® lowcost carbon fibres,
thermoplastic elastomers, polymeric foams alongside the utilisation of carbohydrate
counterparts for biofuel production is important to increase the profitability and sustainability
of the biorefinery process. However, to aelie complete utilisation of all biomass
components to value added products, it is important that the lignin recovered is of high purity
(Ragauskas et al., 201dnd to achieve this, it is necessary to isolate the lignin at an early stage
i.e. pretreatmentto prevent irreversible adsorption of hydrolytic enzymes and lignin
degradatior{Saini et al., 2016)

Recovered lignin cabe convertedhroughoxidation hydrocracking and hydrodealkylatiom
producehigh value aromatics such sgringaldehydephenol and benzemnehich arevaluable
starting material for theetrochemical angpharmaceutical industrie&Strassberger et al.,
2014) Currently, 986 of phenol production occurs through partial oxidationcaiene
(isopropylbenzene) through the Hock process. Phenols market phiegvisen 800 1000 $



tonne! (Khanal et al., 2021 Producing it from lignimot only serve as substitute for fossil fuel
sources butan generate more revenue for bharefineryprocess.

) ) —» Platform chemicals
Cellulose Hydrolysis/fementation/ Such as HMF & furfural
i dehydration/digestion N v .
BIOMASS Hemicellulose > » Liquid fuel such as bioethanol
Agricultural residue Pre-treatment/fractionation

) . > Hydrocracking/ ——» Gaseous fuel such as methane
R e Lignin hydroalkylation > Aromatics such as BTX, phenol.
-

. Biomaterials suchas binding and
dispersing agents.

Fig 1.5:Biomass conversions to value added materials.

In addition, since prreatment is expected to disrupt biomass structure, it is important to
understand how these changes affect the production of HMF and furfuaie-fkeatment is
considered the most costtpymponent of thdiorefinery process represting up to 30% of
production cost¢Panneerselvam et al., 2013bjfective pretreatment is required to reduce

production costs and be able to compete with fossil fuel derived counterparts.

Ozone assisted ptesatment has recently gained attention tuiés high reactivity at ambient
temperature and pressure without decomposing the cellulose and hemicellulose fractions. In
addition, ozone is generatéa-situ and can be easily broken down, therefore, eliminating
further highcost separation/purificatn steps resulting in a cestfective and environmentally
friendly procesgTravaini et al., 2016)To date, ozone pteeatment has largely focused on

the conversion of the cellulose and hemicellulose fractions to biofuels, leaving lignin as a
residue. Hwever, only using hemicellulose/cellulose for ethanol or platform chemical
production is not economic due to the high energy cost for the generation of(®zaveani

et al., 2016) Therefore, integrating lignin valorisation with biofuel and platformnuical
production is needed to increase the profitability and sustainability of threfnery process.

The development and implementation of a biorefinery is important for the establishment of a
biomassbased economy, whereby the-mmduction of platfon chemicals and fuels will
increase the profitability and sustainability of the process:ifglastries can combine their
material flow (residue from one bindustry becomes a starting material for another) to
achieve a complete utilisation of the biom#sereby creating opportunities for several small
scale businesses. Also, national reliance of many countries on imported fossil fuels will be

reduced as biomass is readily available in many countries (Cheetibéhi2008).



1.3Aim and Objectives
This regarch aims to convert agricultural residues into chemical platforms (HMF and furfural)
via intensified ozone prFeatment. This will be achieved through the following objectives:
1. Develop an energgfficient ozone generator to reduce the gassociated ih ozone
generation.
2. Optimise the prdreatment of agricultural residues (corn cob and spelt husk) using
ozone coupled with ultrasound (sonication).
3. Fractionate and recover lignin as agroduct in the process.
4. Evaluate the effect of prieeatment on ckllose structure and its effect on conversion
yields to furfural and HMF.
5. Evaluate the techreconomic potential of the garoductionof lignin, furfural and
HMF.

1.4Thesis layout

Chapter 1 provides background information about energy, biomass, platform chemicals as
well as project significance followed by the aim and objectives of the pr@&jéeipter 2
provides a review of literature for ozone generation, ozon&@atment of biomass, HMand

furfural production from biomas§&hapter 3 provides information regarding material and their
sources, as well as a detailed description of the procedure and analytical instruments used,;
Chapter 4 describes the design and characterisation of an weéfigient twozone plasma

ozone generatoGhapter 5 describes and compare the oxidative peatment of agricultural
residues (corn cob and spelt husk) as well as lignin fractionation and their effects on the
structure of the fractionated componenigniin, holocellulose)Chapter 6 describes the acid
catalysed production of HMF and furfural as well as effects of changes on cellulose/biomass
structure (caused by pteeatment) on the yield of HMF and furfur@hapter 7 describes the
techneeconomic ptential of the ceproduction process (lignin, HMF and furfurafjhapter

8 provides a general discussion on the results obtained from this study and its relevance to
industry and research community. Finalfhapter 9 gives a conclusion from the results

obtained and recommendation for future work.



Chapter 2: Literature Review

2.1 Overview of lignocellulose biomass.

Lignocellulose biomass consists of waste and residues obtained from forest, agriculture,
municipal solid waste, wood processing ggher wastevhich constitutes more than 60% of

the total plant biomas@Arora et al., 2020) This abundantly available renewable resource
serves as an alternative to petroleum resources for the production of biofuels, platform
chemicals and polymers withd potential to negate the environmental and economic issues

concerning the use of petrochemiddlacia, 2008).

Lignocellulose biomassffers a wideange of opportunities witthe biorefineryconcept with

the potentialto produce a variety of productsich as transport fuels, polymers, platform
chemicals and speciality chemicals (Mountraki et al., 2011). Biorefinery bears similar analogy
to petroleum refining converting biomass into different range of pro@otsssis and Yang,
2010).

2.1.1 Cellulose

Cellulose, found in the cell wall of the upper part of plgMsdronho and Lindman, 2015

a |l inear polybgltucopygranbpeg of-4)blgcosciobomde ct e d
(Fig 2.1). Cellulose fibres are made up ofi2800 microfibrils cmnected by strong hydrogen

bonds and/an derWaal forcefMedronho and Lindman, 2015)lydrogen bonds inside the
microfibrils are responsible for the linearity of the polymer, while hydrogen bonds between the
microfibril chains are responsible for the dgtBnity/amorphous structure of celluloé&rora

et al., 2020) Thus, cellulose is not regarded as a single crystal but rather a less structured
collection of noruniform crystalline fragments accompanied by amorphous parts laterally
displacedHimmel etal., 2007)
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Fig 2.1: Structure of cellulog®edronho and Lindman, 2015)

Cellulose is used assubstrate in the manufacture of biofuels and chemicals due to its high
energy efficiency and low cost compared to other sources. Cellulose is utiliseoffied &nd
platform chemical production by breaking down its polymeric structure by enzymes or
chemicals to monomeric sugars (glucose) before further conversion to the desired fuel
(Medronho and Lindman, 201%lowever, a key challenge with the utilisatimincellulose is

its dissolution. Cellulose does not melt or dissolve in aqueous and common organic solvents
due to its partial crystalline structure and a high degree of polymerig&tenmedy and
Hasamudin, 1995, Hudson and Cuculo, 1980)

2.1.2Hemicellulose

Hemicellulose is a branched polymer of pentosan, hexosans and acetylated sugars.
Hemicellulose (Fig 2.2)rovidethe major link between lignin and cellulose and are covalently
linked to a phenolic residu@akkellapati et al., 2018)Unlike cellulose, hemicellulose is
amorphous with a low degree of polymerisation. In addition, its structure is more open due to
considerable side branch groups, thus making it easier to hydrolyse than cellulose under mild

reaction conditions (Arora et al., 2020).



Fig 2.2: Structure of hemicellulog€akkellapati et al., 2018)

2.1.3 Lignin

Lignin is the most abundant naturally existing aromattuch constitutes a substantial portion

of the cell wall of vascular plants providing rigidity to plai4elro et al., 2018)Lignin (Fig

2.3) is a threglimensional amorphous aromatic polymer formed by the polymerisation of three
main precursors, i.eirapyl, coniferyl and coumaryl alcohols linked together by aditigyl,
alkyl-aryl and aryaryl ether linkagegArora et al., 2020)Each of these precursors gives rise

to different lignin units such asli®/droxyphenyl, guaiacyl and syringy¥uan et al. 2013)

OH

Q

OH OH
OMe MeO. A _OMe
HO T Sy
e 7
OH OH oM
p-coumaryl coniferyl sinapyl
alcohol alcohol alcohol

Fig 2.3: Three primary lignin precursors and lignin structural uf¥isan et al., 2013)
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Lignin is commonlyused for low value applications such as boiler fuel, dust suppreasdnt,
cement additivegLora, 2008, Strassberger et al., 20téspite having advantages such as
thermal stabilly, antioxidant activityand containing phenolic derivatives such as phenols,
vanillin, guaiacol etqLucia, 2008, Bozell, 2010However, its use is still minimal due to
limited separation techniques, whi result in low extraction yields, undesired chemical
modification and extensive degradati@mman et al., 2006, Lucia, 2008)

Currently, in a biorefinery, cellulose and hemicellulose are the most utilised components to
produce biofuels and platform emicals due to their high carbohydrate content. However,
these carbohydrates arenot easily accessi bl
covering/protecting the carbohydrditactions Lignin limits cellulose hydrolysis in two ways:

firstly, by forming a physical barrier that prevents chemical/enzyme access and secondly by
nonproductive binding to chemicals and enzynian et al., 2005)These limits must be
overcome to explore biofuels and platform chemicals from lignocellulose materials
economially and efficiently (Arora et al., 2020)hence often the requirement for a pre

treatment step.

2.2 Biomasspre-treatment

Pretreatment of lignocellulose biomass disrupts lignin and the crystalline structure of cellulose
making it easy for subsequent glysis of cellulose into its respective monomers (glucose
and fructose). Therefore, effective greatment methods must maximise lignin removal,
prevent loss of hemicellulose/cellulose fractions and limit the formation of by
products/inhibitorgKumar etal., 2018)

There are various options available for the-fpeatment of biomass, such as physical,
biological, chemical and physichemical. Physical preatment such as ball milling,
grinding, extrusion, and chipping are employed to increase theabg#nsurface area, pore
size, and decrease the crystallinity of cellulose. However, drawbacks are that the methods
employed are high energgpnsuming making it economically infeasiljigehera et al., 2014,

Zhu et al., 2010)

Biological pretreatment invales the addition of mioorganisms such as fungi which produce
enzymes that degrade lignin, hemicellulose, @iliilose These methods seem promising due

to the low energy requirements and environmental friendliness. However, prolonged

incubation time(usually days)is needed for the fungi to degrade lignin completely and
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substantial hemicellulose and cellulose loss remains a problem with ttregraent method
(Zheng et al., 2014, Saritha et al., 2012, Behera et al., 2014)

Physiochemical prereament involves a combination of both physical and chemical
proceses Some of the physiohemical processes such as ammonia fibre explosiopat®D
steam explosion involve subjecting the biomass to very high temperatur2{Q80) and
pressure (260 baj for a period of time in the presence of ammoniap, GChot water, this
leads to digestion of the lignocellulosic matrix due to shearing and autohydrolysis of the
glycosidic bonds of lignin. However, drawbacks with this method arehitjle cost of
equipnent, high energy usagad volatile fatty acighroductionfrom the dissolution of lignin,
hemicellulose and sugaf€handra et al., 2007, Hendriks et al., 2009).

Chemical prareatment involves using chemicals such as acids, alkaline, ionic liquids and
oxidising agents to cleave the ligroarbohydrate linkagesPretreatment methods
investigated by various researchers in recent times indicate that chemitalapmeent is the

most promising as it is conducted at low temperature and pressure, yieldlnggification

with a short prereatment time. Amongst these, ozone-fpeatment seems to be the most
attractive in terms of lignin's selective degradation without affecting the biomass's cellulose
and hemicellulose fractior{$ravaini et al., 2016, Aglr et al., 2011, Elgharbawy et al., 2016)

Ozonolysis, ionic liquids, DES (deep eutectic solvent), steam explosion and organosolv
methods are considered greenpeatment method&reen pretreatment methods are defined

as ttosemethod thatrequire a miimum amount of heating, pressure and chemical reagents
to disrupt the structure of the lignocellulose biom@gs Rasid et al., 20215team explosion

and ionic liquic are relatively well established (especially where it has been widely
investigated andsed for cellulosic ethanol production) and has the highest number of recent
publications in the literature between the years PRQ81(Fig. 2.4) while ozonolysis and deep
eutectic solvent are relatively new technologies in theneament of biomass atlichited to

a very few studies (Fig 2.4Ab Rasid et al., 2091However, DES is shown as the most widely
researched preatment amongst the twawith its effect on the structural changes in the

lignocellulose biomass established (Pan et al., 20&@ge, it is not considered here.
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Fig 2.4: Recent publications of green-reatment methods for biomadsrived from Web of
Science (WOS) search engiff Rasid et al., 2021)

2.3 Ozone pretreatment.

2.3.1 Ozone generation

Ozone prereatment was first introduced in 1970 but has since been very much neglected due
to the high costs of ozone generat{@ Rasid et al., 2020However, it is recently gaining
attention due to recent developments for ozone generation via asligtechnology. Ozone

can be generated with 30% less energy via cold plasma technology compared to previous
methods, thereby prompting a new wave of exploration for biomagseatenent(Schultz

Jensen et al., 2011a)

Currently, three techniques have ggally been used to generate ozone, i.e. the electrolysis of
water, the use of high energy sources such as UV light and electrical discharge between a
dielectric barrier (cold plasma technology). However, due to the high investment costs for
ozone generain, an efficient ozone generatoreeds toproduce the highest ozone

concentration with the smallest power consumption possible.

2.3.1.1 Ozone generation through electrolysis of water.

The electrolytic system consists of an anode and cathode separatedohyg polymer
membrane. Water is fed into the anode side and it is dissociated at the interface between the
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anode and the membrane by passing direct current splitting it into the two basic elements
(oxygen and hydrogen) and then converting part of tiegdiled oxygen into ozone while the
hydrogen ions migrate to the cathode (Fig 2.5). To produce as much as pazsitget is
important that the anode $w@ potential difference above the decomposition and ozone reaction
potential(Bruce, 2004). ldwever,this method of ozone generator suffers drawbacks of high
electrical consumption and the production of toxic chemicals (resulting from the precipitation
of charged ions such asand Mg* present in water to hydroxides or carbonates) which are
difficult to dispose ofManning, 2000)

]

H,0 and H, _©.| '5_ 05, 0 and H;0

Cathode side Anode side

Copyright OZONIA LTD 1993

Fig 2.5: Ozone generation via the electrolysis of water (Bruce, 2004).

2.3.1.2 Ozone generation using Ultraviolet (UV) light.

Ultraviolet light is the light that has a higher frequency than visible light, i.e. a watiei@ng

the range of 100 380nm. Ozone is formed from the phalissociation of oxygen by a UV
lamp creating valent oxygen atoms which then combine with oxygen to form ozone (Fig 2.6).
The main advantage of this ozone generation method is that the systesheffective and

simple to construct. However, drawbacks are thatréseltant ozone is usually of low

concentration whi c hscateaoninerciab aplicatogEtiassbnoand | ar g ¢

Kogelschatz, 1991)
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Fig 2.6 Ozone generation via ultralet light (Eliasson and Kogelschatz, 1991)

2.3.1.3 Ozone generation using dielectric barrier discharge

This ozone generation method involves using an electrical discharge between two electrodes
with at least one dielectric barrier between theradiovert oxygen to ozone. An AC voltage

in the range of 1D 30kV (depending on reactor configuration) induces a displacement current
which causes a high electric field outside the dielectric leading to an electrical discharge to
occur (plasma field) causj ionisation of oxygen gas or air and recombination to form ozone
(Ollegott et al., 2020)The function of the dielectric barrier is to limit the flow of current from

one electrode to the other. The dielectric materials used are mainly glass, quartizscanad

polymers(Ollegott et al., 2020)

Amongst the thre¢éechniques used, the dielectric barrier discharge (DBD) method is
considered the most efficient method suitable for lagg@ecommercial applications as it
produces a high concentration of aeowith no toxic chemical@Pekéarek, 2012, Jenei et al.,
2007) Different DBD designs and geometries have been reported in the literature, but all have
similar characteristics with two electrodes connected to a high AC generator and separated by
at least ae layer of a dielectric materigdiemens, 1857, Pekarek, 201Pyvo main categories

exist (volume and surface DBD) depending on the configuration of thgset
Volume dielectric barrier discharge

The volume DBD involves two electrodes arrangedanallel or coaxial with one of the
electrodes covered by the dielectric (Fig 2.7). The discharge occurs between the dielectric and
ground electrode. The cylindrical setup is usually used for industrédé ozone generation

for applications such as waskater treatment and air disinfectighliao and Yun, 2011)

Boonduang et al. (2012)eveloped a cylinderylinder volume DBD ozone generator with a
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glass dielectric which generated a maximum ozone yield offi#%and ozone concentration
of 80g m atanoxygen flow rate of 12Imin** consuming 480w of power.

O:input _l I—) 02+ O3 output
: "

Fig 2.7: Volume DBD including the following components; (1) Discharge gap, (2) HV mesh
electrode, (3) Glass tube, (4) Ground electrode and (5) Pidasaour et al., 2016).

Surfacedielectric barrier discharge

Surface DBD involves two electrodes in contact with either side of the dielectric (Fig 2.8)
(Nassour et al., 2016)The dielectric fills the gap between the electrodes and causes the
discharge to only occur at the surface, dhiiag the shape of the electric field lines, thus
enhancing the electric field by reducing the voltage breakd®@fierhaus et al., (2017)
designed a surface DBD with two conducting metal grids on both sides of.@a #ate
(dielectric) and observed a hogenous plasma along the electrode for all tested conditions.
Masuda et al., (1988jesigned a surface DBD ozone generator using paralletiggip
electrodes with high purity alumina ceramic as a dielectric layer to produce a high ozone
concentration 0100,000 ppm ozone from oxygen with energyefficiency of 170gkwh)™.

O:input 02+ Os output

Fig 2.8: Surface DBD including the following components; (1) Ground electrode, (2) HV mesh
electrode, (3) Glass tubdi¢lectric), (4) Gas flow and (5) Plasr{idassour et al., 2@).
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The surface DBD is gaining increasing attention due to its advantages over volume DBD with
higherenergy efficiencyachieved fromncreased electrodischarge due to contact between

the two electrodes on either side of the diele¢triet al., 2018a)The surface DBD also has

a free gas space where ozone can accumulate without being decompitsiddrgctionwith
objects(Li et al., 2018a) Nassour et al., (2016) did a comparative study between volume and
surface DBD reactors and found that the latter had 2.5 times higher ozone generation due to
the formation of a more uniform density of miaischarges. In addition, surface DBD was
moreenergy efficient as the volume DBD consumed 40% more power (53W vs 38W) at 6kV.
To enhance the local electric field, a parking material with high dielectric constant is normally
used(Palma et al., 2020).

Packed bed dielectric barrier discharge reactor

The packed bed reactor is like the DBD (surface or volume) reactor with pellet/packing
materials in the gap between the barrier and the electrode. The main characteristic of the packed
bed reactor is the simultaneous occurrence of volume and surface pledomae plasma
happens between the voids of the pellets while the surface plasma happens on the surface of
the pellets as well as the point of contact between the pellets and eleCiicddsluly et al.,

2020) The presence of the pellets provide turbutetacthe flow of gas (oxygen or air) and
increase contact with the plasma zone. In addition, the pellets can be catalysed to obtain a
synergistic effect between plasma and catalyst hence improving the process effitiangy.

Chen et al., (2006pbserveda maximum ozone concentration, ozone production rate and
energy yield of 61gn3, 3.7gh and 173gkWh)* respectively for a packed bed reactor with
Al203 (2mm diameter) as packing material and had about 12 times energy yield compared to
DBD without pa&ing material. Both ozonisers were constructed using stainless steel rod
electrodes and a glass dielectric. However, a key drawback with the packed DBD reactor
configuration is the heating up of the dielectric barrier during continuous use, leading to a
decrease in ozone output and concentration due to ozone decomposition with increasing
temperature in the react@odpimai et al., 2015Hence, a cooling medium is needed to

dissipate the energy.
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2.4 Mechanism of ozone generation

Ozone is generated from the reaction between three oxygen @ons et al., 2020J0zone

is generateth-situdue to its highly reactive, unstable nature and is often generated using pure
oxygen or air as feedstock. The use of air as feedstock isyparicfavourable from an
economic point of view as it is freely availalfieliasson and Kogelschatz, 199%ipwever,
challenges occur with the use of aithe formation of NOx species which consume the oxygen
needed for ozone generation and compete axtgen for energetic electrons and hence lower

the rate of oxygen dissociation leading to a low concentration of ozone prdduegdduly

et al., 2020) In addition, the concentration of ozone produced from air does not exceed 3%
w/w due to the low oxygecontent (21%) of dried a{fwang and Chen, 2013)Therefore,

pure oxygen is the preferred feedstock for ozone generation due to the absence of side reactions
caused by the presence of nitrogen hence leading to a higher concentration of ozone produced
(Eliasson and Kogelschatz, 1991).

Ozone generation from pure oxygen involves the reaction of oxygen species with high energy
electrons in a plasma field. Collisions between the electrons and oxygen molecules split the
oxygen into oxygen atoms (GR) and O {D)) where®P and'D represent ground and excited
states respectively (Equation 2.1 & 2.2). One oxygen atom (eithéP)Oo( O {D)) then
recombines with an oxygen molecule in a tHoedy collision reaction to form ozone where

M= O, O, OsandneutralsEquation 2.3 & 2.4JChen et al., 2008)

Q 0 O vV 0 0v 7Q Equation 2.1
Q 0 65 0 0 O Q Equation 2.2
60 0 O o6 0 Equation 2.3
0 O 0 0 0 0 Equation 2.4

However, the reverse reaction of ozone formation occurs simultaneously leading to
decomposition of ozond=Quation 25). Equation (2.5)s an exothermic process and increase

in the reactor temperatures (329 arising from heat generated during the collision of electrons
with oxygen molecules and ozone formation results in the conmes$ionstable ozone back

to oxygen(Chen et al., 2008)

0 0 0 0 O Equation 2.5
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Furthermore, increased concentration of oxygen radical can lead to decompdsizom®
converting it oxygenEquation2.6). This happens when the relative concentration oh@&/O
higher than 0.3 0.5%(Eliasson and Kogelschatz, 1991)

0 0 cO Equation 2.6

Ozone is used for several industrial applications such as disinf¢btamison et al., 2021)

food processingPandiselvam et al., 201, leaching of paper pulp, wastater treatment
(Perkowski et al., 1996) etc. However, its application for biomassregméement has been
limited to only a few studies (Sulfahri et al., 2020). Hence, the fottlsisothesis is on the

application of ozone for biomass greatment.

2.5 Ozone for biomass prdreatment

Ozone is a strong oxidising agent produiteditu from oxygen or ai{Baig et al., 2015)vhich

has gained attention as a foreatment method teelectivelyremovelignin (electrondeficient

ozone attacks electramch lignin) from lignocellulose materiaht ambient temperature and
pressure without dgadingthe cellulose and hemicellulose fractions. Furthermore, ozone can
be easily decomposed, minating separation/purification steps resulting in a-effstctive

and environmentally friendly procegBravaini et al., 2016)

Ozone has been used to-reat various biomass feedstocks such as cereal straw, wood pulp,
sugarcane bagasse, cotton stafiergy grass, sawdwst.( Bendé ko et al ., 2013,
et al., 2013, Li et al., 2015, Gardgtaibero et al., 2009Up to 60% lignin was removed from
wheat straw at 95% moisture content using ozone treatment at an oxygen flow rataiof 1L

! for 25 hours(Binder et al., 1980and 75% glucose was obtained via enzymatic hydrolysis.
However, the process was considered impractical due to the long reaction time and lignin and
cellulose were found to oxidise concurrently during-peatment. SimilarlySchultzJensen

et al., (2013)obtained 60% delignification from ozone greated wheat straw with 50%
moisture content at an oxygen flow rate of 0L@L at a much shorter reaction time of 60 min

and observed that ozone did not oxidise the cellulose fraction. They concluded that oxidation
of cellulose in the work dBinder et al., (1980)as probably due to the formation of carboxylic

acid arising from thexidation of lignin following the longer prgeatment time (25ours)

which in turn degraded some of the carbohydrates i.e. cellulose andélertuse. The longer

reaction time was probably due to the high moisture content (95%) of the wheat straw.
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Kaur et al., (2012pbtained 42% lignin reduction and 53% glucose yield when cotton stalk was
ozone prereated at an oxygen flow rate of 0.3%in for 150 min, compared to 46.6% lignin
reduction and 56% glucose yield when the cotton stalk wasgatedwith 4% NaOH for 60

min at 121C. It was suggested that NaOH fireatment increased porosity through swelling

of the biomass coupled with saponification of im@slecular ester bonds of lignin.
Panneerselvam et al., (2013ag-treated four energy grass with ozone at an oxygen flow

rate of 0.25 Lmin™ for 2 hours and observed 59.9% lignin reduction with little impact on
cellulose. In addition, there was no enhanced sugar yield of the ozotregiesl samples
during enzyme hydrolysis due to enzymeilition caused by degradation products. However,
many researchers have widely reported that ozon&rgament does not produce inhibitory
compounds, which concluded that degradation products obtained from ozemneaprent
depend on the type of biomaasd its interaction with ozon@®uesada et al., 1999, Schultz
Jensen et al., 2011, Travaini et al., 2013)

Up to 66% decrease in aeiasoluble lignin with 92% recovery of cellulose and xylan was
obtainedwhen sugarcane bagasse was ozondrpeted at @ air flow rate of 1Lmin for 1
hour(Travaini et al., 2013)Iin addition, they observed that an increase in 0zone concentration
from 3.07% to 3.44% decreased ozonation time from 195min to 120 min. Ozone concentration
affected the reaction rate, influeng the type and concentration of oxidants available for
reactions in the aqueous phase. Thus, a higher ozone concentration increases the concentration
of oxidants available for reaction with lignin and therefore the speed of the reaction.

2.5.1Factors affecting ozone efficiency

Various authors have reported that ozonetpratment efficiency depends on several factors
such as reactor design, moisture content, particle size, time, ozone concentration and ozone/air
flow rate(Travainiet al., 2016, Baig et al., 2015, Neely, 1984)

2.5.1.1Reactor design

This is one of the essential parameters in ozonolysis as it provides information on the ozone
concentration profile, which influences ozone consumption. A suitable reactor shoutteprovi
maximum contact between ozone and the substrate for the oxidation reactions (Vidal and
Molinier, 1988). Different reactor design options such as fixed, batch, rotatory, drechsel

trap, cylindrical, multilayer fixedbed and bubbleolumn have been ad for various studies.
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At the same oxygen flow rate of 1rhin?, up to 50% delignification of wheat straw was
obtained after 5 hours in a bateactor(Binder et al., 1980)hereas 34% delignification was
obtained in a fixedbed reacto(GarciaCubero €al., 2009) The fixedbed reaction consumed
100% ozone whereas the batch reactor only consumed 30% of the ozone fed in due to
insufficient ozone contact with the substrate. About 66% lignin degradation was obtained when
Vidal and Molinier, (1988pzone pe-treated sawdust in a fixdeked reactor at an oxygen flow

rate of 1 Lmin't and electrical power supply of 33kV (ozone production of 65.mgfor 2

hours compared to 22.5% reduction in a sbatch reactorThis is because fixedbed reactors
provide dfective contact between ozone and the substrate due to multiple gas (ozone) inlets in
the reactor (reactor configuration).

Cesaro and Belgiorno, (2013)zonised municipal solid waste at an air flow rate of 10if

1 for 120 min ina drechsetrap and bubble column reactor. The bubble column reactor was
found to be more effective as a higher amount of ozone (07§ reacted with the substrate

and a smaller amount of ozone was left in the reactor due to effective contact between the
oxidantand substrate compared to (0.2nin!) in a drechsel trap reactor. Most recently,
Shamjuddiret al., (2021)eveloped a diffusioneaction model of empty fruit bunch inside a
well-mixed novel Ribbon mixer reactor (QzBIONY) and obtained 78% delignificatice to

enhanced contact between the substrate and ozone achieved in the reactor.

2.5.1.2 Moisture content

Moisture content of biomass acts as a transport medium in ozonolysis, transferring ozone from
the gas phase into solid biomass pores via free wateted watebiomasgChoi et al., 2002,

Li et al., 2015a)However theoptimal moisture content (saturation point of biomass) depends
upon the nature of the biomgdseely, 1984) At a moisture content below the saturation point

of the biomass, ozone smtransfer is limited and cannot react with all of the biomass substrate.
On the other hand, at moisture contents above the saturation point, a thick film of water blocks
the biomass pores leading to large residence time of ozone which enhances ozone
decaonposition into hydroxy radicals leading to excessive ozone consumption as the reaction
favours other noiselective pathway@vamleeva et al., 2009, Vidal and Molinier, 1988)
SouzaCorréa et al., (2013)zonised sugarcane bagasse at different moistuterdern(10%,

25%, 50% and 75% w/w) at an oxygen flow rate of 0r@ih™ for 6 hours and observed that

80% lignin was removed at 50% moisture content compared to 45% and 50% delignification

obtained at 10% and 75% moisture content respectively with no eharggllulose content.
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Similarly, Travaini et al., (2013achieved 66.8% lignin removal from sugarcane bagasse at
40% moisture content whereas only 9.6% delignification was obtained at 80% moisture
content. From these findings, it can be concluded thegnpaotects lignin from the oxidation
reaction with ozone resulting in low delignification.

It was reported b8 e n 6 k 0 e t thaa the optimgn? roistBre content for agricultural
residue is higher than that of wood due to their ability to bond wdésly, (1984found the
optimum moisture content for ozone fireatment of red oak sawdust to be3Z®6, 4050%

for Japanese cedgdugimoto et al., 2009nd 2040% for wood mealQuercus serratp(Ueda

et al., 2014)

2.5.1.3 Particle size

The particle size of biomass is important because the ozosteeptment process is a surface
reaction (Shi et al., 2015) An optimum particle size needs to be determined because
mechanical préreatment will increase the process costs. For particle axmse 2mm, ozone
consumption is decreased due to a reduced surface area, leading to low deligniSchtitiz
Jensen et al., 2013Reducing particle size from 2mm to 0.08mm increased delignification
efficiency of sugarcane bagasse but only from 758086 (SouzaCorréa et al., 2013\Neely,
(1984) observed a foufold reduction in reaction time when patrticle size was reduced from
1000 to 106m§m. Howeveryidal and Molinier, (1988bbserved no significant variation when
working with particle sizes of &nd 2mm for poplar sawdust which is likely due to the close
similarity in sizes used. Hence, the effect of particle size on ozonolysis depends on the type of
biomass feedstock and the moisture content.

2.5.1.4 pH

During ozonolysis, the pH decreashse to the formation of organic acids from degradation
reactions. Lignin bonded to carbohydratesfak@uredin alkaline media. However, pH > 4
causes ozone destruction and reactive species are generated that attack carbdbarizes.
Cubero et al., (@09) studied the ozone ptteeatment of wheat and rye straw in 20% sodium
hydroxide solution in a fixethed reactor. Carbohydrate degradation and lower delignification
(19.6% and 22.6%) for wheat and rye straw, respectively were observed due to thedncreas
alkalinity of the mediumYu et al., (2017pbserved a higher delignification (14%) of green

liquor of mixed wood chips when pteeated at pH 2 than compared to a neutral medium.
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2.5.1.5 Pretreatment time, ozone consumption and oxygen/air flow rate

Ozone consumption is directly dependentlompretreatment time, ozone concentration and
oxygen/air flow rate. For all types of biomass, ozone consumption varies with reaction time in
a similar way. At the start of ptteeatment, ozone consumption istfdse to the preferential
reaction between ozone and lignin leading to highest delignification. After this time is a
stabilisation period where ozone consumption quickly decreases and delignification increases
only slowly (Binder et al., 1980, Garcf@aubep et al., 2009, SchukZensen et al., 2013)

Ozone consumption increases with an increase in oxygen/air flow rate leading to reduced
reaction time. This is due to excess ozone being available for reactions providing constant
ozone concentrations in theamtor. Neely, (1984) obtained 60% delignification using an
oxygen flow rate of 17 Imin' for 10 min compared to 65% obtained at an oxygen flow rate

of 0.5L mint for 90 min. Although working with a high flow rate (> Ihin!) was thought to
beuneconomicaasa higher amount of ozone is generated and consumed, making the process
expensive. Also, more side reactions occur as more ozone is available to react with the already
degraded lignin and carbohydrate fracti@Nsely, 1984, Schultdensenteal., 2011b)
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Table 2.1: Summary of studies from the literature on ozon&@agment of biomass.

Biomass feedstock Reactor design Moisture

Empty fruit bunch  Ribbon mixer

Sugarcane
bagasse

Aspen woodchip

Wheat straw

Rye straw

Cotton stalk
Maize stover

Sugarcane
bagasse

Energy grass

Glass columns

Fixed-bed

Batch
Fixed-bed

Fixed-bed
Fixed-bed

Fixed-bed

Fixed-bed

Fixed-bed

Batch

Fixed-bed

content
(%)

40

50

40

95
50

40
60

35
60

40

50

30

Flow
rate
(Lh-1)

N/a

0.167

0.6

0.37

0.6

0.25

Particle
size
(mm)

0.3

0.6-1

<0.2

24

Ozone
concentra
-tion (%)

4.65

N/a

2.8

0.44
2.7

0.6
2.7

2.1
2.8

3.44

1.9

Time

(h)

1.67

2.5

2.5
2.5

Delignifi-
cation
(%)

78

25

50
34

60
45

42.3

78

66.8

80

59.9

Reference

Shamjuddin et al., 2021

Perrone et al., 2021

Bendoko et a l

Binder et al., 1980
GarciaCubero et al., 2009

SchultzJensen et al., 2013
GarciaCubero et al., 2009

Kaur et al., 2012

Li et al., 2015a

Travaini et al., 2013

SouzaCorréa et al., 2013

Panneerselvam et al., 2013k



Coastal bermuda Rotary

grass
Red oak Cylindrical
Poplar sawdust Semibatch
Fixed-bed
Spent culture Rotary

media

30

50

75

75

40

0.5

0.05

<2

0.106

<5

25

25

3.37

1.63

1.63

31

60

22.5

66.6

47

Lee et al., 2010

Neely, 1984

Vidal and Molinier, 1988

Ueda et al., 2014



2.6 Production of 5hydroxymethyl furfural (HMF)

The production of HMF from cellulose based renewable sources has attracted increasing
attention due to the depletion of fossil fuel reserfigsmd and Wang, 2003)Production of

HMF (Table 2.2) from cellulose is challenging due to its crystal structureirahgtrial
application of HMF is limited due to the high costs of productitimerefore,to efficiently

utilise the industrial application of HMF, a high yielding and low energy process needs to be
developedZhang et al., 2017)

The vyield of HMF from cdulose largely depends on the catalyst and reaction media used.
Cellulose is converted to HMF through a series of chemical reactions. Firstly, cellulose is
depolymerised and hydrolysed to glucose, then the glucose is isomerised to fructose and
finally, thefructose undergoes dehydration to produce H¥lrang et al., 201§Fig 2.9).

H CH

o decrystallization o 0 dehydration 0
0 0 = OH ——> i o
hydrolysis HO )
i oH Jn YAt OH . \_/
Cellulose Glucose \&f‘m"r"{mwn / HMF
HO O_QH dehydration
( .
OH
OH
Fructose

Fig 2.9: Schematiconversion otellulose to HMHZhang et al., 2016)

2.61 Catalysts

Catalysts play a major role in the yield and selectivity of HMF produced. Catalyst active sites,
pore size and surface area determine the selectivity towards(B®MEt al., 2011)All the
studies described beloused conventionahode ofheating such as oil ba#imd hot platedJp

to 33% HMF yield from glucose was achieved in the presence of a Bronsted acid catalyst
(Amberlyst70) compared to only 8% without catalyst (Morales et al., 2Q& ket al., (2014)
achieved HMF yield of 67% fra fructose at 13@ in DMSO without the addition of a catalyst
while Wang et. al, (2011) achieved a higher yield of 90% HMF in the presence-05GHd
catalyst (carbotbased acid) under similar conditions.

Bronsted acid catalysts such as HCISEy, glycdic acid, salicylic acid etc have been used
due to their low cost and easy accessibility, with 20.7% HMF obt&iaedcellulose in water

and HClas catalysat 300C for 30 min and 2.1% HMF obtained with maleic aagdcatalyst
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and glucose in water at 14D for 24 min (Zhang et al., 2016). Although most of the studies
done with Bronsted acids have utilised fructose as substrate.

Catalystssuch as CrG| AICl3, ZnCk, CuCb have been used extensively to increase selective
formation of HMF. The chloride iom the metahalide catalysts promotes isomerisation of
glucose through the 1-f2ydride shift pathway and also increases the dehydration of fructose
(Li et al., 2018c)while the metal forms a eordination complex with sugai§Vang et al.,
20154, Yu et a) 2017) The first validation that metal salt can catalyse HMF production from
glucose was reported #hao et al., (2007)who found out that 70% HMF was obtained from
glucose using CrGlas catalyst in ionic liquid ([BMIM] CI) solvent at 100 for 3hours. The
authors observed that chromium catalyst was effective for converting glucose to HMF but
inactive in converting cellulose to HMF.

Furong et al. (2010)sed FeClas catalyst in -[4-sulfonic acid) buty3-methylimidazolium
hydrogersulphatgIL-1) to hydrolyse cellulose at 1%&Dfor 5tours and obtained 33.81% yield

of HMF and 5.93% Levulinic acidVei et al., (2011used IrCt as catalyst in [BMIM]CI at
120C for 30 min and obtained 8® yield of HMF. In additionSu et al., (2009¢ombined
CrCl2 with other metal chlorides such as Cpi@ld FeCl and noted an increased HMF yield.
They observed that reactiegllulose with a combined Criand CuCl catalyst in 1ethyl3-
methylimidazolium chloride ([JEMIM] ClI) at 120°C for &lrs yielded 57.5%1IMF.

The degradation of cellulose with metal halide catalyst in ionic liquid solvent provided a high
HMF yield although catalyst recovery, utilisation and a long reaction time are still challenges
to be overcoméAs such, solid catalysts were used in sado overcome the above drawbacks.
Solid catalysts (bifunctional catalyst) with a combination of Lewis and Bronsted acid sites are
reported to minimise bproducts such as levulinic acids, humins, levoglucqBant et al.,
2016)

Otomo et al., (201eported 42% HMF yield (high for heterogenous reaction systems) from
microcrystallinec e | | u | o-geplitelasa catajystin DMSO/THF at 180for 3 hours. It

was observed that the catalytic performance increased with increasing pore size.

Nandiwale etl., (2014)convertedmicrocrystallinecellulose over bimodal ZSM5 Zeolites

in H2O at 170C for 4 hours and obtained 46% yield of HMF. However, the catalytic activity
decreased with four runs due to its low hydrothermal stability. In the search teregemous
catalyst with high hydrothermal stabilityj et al., (2018b)chieved 53.3% HMF yield from
microcrystallinecellulose at 170C for 8hours using Nb/C catalyst in THFA.
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2.6.2Solvents

Apart from the catalyst, the yield of HMF is also affected by the type of solvent used. Solvents
serve various roles during the conversion process: enhanced dissolution of substrate and
catalyst, higher product yield through stabilisation of the substnsemediates and products,
lastly, by acting as a catalyst to improve reaction kinetics. In addition, solvents increase the
purity and ease of separation of HMF. Thus, they substantially impact the process both
environmentally and economically§ et al, 2017). The recyclability and performance of a
solvent depends on their partition-efficient, boiling point and thermal stabilifGaha and
Abu-Omar, 2014)

Over the years, studies have focused on the use of organic solvents such as dimethyl sulfoxides
(DMSO), lonic Liquids (IL), N, Ndimethylformide (DMF), methyl isobutyl ketone (MIBK)

and tetrahydrofuran (THF) as reaction media to produce HMF because of their high efficiency
in the dissolution of cellulose due to their moderate polarity with no aeydicogen (Yuet.

al, 2017).

Jia et al., (2014xchieved HMF vyield of 67% from fructose at 180in DMSO without the
addition of a catalyst whil®lorales et al., (20143chieved a higher yield of 90% HMF in the
presence of a Amberly3i0 resin catalyst (havg sulfonic acid sites) under similar conditions.
This was achieved due to the preferential interaction of fructose to the sulfonyl oxygen of
DMSO via hydrogen bondingAbout 52% HMF yield was obtained frorglucose in a
THF/water mixture in the presencAlCl 3 as catalyst at 12C (Yang et al., 2012)Roman
Leshkovet al.,(2006) obtained a 55% HMF yield from fructose in methyl isobutyl ketone
(MIBK)/H 20 using HCI as catalyst. However, these organic solvents have limitations fer large
scale use as the cost of separation from the HMF product is expensive due to their high boiling
points.

lonic liquids such alBMIM]CI and [C4MIM]CI refer to salts in liqid state. They have been
used extensively in converting cellulose to HMF by providing enhanced cellulose solubility by
disrupting the polysaccharide macrostructure through hydrogen bonding. A yield of 40% HMF
was achieved with cellulose in [BMIM]CI with ltelose derived carbonaceous catalyst (CCC)

at 160C for 15 min. A yield of 70% HMF was obtained from glucose using £af€tatalyst
inionic liquid ([BMIM]CI) solvent at 100C for 3hours. Also, ionic liquids have demonstrated

a reduction in activationnergy as 62% HMF was obtained from glucose at CO@hen
compared to higher temperature (>IQP used in most studies in a mixture of
[C2OHmMIM]CI/MIBK with CrCl> for 2hrs (Siankeviclet. al 2016). However, the drawback of
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usingionic liquids is the highfice, toxicity, and difficulty in separating HMF due to their high
viscosity and boiling poinflo efficiently utilise these solvents, more research needs to be done
to improve the product separation process.

For a more environmentally friendly processiter was considered as an alternative to organic
solvents.Mdller et al., (2013pbtained 12% HMF fronmicrocrystallinecellulose(74% CI)

using water at 27 for 1hr without a catalyst. In the presence of Zréfla temperature of

145 C, 20-32% HMF wasobtained from fructose using water as the reaction me(finm et

al., 2005) A yield of 19% HMF was obtained wh&eri et al.(2002) converted cellulose in
water at 250C with LaCk. These low HMF yields were reported to be due to rapid rehydration

of HMF products in water to levulinic (LA) and formic acids (FA)

Another green solvent explored wasalerolactone (GVL), a biomass derived solvent which
showed improved performance asavent corpared to water. Zhanet al.,(2017) observed

27.1% HMF from reacting untreated corn cob in GVL with SPTPA (acidic polymer catalyst)
at 175C for 60 min. A yield of up to 60% HMF was achieved when a GVL/water mixture was
used as the solvent WiAICIs catalyst. Catalyst proton solvation in GVL made it more reactive
than in water, thus providing faster hydrolysis of cellulose to glucose.

Different approaches have been used to minimise side reactions, such as biphasic systems in
which water and war-immiscible organic solvents (e.g MIBK#B, DMSO/HO) are used.
Organic solvents continuously extract HMF from the agueous phase (Fig 2.10) and as a result
HMF yields improve as it is continuously separated from the aqueous phase thereby preventing
rehydration reactions that lead to-pyoduct formatior{Yu and Tsang, 2017)
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Fig 2.10: Biphasic systems for producing platform chemicals from lignocellulosic biomass
(Luterbacher et al., 2014)

RomanLeshkov and Dumesic, (200€pnverted glucose to HMF using HCI as catalyst,
DMSO/H0 as the reactive phase and MHBKbutanol as the extractive phase at 180°C and
achieved 76% HMF yield with 85% selectivitgaha and Abmar, (2014yeported 68%

HMF yield from HO-NaCl/ SBP biphasi solvents at 17@ with HCI/AICIz catalyst.
However, drawbacks with this method is that it requires the use of a large amount of solvent
due to high HMF water solubility and poor partitioning into the organic pl@senan
Leshkov and Dumesic, 2009)
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Feedstock Catalyst
Cellulose HCI
Cellulose HCI
Cellulose AICl3
Cellulose
Cellulose BetaCal750
Cellulose CrClI2
Cellulose ATP-SOsH-Crs
Cellulose CrCla/CuCh
Cellulose HCI
Cellulose LPSnR1
Cellulose NaHSQ/ZnSOy
Cellulose [C20OHMIM]CI
Glucose Amberlyst- 15
Glucose CrCls
AICl 3
Glucose AICl3
Glucose RuCk
Zr(O)Cl
Glucose H-ZSM5 Zeolite
Glucose LPSnR1
Glucose CCC

Solvent Temp Time
(C) (min)
MIBK/H 20 200 20
MIBK/2-butanol 180 12
DMSO 150 540
DMSO/[BMIM]CI
H>O/DMSO 180 180
EMIMCI/H 0 220 360
EMIMCI 120 120
EMIMCI 120 480
H20 300 30
H20 150 20
THF/H0O 160 60
CrCl> 140 240
[BMIMICI 140 30
DMSO 140 15
DMSO/H0 140 20
H20 120 5
195 30
H20/MIBK 150 20
[BMiM]CI 160 15
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Table 2.2: Summary of studies from the literature for HMF production from cellulose and glucose with various catalystsrasd so

HMF yield References

(%)
25.8
76
20.5
54.9
42
89
31.2
57.5
20.7
32
53.2
38
25.6
54
52
25
32
39
42
50
46.4

Wang et al., 2020)
Dumesticet al, 2007
Xiao et al, 2014

Otomoet al, 2015
Ding etal., 2012
Zhanget al, 2014
Suet al, 2009

Yin et al, 2011
Duttaet al, 2014
Shiet al, 2013
Siankevichet al, 2016
Huet al, 2013
Rasrendrat al, 2012

Yu et al, 2016
Saheet al, 2013

Wrigstedtet al, 2016
Duttaet al, 2014
Siankevichet al.,2016



Different biomass substrates (sugarcane bagasse, corn cob, pine wood, wheat straw and
bamboo fibre) have been used to produce HMF (Table 2.3). HMF vyield from lignocellulose
feedstocks depends on the interaction between cellulose, hemicellulose andhligmraking

its conversion more challenging than model cellul&m et al., (2015)ompared the activity

of the NH2SOsH catalyst in THF/HO at 180C for 40 min on pine wood, bamboo fibre and
cotton and achieved 31%, 52% and 10% HMF yield from the respective feedstocks. Low yield
in cotton was due to the dense and regular crystal structure of cellulose which restricted catalyst
accessibility. Also, 21% HMF was achieved when Zhagigal.,(2017) reacted corn cob with
SPTPA in GVL(gT valerolactone)They reported that GVL disrupted cellulose crystallinity

and inhibited reprecipitation of lignin byproducts that otherwise limits the accessibility of
cellulose. However, catalyst and solvent systems are important in the efficient conversion of
biomass to HMF. All studies described in Table 2.3 utilised untreated biomass feedstocks
whereby HMF vyield could be increased through thetpratment of biomast improve

accessibility and decrease the crystallinity of cellulose.

Table 2.3: Summary of operational conditions from the literature on the conversion of different
biomass feedstosko HMF.
Feedstock Catalyst Solvent Temp Time HMF Reference

(°C)  (min) (%)
Sugarcane Zr(O)Cly, LiCI/[BMIM]ICI 120 5 42 Dutta et al, 2012
bagasse CrCls

Corn cob SPTPA GVL 175 45 21.4 Zhang et al 2017

Corn Stover  FeCls THF/H0 170 80 45 Cai et al, 2014

Maple wood  HSOy 170 40 21

Poplar AICl3.6H,O THF/H0O 180 30 26 Yang et al, 2012

sawdust

Wheat Straw  HCI H20 146 30 3.4 Yemis and Mazza

2012

Barley husk  Sulphanilic H>O/2- 150 60 41 Mirzai and Karimi,

acid butanol/MIBK 2016
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2.6.3 Microwave heating

In recentyears,Microwave irradiation is increasingly gaining attention forrépid heating,
high efficiency (faster start up and shut down times)d easy operation aompared to
conventional heating such as oil bath or hot plak&rowave enhances dissolution of
cellulose thereby increasing HMF and furfural yield by reducing the reaction ltip®vides
more rapid and efficient thermal enengg an electromagnetic fiekthat penetratethe centre

of reactantand generate uniform heat throughout the voltina@ conventional heatirthat
relies on the diffusion of heat from the heating surface to the regdutsae microwave heating
provides energy savings of up to-88d (Yu et al., 201Y. Only afew researcers have used
this technology for HMF productioihi et al., 009)used nicrowave irradiation at 400W for

1 min to convert cellulose and glucose with 3.6% @C[C4MIM]CI at 100C and achieved
60% and 90% HMF yield respectively. In contrast, the above reactiothgigame conditions
wascarried out using an oil bath at 10@or 60 min and 17% yield of HMwas achieved. It
was noted that the high yield resultifrgm using microwave heating was due to rapid thermal
energy transfer resulting in low activation enesglgere the[CAMIM]CI acted asa water
scavenger by dilution thygeventing HMF decompositiom another study,iu et al.,(2013a)
made a direct conversion of cellulose to HMF using microwave heating at 400W faim3.5
using ZrChasa catalyst in [BMIM]CI and achieved HMF yield of 51.4%.

Similarly, various researchers used lignocellulosic feedstock for HMF produZtang and
Zhao, (2010)converted corn stalkjae straw and pine wood in the presence of €igl
[CAMIM]Br under microwave irradiation at 100Cand400W for 3 min and 45%, 47% and
52% HMF yields were achievefbr the respective feedstockalso, Sun et al, (2015)
converted bamboo fibre to HMF using solid organic catalyst.@@#) in a THF/HO
biphasic system at 180@r 40 min with 500Hz microwave heating and achieved 52.2% HMF
yield. They showed that addition of sodium chloride (NaCl) to the reaction increased HMF
yield dueto the ability of NaCko continuously separateMF from thewater phase intthe
organic phase. They also achieveder HMF yields 0f25% and 31% HMF yield from pine
wood powder and polar wood powder respectively due to linglir lignin contentChing et

al., (2017) converted microcrystalline cellulose (MCC) in water with dilute acid catalyst
(H2SQy) using microwave irradiation at 120 for 10 min and obtained 46% HMF yield.
Addition of isopropanol (70%v/v) asco-solvent increased HMF yield by 7%/rigstedt et
al., (2016)reacted cellulose in a biphasic systenGdfL/H2O using HCI as catalyst at 16D

for 3 min using microwave irradiation and achieved 74% HMF yi8eygerst al.,(2018)
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converted cellulose in a biphasic solvent comprising of methylutgbketone (MIBK) and

H>0 using HCI as catalyst at 177 for 98 min under microwave at 800W and obtained 43.2%
HMF yield. They validated the above biphasic system using Bamboo as lignocellulose
feedstock undethe same reaction conditions and achievedi4% HMF yield As such the
proposed biphasic system could be used for a variety of lignocelliged#ods. Previous

studies using microwave irradiation to produce HMF are summarized in Tdble 2.

Table 2.4: Summary of studies using microwheatingto produce HMF.

Feedstock Catalyst Solvent Time Temp HMF References

(min) (£ (%)
cellulose HCI MIBK/H20 98 177  43.2 Sweygerset al, 2018
cellulose H2SOy H20/CsHsO 40 120 46 Chinget al, 2017
cellulose HCI gGVI/H:O 3 160 74 Wrigstedtet al, 2016
cellulose CrClk.6H.O [CsMIM]Br 3 100 52 Zhang and Zhao, 201(
cellulose ZrClg [BMIM]CI 35 220 51 Liu et al.,2013
cellulose NH2SO:H THF/H20 40 180 52.2 Sunetal, 2015
cellulose CrClk.6H.O BMIMCI 1 80 60 Li et al.,2009

2.7 Production of furfural
Furfural is a biomass derivative that has great potential for manufacturing solvents, plastics,
and fuelgHui et al., 2019)The hydrolysis of hemicellulose produces furfural in the presence

of a catalyst to xylose which then undergoes subsequent debgdmfturfural (Fig 2.11)

O
OH : M
—\HO 0 ~HO" '\‘\O hydmlysns N /
A e = &y
hemicellulose »/()H furfural
HOH,C N
OH
O\QH
AOH/ IIO’Y A - H,0
OH
arabinose xylose

Fig 2.11: Hydrolysis of hemicellulose to furfu@&ui et al., 2019)
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Most of the early research used xylose as a model compound to produce (L&nga et al.,
2012) Catalysts serve an important role in hemicelluloseversion to furfural as it helps
promote bond cleavage providing access to xylose thus facilitating its dissolution and
conversion (Holm et al., 201Q) Several homogenous catalysts such aSQ4 HCI,
FeCk.6H20, AICl3.6H0, Al2(SQy)s and SnCl have been used for furfural production.
Marcotullio and De Jong, (201@ised 50mM HCI to convert xylose in aqueous solution at
17C°C and obtained 81.3 mol% furfural with 90% selectividallo et al., (2013pbtained an

80% furfural yield from xylose witla mixture of 10 %wt water and GVL as solvents using
sulfuric acid catalyst at 18G for 40 min.Wang et al., (2015k)btained 78.1% furfural yield

at 150C for 120 min using Sn¢hks a catalyst in a MTHFAQ solvent.Yang et al., (2017)
reacted a varietgf metal salts such as Sn@ICl3, CrCk, CuCh, CuSQ, FeCkin a GVL/H0
solvent at 13%C for 30 min and observed the highest furfural yield of 87% using HCI. Amongst
the catalysts used, those with a chloride ion were found to be the most effectidann
conversion. The chloride ions (Ctimulate the formation of 1.@nediol from xylose and its
subsequent dehydration to furfu¢@arcotullio and De Jong, 201lowever, drawbacks with

the use of homogenous catalysts arise due to difficulty alysatrecovery as it is dissolved in

the reaction mediaHence, leterogenous catalysts having benefits of easy separation and
recoverywere investigated.Li et al., (2015b)reacted xylose at 180 using a SftMMT
(montmorillonite with tin) catalyst for 30 im and obtained 76.8% furfural yield in SBP/NaCl
DMSO-H>O media.Gallo et al., (2013jeacted xylose with HBeta catalyst at 17Q for 30

min in GVL solvent and obtained 70% furfural yield. Theextstence of Bronsted and Lewis
acid functionalities on theatalyst showed a high selectivity resulting in high furfural yields.
Gurbuz et al., (2013)sed HM (H-mordenite) catalyst to convert xylose at 4Z%or 40 mins
obtaining 80% furfural yield in GVL water solvent mixture (@@ water). Furfuralyields

were higher at lower concentration of water in the solvent mixture due to reduced furfural

degradation.

Various solvents such as MIBK, THF, DMSO, GVL andCHhave been used for furfural
production.Gallo et al., (2013jound that a higher yield otuffural (70%) was achieved in
GVL than water (55% furfural yieldyhen using xylose with HBeta catalyst at 7(°C for 30

min and explaineddue to the dehydration reaction occurring faster in GVL hindering the
subsequent degradation of furfurglang et al. (2017)found thatunder the same reaction
conditiors (130°C, 30min)in the presence diifferent solvents such as MIBK, THF and GVL
the highest furfural yield of 87.8% fromylose usinga mixture of GVL/water (ratio of 8:2
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vol/vol) was obtainedAddition of water to the GVL led to increased furfural yield as furfural
products were continuously extracted into the organic phase to prevent the formatien of by
products Mellmer et al., (2014%¥tudied the effect of solvents on reaction kinetics of the acid
caalysed conversion of xylose into furfural and found that the solvent GVL had the highest
reaction rate and highest furfural selectivity (value) as GVL lowered the activation energies of

the reaction.

Like HMF, rapid heating, reduction in reaction time dngdher yieldswas observed from

microwave assisted heating for furfural production. Choudhary et al., (2012) observed a 53%
furfural yield from xylan in the presence of sodium molybdate/HCI catalyst using microwave
heating at 150 C irfga conventiomal meating, 8/86% furtural yield was
observed using same reactants and temperature for 30 mins. Similarly, Xiouras et al., (2016)
made a comparison between conventional and microwave heating from xylose and observed a
higher yield of 76% fu f ur al yi el d at 7 mins, 20060% for m
yield for conventional heating

Table 25: Summary of solvents and catalysts used in furfural production.

Feedstock Catalyst  Solvent Temp Time Furfural Reference
(°C) (min)  vyield
(mol%)
Xylose HCI H20 200 30 81 Marcotullio and
De Jong, 2010
Xylose HoSOy GVL-H20 170 30 80 Gallo et al., 2013
Xylan SnCl 2-MTHF-HO 150 120 78 Wang and Chen
2013
Xylan Alx(SQy)z  GVL-H0 130 30 87 Yang et al., 2017
Xylose NaCkSn  SBP-H:0- 180 30 76 Li et al., 2015b
MMT DMSO
Xylose H-M GVL-H0 175 40 80 Gurbuz et al.,
2013
Xylose HoSOy GVL 175 60 75 Mellmer et al.,
2014
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The conversion of xylose or hemicellulose to furfural has provided a valuable understanding
of the mechanism of furfural formation. However, it was not deemed to be economically viable
to produce furfural from xylose or hemicellulose as this needed tbthéed in pure form

from biomasgLuo et al., 2019)Hence, a number of studies on the production of furfural from
different biomass feedstocks have been carried out by researchers (Balterdural yields

from biomass depends on the interaction betwieemicellulose, cellulose and lignin making

its conversion more challenging than for the model compound xylose. Hemicellulose is always
accompanied by the dissolution of cellulose or lignin, hence why most researchers have
concentrated on the simultansatonversion of the three major componéhtm et al., 2019)

Luo et al., (2017)btained a furfural yield of 33.6% (based on hemicellulose weight in
pubescensjrom pubescensat 160C for 4h in a GVlwater media Water was found to
promote the cleavage of chemical bonds between the hemicellulose, cellulose, and lignin
fractions with GVL dissolving lignin and hemicellulose leaving celluldseet al., (2014)
obtained 66.3 mol% furfural and 44.3% levulinic acid fréwamicellulose and cellulose
simultaneoushby reactng sugarcane bagasse in a Fingter solvent (2:1) at 200 for 20

min, leaving lignin as a precipitated solid residueet al., (2017)eacted corn stover with a
strong acid catalyst (SCaG-700) at D0°C for 40 min in GVL and obtained 93% furfural
yield. There was no furfural produced without the addition of a catalyst and 55% furfural yield
was obtained when water was used as solvent in the presence of the same catadyst.bEhis

concludedhat bdh catalyst and solvent were important in furfural production.

Table 26: Furfural production from different lignocellulose feedstocks.

Feedstock Catalyst Solvent Temp  Time Furfural  Reference

(min)  vyield

(°C) (Mol%)
Pubescens - GVL/H2O 160 240 33.6 Luo et al., 2017
Bagasse  HCI THF-HO 200 20 66.3 Lietal., 2014
Corn SGCaG- GVL 200 40 93 Lietal., 2017
Stover 700
Corncob  HSOw H20 160 45 71 Wang et al., 2014
Wheat SAPO44 HyO- 170 120 93 LaxmikantaDhepe
straw Toluene 2014
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Eventhough a large volume of research has been done on the effect of catalyst and solvents on
HMF and furfural yields from biomass, the relationship between the stewafttine biomass

such as cellulose crystallinity, degree of polymerisation, surface arezllofose and
hemicellulose acetylation on the HMF and furfural yields are scarce. Asepitenent is
expected to disrupt biomass structural and compositional features, it is important to understand
how these changes affect the HMF and furfural yields. aldition, the improved
biodegradability of ozone piteeated biomass during enzymatic hydrolysis to bioethanol has
been proven by previous studies (Binder et al., 1980, Neely, 1984, Kumar et al., 2009, Souza
Correa et al., 2013, Garefaubero et al., 20), no study has shown any relationship between

ozone prdreated biomass to production of platform chemicals.

2.8Techno-economic analysis of ozone prreatment

Techneeconomic analysis of a process is the analysis carried out to evaluate the economic
feagbility of a new technology or process. It evaluates the technical performance and economic
feasibility of a new technology and helps decision makers with regards to investment or
research and developmdHRtuppens et al., 2015 urrently, the amount oftérature (papers)

on the techn@conomic analysis or economic evaluation of ozonetneament technology

for production of platform chemicals or biofuels is almost-egistent. This indicates that
economic feasibility studieare not currently the mainconcern of researchers. Since the
technology is still relatively new for production of biofuels or platform chemicals, focus is on
further technological developmeiernandeDelgado et al., (201%arried out a comparison

on an economic evaluation of three fireatmentscenaris namely: alkaline, peroxide and
ozoneprd r eat ments to produce biobutanol from a
grains (BSG). They estimated the cost of onp r o d u ¢ t kigloohOs and totdl cagital U

cost of 0341, 250 and r e ateehtreent had 3 ¢cimes mdreutstdl o n -t
capital cost than al kakHhirremat(mehl3,(AWEB)6, dOD ) p
equipment needed for oge generation increasing the total cost of equipment. Although no

detailed calculation was provided.
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2.9 Summary

Although ozone préreatment has been extensively researched, further investigation is
necessary to tackle the challenges posed by the bifk of ozone generation and the high
level of ozone consumption in the proce3sld plasma technology has proved that ozone can

be generated with 30% less energy than other methods, thereby prompting the design of an
ozone generator that produces a hadone concentration with low power consumption

possible which would be suitable for thejreatment of biomass.

A large volume of research has been carried out on the effects of catalyst and solvents on HMF
and furfural yields from biomass but an undemsling of the effects of structure and
composition of the biomass on HMF dnuifural yields is scarce. As pteeatment is expected

to make the blocellulose more accessible, it is important to understand how these changes can
affect the HMF andurfural yields. Furthermore, microwavassisted heating wible used for

this work due to advantag it offersover conventional heating.
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Chapter 3: Materials and Methodology

This chapter describes the matesiadquipment, experimentgdrocedures, analytical and
charactesations methods used for this work. The agricultural residues used for this work are
corn cob and spelt huskorn cob represents an abundant agricultural processing residue which
has attracted considerable attentiongicent years for the production of biofuels and platform
chemicals as it is obtained from the most abundant (850 million tons annually) grain crop
globally (Wang et al., 2019)Corn colis used in this study to represent a low lignin feedstock
with high noisture content while spelt (an ancient grain) is attracting considerable interest for
improved human nutrition and hea(®onafaccia et al., 200@nd the residual protective husk

represents a medium lignin feedstock with low moisture content.

3.1 Mateials
3.1.1 Chemicals

The chemicals used for this study all purchased from sigma Aldrich are listed in Table 3.1 and
analytical standards listed in Table 3.2 exdepbxygen gas which was purchased from BOC
Ltd (UK, purity of 99.9%).

Table 3.1: List of chemicals used.

S/N Chemicals CAS Number Purity
1 Ui Cellulose 900434-6 99.9%
2 Oxygen gas 7782447 99.9%
3 Aluminium chloride 231-206-1 97%

4 Sodium thiosulfate CHE 3 566 99.50%
5 potassium iodide 768111-0 99%

6 Sulfuric acid 339741 99.99%
7 Toluene 10888-3 99.80%
8 Ethanol 64-17-5 99.80%
9 Dimethyl sulfoxide 67-68-5 99.98%
10 2-propanol 67-63-0 99.90%
11 Sodium Chlorite 7758192 80%

12 Sodium Hydroxide 1310732 97%
13 Hydrochloric acid 764701-0 37%

14 Hydrogen Peroxide 7722841 30%
15 Iron (lll)chloride 770508-0 97%
16 Copper (1) chloride 7447394 99%

17 Calcium Chloride 1004352-4 99.99%
18 Manganese (Il) Chloride 777301-5 99%
19 Choline Chloride 67-48-1 99%

20 Urea 57-13-6 99%
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Table 3.1 (contd): List of chemicals used

S/N Chemicals CAS Number Purity
21 3,5-dinitrosalicylic acid (DNS) 609994 98%
22 Bis-(Ethylenediamine)copper (I 1455235-3 -

hydroxide solution

Table 3.2: List of standards used.

S/N Chemicals CAS Number Purity
1 5-Hydroxymethyl Furfural (HMF) | 67-47-0 99%
2 Furfural 98-01-1 99%
3 Levulinic acid 12376-2 98%
4 D (+) - Glucose 50-99-7 99.5%
5 Oxalic acid 144.62-7 98%
5 Acetic acid 64-19-7 99.9%
6 Formic acid 64-18-6 96%
7 Glycolic acid 79141 99%
8 L (+) - Fructose 7776489 97%
9 L (+) - Arabinose 532837-0 99.5%
10 D (+) - Xylose 58-86-6 99%

3.1.2Feedstocks

Corn cobs (Figure 3.1a) were harvested at stage R3 (milk stage) of maturity across a range of
countries i.e. United States of America, South Africa, United Kingdom, France, Spain,
Morocco, Germany, Greece and Senegal (thereby representingad agpicultural processing
residue) followed by storage a0C for I 25 days. Waste corn cobs were kindly provided by
Barfoots of Botley Ltd, UK. They were stored in a cold room at 6°C prior to use to prevent
decay. The cobs were cut into pieces < 5amd blended (HGBTWTS3 laboratory blender
8010 ES) for 3 minutes to obtain a particle sizeq8 [ (which was the minimum particle
size achievable due to the high moisture content of the fresh cobs (i.e. 72%) as @nety gr

or powdered biomass is not required for an efficient ozonation pr@&sssOmar and Amin,
2016) Corn cob was used in itgatural undried statas moisture is needed for ozone-pre

treatment as well @s save operational casdf drying.
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Spelt husksKigure 3.1b) obtained from Gilchesters Organics (Stamfordham, UK) were ground
(HGBTWTSS3 laboratory blender), sieved to 2.0mm and stored at room temperature prior to

use.

Fig 3.1: The feedstocks used; a) corn cob and b) spelt husk.

3.2Feedstock analysis

3.2.1 Lignin analysis

Acid insoluble lignin (AIL) was determined by treating approximately 1g of oven daetple

with 15mL 72% (w/v) sulphuric acid for Boursat 20°C with constant stirring at 174@m to
facilitate dispersion of sample in the acid (TAPRRZ2). After complete disintegration, the
solution was transferred to a 1L round bottom flask, diluted to 3% sulphuric acid solution to a
total volume of 575mL and refluxed for 4h maintaining a constant volumeirBoéuble
material was allowed to settle overnight, and the supernatant collected for acid soluble lignin
(ASL) analysis. The acid insoluble lignin was filtered and washed to neutrality (pH 7) with
hot water, dried at 106 to a constanweight andyravimetrically determined, prior to ignition

at 850C for 45 mirsto obtain lignin ash. The lignin ash was subtracted from the lignin to give
the % of asHree lignin according to the method developed for the pulp and paper industry
(TAPPI T-222) while the ASLwas determined from the filtrate according to TAPPI method
UM 250. Approximately 1mL of filtrate (from acid insoluble lignin determination) was placed

in a UV-Vis spectrophotometer to measure the absorbance at 205nm. Acid soluble lignin was
calculated usig the following formula.

13, X 1000 mgg*
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Where Abs = absorbance at 205nm,
volume = volume of filtrate (l)
Dilution facta
a= molar absorptivity of lignin at 205 nm (110tagm?) (Schoning, 1965)
W= weight of sample (g)
Pathlength (cm)

3.2.2 Holocellulose (hemicellulose and cellulose) determination

According to the method developed by Wiset al., (1946), holocellulose content was
determined by suspending approximately 5g of oven dried sample in 150mL of distilled water
at 75C at a stirring speed of 170 rpm followed by the addition of 10 drops of glacial acetic
acid and 1.5g of sodium chilte. After 1 rour, the same amount of reagent was again added,
and the reaction was continued for a furthéo8rs The solution was cooled in an ice bath,
filtered and washed with distilled water until neutrality (pH 7), then quickly rinsed with acetone

and dried at 105°C to a constant weight. The holocellulose was estimated gravimetrically.

3.2.3 Cellulose content

Cellulose content was estimated according to TAPPI T2832osApproximately 2g of
holocellulose sample was weighed in a beaker suspendedater bath at 2C and 15mL of
17.5% sodium hydroxide (w/v) solution added and stirred for 1 min. A further 10mL 17.5%
sodium hydroxide solution was added to the mixture and stirred for another Thisirwas
repeatedagain,and the resultargolution allowed to swell for 3 min. After this, an additional
10mL of sodium hydroxidesolutionwas added and the content mixed for another 3 min and
the resultant solution was allowed to stand for a further 30 min. After 30 min, 100mL of
distilled watemwas added and the solution filtered. The residue was washed with a further 25m
of sodium hydroxide solution and 650rof cold distilled water to remove any trace of residual
acid from the sample prior to drying in an oven at°@#® a constant weight. €hcellulose

content was estimated gravimetrically.

3.2.4 Moisture, Ash and Extractives

Moisture, ash and extractives of both feedstocks were determined according to ASTM D3173,
ASTM D3174 and ASTM E1690 respectively (Appendix A2). All analyses wereategpe

thrice and the mean values presented. The composition of the agricultural residues used are
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presented in Table 3.&e moisture content of the corn cob and spelt husk were 72.1% and

11.2% respectively.

Table 3.3: Chemical composition (%) of raw ceob and spelt husk feedstocks expressed on

a dry weight basis.

Properties Corn cob Spelt husk
Acid insoluble lignin (AIL) 51+0.3 16.03+0.1
Acid soluble lignin (ASL) 2.97 £0.16 3.96 + 0.26
Cellulose 43.2+0.2 31.8+0.5
Hemicellulose 37.8+0.2 29.1+0.1
Ash 3.2+0.01 8.4+0.04

3.3 Experimental setups and procedures.

3.3.1 Ozone generator satp

The ozone generator (Fig 3.2) consisted of a plasma ozone generator with an inlet connected

to an oxygercylinder via a flow meter (50 300mL min?) to regulate the amount of oxygen

fed into the reactor. The reactor outlet was connected to a wash bottle containing 200mL of 2%

potassium iodide solution (KI) where the amount of ozone generated can be edaisiifig

iodometric titration(Yulianto et al., 2019)

Flow meter

¥
-¢ Ozone generator

—

H,0

& Ozone reactor J

Fig 3.2: Experimental setp of the ozone generator.
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Using iodometric titration, the amount of ozone was determined based on reaction of iodide (I
) with Oz to give lodine (1) (Equation 3.1which is evident from the colour change of Kl
solution from clear to amber indicating oxidation of Kl with & one mole of ©yields one

mole of b.

Hencethe number ofmolesof I,was determined by titrating with sodium thiosulfate (Equation

3.2) untl the amber colour tued clear andthe volume of sodium thiosulfate consumed

recorded.
O3+ 2I + H,0 [+ 20H + O Equation 3.1
I> + 2NaS0s 2Nal + NaS4Oe Equation 3.2

Using the volume of sodium thiosulfate recorded, ozone concentration was calculated using

Equation 3.3.
o Equation 3.3

Where C is the ozone concentrationn(d), Vi is the volume (L) of titrant (N&:0s), M is
molar concentration of titrant (M) gfs oxygen flow rée (Lmint) and t is time (minjYulianto
et al., 2019)

Average gas temperatures(d) in the utube reactor was calculated using Equaieh

Y — Q Y Equation 3.4
Where Tgis average gas temperature of oxygen in the reactor (3%, the wall/cooling
medium temperature (°C), K is the thermal conductivity of oxygen gas(\War), P is
discharge power of the reactor (W), Aelectrode surface area (€ydyis discharge gap width

(cm)and0 i s 1 Bidefl coolingBawaygemann et al., 2017)

The ozone production rate and energy efficiency were calculated using the following formula;
Ozone produced (My') = ozone concentration (mMg') Flow rate (Lh'Y)  Equation 3.5

Ozone generator efficiency k§v*h?) = ozone produced (g!) power kW) Equation 3.6

3.3.2 Ozone prereatment
Ozone prdreatment setup (Fig 3.3) consisted of a cold plasma ozone generator connected to a

gas inlet controlled via a 250L min™ flow meter (error: +0.10 mL miH yielding an ozone
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output of 0.44 g #h and concentration of 2.02% w/w (Section 4.3). The outlet of the reactor
was connected to a 250L batch reactor placed in a Branson 2510 ultrasonic bath set at a
frequency o#10 kHz (maximum frequency needed to emteamass transfer) to enhance mixing

of ozone with the biomass substrate, while ice was added to maintain the temperatute to 25
The unreacted ozone was then passed through 2wt% potassium iodide solution (KI) and was

guantified using the iodometric titran method. The experiments were repeated thrice.

The relationship between oxygen flow rate and cold plasma input as well as ozone production
was establishedChapter 4 Section 4.3. Ozone of concentration of 2% w/w was injected into

the reactor containg a known amount of feedstock over a range of reaction times i1€90L5

min. An ozone concentration ofw@% was sufficient for optimum lignin separation from
biomas§f Bendko et al ., 2013, Panneer s-Elberaen et
al., 2009) Moisture content of corn cob was varied from #2to 42.9% by drying down the
feedstock in an oven at 1W5for different times. Whereas moisture content for spelt husk was
varied from 11% to 100% (wet basis) by adding water. f&dstock with moisture contents

adjusted to the desired moisture were used to reduce the overall energy cost of the process.

The pretreated materials were washed with 100mL distilled water and filtered. The solid
residue was dried in the oven at 105°Gatoonstant weight prior to compositional analysis.
While the filtrate (liquid) were analysed for ozone-peatment degradatigoroducts using

high performance liquid chromatography (HPLC) as describ&ddtion 3.4.4

>
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]

Ozone generator

reactor

Oxygen cylinder Ultrasound bath 206K| solution

Fig 3.3: Ultrasound/ozone prgeatment setip.
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3.3.3 Biomass fractionation.

Fractionation was carried out by weighing approxima8€ly of feedstock (raw or ozone pre
treated) inta 250mL round bottom flask and 50mL of toluene added and refluxed Gar h

to remove fatty acids. The mixture was cooled to room temperature, filtered and the residue
dried overnight in an oven. The residue (toluene extracted) was subjected to RERICTO
ethanol extraction by weighing 12.5g of dried residue into a 250mL round bottom flask, 200mL
of ethanol:water (60:40 v/v) was added to obtain a djidd ratio of 1:8. Thereafter 2mL of

37% HCI was added to enhance the hemicellulose hydrolysesmixture was refluxed for-1

4hrs, cooled to room temperature, filtered, and washed 4 times with 25mL ethanol to remove
any lignin present (Fig 3.4). The residue (cellulose pulp) was dried while the solvent from the
filtrate (lignin and hemicellulose) waevaporated at 40°C and 150 mbar using a rotary
evaporator. 15mL of acetone was added to dissolve the resultant solid and lignin precipitated
by adding 100mL of water leaving mainly the hydrolysed hemicellulose (xylose and arabinose)
and lignin degradatioproducts as water soluble fractions. The mixture was filtered, washed 4

times with 25mL of water and the lignin residue diiad - Zijlstra et al., 2019)

Lignocellulosic feedstock

Refluxed with toluene
For 2hrs

Fatty acid free feedstock

Ethanol:water (80:20)
2ml 37%HCI
Refluxed for 2hrs and filtered

Residue Filtrate
(Cellulose) (Lignin + hemicellulose)

Rotary Evaporation
il 40°Cand 150mbar

Solid residue

Dissolve in acetone
Precipitate in water, filter

| i

Residue Filtrate
(Lignin) (Hemicellulose)

Fig 3.4: Fractionation of lignocellulosic biomass (agricultural residues).
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3.3.4 Alkaline hydrogen peroxide pretreatment.

About 1g of dried feedstock was placed into a beaker containing-2i 1% (w/w) hydrogen
peroxide solution with pH adjusted to 11.5 with addition of 5M sodium hydroxide. The mixture
was incubated in a water bath at 120at dfferent reactions times (3240 min). After
completion of the préreatment, the mixture was filtered, washed thoroughly until the pH
became neutrdAyeni et. al.,2017) The residue was oven dried at 60and liquid analysed
using High Performance LigdiChromatograph{HPLC) as described ifection 3.4.4.

3.3.5 Microwave assisted production of Hydroxylmethyl furfural (HMF) and

Furfural.

The microwave digestion system -sgt (Fig 3.5) consisted of a 250mL round bottom flask
placed onto thenagnetic stirrer equipped in the Ethos microwave digestive system. A double
condenser connected to a water bath séiGtas attached to the flask to prevent vapour loss
due to evaporation from the reaction. A known volume of mixed solvent (DMSO ang wate
was added to a known amount of cellulose to obtai@®wt% and 0.1 wt % of AlGland 1

wt% HCI as catalyst to generate a total volume of 20Mie microwave power was set to
obtain a desired temperature (G 180C) over a set of reaction tireg¢2-15 min) and
optimum condition for highest HMF and furfural yield obtained (ChaptSeétion 6.3. After
completion of the reaction, the solution was allowed to cool and then the sample was filtered,
the filtrate containing solvents, HMF, furfural, leinit acid was collected, analysed using the

GC as described in Section 3.4.2 and, the total reducing sugar content was analysed using the
DNS method $ection 3.4.9). While, the residue was washed with water, dried aClard
weighed to determine the ammuof unreacted cellulose. The reactions were repeated in

triplicate for reproducibility.
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Fig 3.5: Microwaveassisted synthessetup.

3.4 Analytical methods.

3.4.1 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTMAs used to identify the functional group
present in solid samples such as the untreated biomass as well as identify functional group
changes in the prgeated and fractionated biomass. The FTIR analysigpedsermed using

the Agilent Technology Cary 630 FTIR spectrometer. The method used transmittance with a
spectra range of 4000 to 550 ¢with 10 scans at 2cresolution. The background signal

was taken and the sample was added to cover the diamondAf€ERuated Total Reflection).

The cap was screwed down to lock the sample to the diamond ATR and the spectrum taken.

The background signal was subtracted from the sample spectrum to obtain results for that solid.

3.4.2 Gas chromatography (GC)

The filtrate from microwave digestion fi.) was injected using a micro syringe into an Agilent
7890A gas chromatograph equipped with a flamesadiuin detector set at 250°C. A Restek
Rtx-1701 capillary column of 60m length, 250um internal diameter é#j1én thickness was
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used, with helium as carrier gas. The initial oven temperature was set at 45°C with 10 min hold
time at a heating rate of 33@in™ while final oven temperature was set at 250°C with 5min
hold time (NREL, 2016). The area ratios weldaned for HMF, furfural and levulinic acid

with 1-octanol as internal standard and concentrations obtained from calibration plots
(Appendix A3).The yields of HMF, Furfural and Levulinic acids were calculated as follows
according toGoswami et al.(2016) To confirm the identity okach identifiecoeak, GEMS
analysis (Appendix A4) asperformed on selected runs and no inconsistencies observed.

Mass of product (mg) = [product concentration mig') x [volume of reaction mixture (mL)]

0Ol ADRAK @0 = Equation 3.7

3.4.3 Hydrogen Nuclear magnetic resonancé&itNMR)

Hydrogen Nuclear magnetic resonanté#NMR) is used to determine the wstture of a
molecule with respect to hydrogen nucleiNWIR is the most widely used for lignin structural
analysis as it provide comprehensive information about linkages and composition of H/G/S
(hydroxylphenyl, guaiacyl and syringyl) units in lignibu et al., 2017) H!NMR spectra of

lignin was generated using a Bruker Avaiicg00 spectrometers operating at a frequency of
300 mHzusing 50mg of fractionated lignin dissolved in 0.5mL deuterated dimethyl sulfoxide
(DMSO-d6).

3.4.4 High performance liquid chromatography (HPLC)

Water soluble fractions such as monomeric sugars and carboxylic acids were measured from
the ozone préreament filtrate byHPLC (PerkinElmer Flexarseries 200using an Aminex
HPX-87H column at 65°C with a refractive index (RI) detector anfLémin™ flow rate for

30 min and 0.005M KSQs as mobile phase adapted frgfrang et al., 2018)Samples were
filtered through a 0.45um filter paper to remove any suspended solid particles from the
hydrolysates prior to injection in the HPLC. The concentrations of each component were
calculated based on standard calibration curve (HPLC peakaf@ancentration) (Appelix

Ab) from the analytical standards (Table 3.2) of each component.
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3.4.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a method used to view the surface morphology of a
material at a higher magnification (x4Q.00,000) than conventional microscqikmekov

et al., 2011)The surface morphology of the untreated andtpgated corn dwo, spelt husk and

model cellulose was analysed using a TM3030 Hitachi microscope operating with accelerating
voltage of 15kV.The sample was mounted on a conductive carbon tape prior to imagimg
sample holder was then mounted on the stage, scannédraid magnification (x250 4000)

and images taken for all samples to show structures at different scales and allow accurate

comparison between the samp(eikmekov et al., 2011)

3.4.6 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA)as used to determine the change in thermal stability of
the biomass materials caused by-ppeatment through monitoring of the weight change in
sample versus temperature at a fixed heating rate in an inert environmdiie
thermogravimetric(TGA) analyss was done using Netzsch TG 209 thermogravimetric
analyser with ~10mg of sample heated from 25°C to 800°C at a rate of 10Cinmam
atmosphere of helium (flow raté 20 mL mint) and resulting thermogram is obtained showing

a melting peak, followedyba degradation peak at different temperatures.

3.4.7 Xray diffraction (XRD)

X-ray diffraction (XRD) analysis was used to further characterise the structure of cellulose
(untreated, fractioned and model cellulose) and provide an understanding into its crystal
structure and measure its crystallinity. The analysis was carriedittuan 18 KW D/Max
2500PC diffractomed5U witt ha a2 ds craann gsep usiabd 5Solf
copper kUradiationand results plotted based on signal and angle. The crystallinity index (CI)
of cellulose was calculated using peak height method as follows;

#Qb =

3100 Equation 3.8

loo2 and kmpare the intensity of the crystalline and amorphous region of cellulose obtained at
2 d o PC a@d218Cxespectively.
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3.4.8 Degree of polymesation of cellulose

Degree of polymerisation of untreated gré-treated cellulose was analysed using Matrix
assisted laser desorption/isation time of flight (MALDIFTOF) according to methods
described byKosyakov et al.(2018)using DMF as solvent arat-cyana4-hydroxycinnamic

acid as matrix. Once cellulose wadissolved in the solvent and loaded into the instrument, the
laser ionised the cellulose molecules into ions with alkali metals (mostly present as impurities
in the sample) such as MLIMK*, MNa". The ions are then pulled into the mass asealgrea

of the instrument where the molecules are separated based on their mass to charge ration. The
separated molecules are accelerated by-Widage current and fly through the tube before
reaching the detector. Smaller molecules reach the detector faster ripan nelecules.
However, drawbacks encountered with use of this technique was that larger molecular weight
ions were not detected giving rise to very low (DP 17) degree of polymerisation of cellulose.
In addition actual mechanism of the cationisation pge&till remains unclear in the literature
(Tuma, 2003)

Hence, the standard industrial method for determinatiaimeoflegree of polymerisatioaf
cellulosethrough viscometry was used for subsequent analysis of cellulose in this work. It
offered clear adantage as higher DP of cellulose was achieved in addition to it being a
relatively quick method requirg less technical expertise. Average viscometric degree of
polymergation (DPvV) of cellulosavasobtained using the Ostwald capillary viscometry and
Cupriethylenediamine solution (Cuen) as solvent. The efflux time of solution containing 250
mg of cellulose sample dissolved in 25mL of Cuen solvent and 25mL of distilled water was
determined using the capillary viscometer according to TAPPI T230 and Dielated! using

the following MarkHouwink-Sakurada equation: DP$°=0.75 [ ] (Mishra et al., 2012)

Where DPv is the average viscometry degree of polygat@n and is the intrinsic viscosity.

3.4.9 Total reducing sugar (TRS) analysis using 3@initrosalicylic acid (DNS)

The filtrate from microwave assisted reaction was diluted to 250 times and 3mL of diluted
sample was reacted with 3ml of 3Jlitrosalicylic acidsolution ina testtube by heating in a
boiling water for 5mins. A colour changein light yellow to dark red is observed because of
glucose reacting with DNS to form-&@nino5-nitrosalicylic acid and gluconic acid. The

intensity of the red colour increases as the glucose concentration in the sample increases. After
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the reaction, the mture is allowed to cool for 2 mins and the absorbance of the mixture

measured at a wavelength of 485nm using aVi8/spectrophotometéZhou et al., 2013)

3.4.10 U\ Vis Analysis

A UV-Vis spectrophotometer was used to quantify the total reducing SIgR® from the

filtrate obtained from microwave reaction (after undergoing DNS reaction) by measuring the
absorption or reflection of the material as a function of wavelength. AVISV
spectrophotometer (model 7310) was used to scan the filtrate aedliffeavelength and a

peak absorbance of TRS was observed at wavelength of 485nm. DNS solution was used as a
blank. The sample from microwave filtrate was diluted to obtain absorbance range &00.1

The TRS concentration was calculated based on aasthmdlibration curve obtained with
glucose (Appendix A7), concentrations <cal cul

calculated as follows;

Mass of TRS (mg) = TRS concentration in sample (mg!) x Volume of reaction mixture

(mL) x dilution fador

42BEAd A0 = Equation 3.9

3.4.11Brunauer-Emmett-Teller (BET)

BrunauerEmmettTeller (BET) method was used to determine the surface area and pore
volume of the untreated and greated biomassThe sample(90mg) was first degassed

overnight at 95C under vacuum (186 Pa) The analysis was carried out using the NGVA

2200 BH surface analyséQuantachrome where thdegassedample was injected into the

BET measurement unit and cooled down to 77K, followed by nitrogen injection at different
pressure¢6-point pressure measuremetd)determine the nitrogetisplacement (Contescu et

al., 2018). Quantificatioof the surface areand pore volumas done usingthen st r ument 0
software(NOVAWInN).

3.5 Energy consumption of equipment

The energy consumed by the ultrasound equipment used fseptment was calculated using
equation 3.1@Patil et al., 2012)
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% Equation 3.10

Energy consumed ke microwave reactois calculated from microwave power and running
time (heating up time and holding time) usiligu | e s 6 s | all)(Rhé&oceal, 2O1Y N 3

08¢ N@al Qo 0 6 o0 T Equation 3.11
Where P ispower (W), t1 is heating up time (min)t2is holding time (mina n M.60A i s a

conversion factor considering the units of input energy, power and time.

Energy consumed by equipment such as reactor, evaporator, rotary vacuum dryer were

calculated using the heat energy equations (Equation 3.12)
Q=mCmpT Equation 3.12

Where Q= heat energy (J), m= mass (Kg), Cp= specific heat capaaity’*), nT = change

in temperature®C).

3.6 Economic analysis

The capital an@perating costs of eproduction of HMF, furfural and lignin from spelt husk
against ceproduction of HMF and furfural without lignin were examined andost
effectivenessanalysis was conducted to analyse the economic performance of the system. A
plant sze of 100metric tonnes per day of spelt husk was considered for a working period of
320 dayger yeaof production, 40 dayser yearfor plant maintenance and an operating period

of 20 years.

The techneeconomic analysis reported is based on thplant economics assumptiofi@ble
3.4)meaning the process technologies used in the deaignbeen successfully establisied
industries The depreciation of the process equipment was calculated using the linear method
(Ledn et al., 2020pnd income &x rate of 21% was considered for United Kingdom

accordance with UK corporation tax (Grasham et al., 2022)
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Table 3.4: General economic assumptignisplant assumptionsgnd cost factors

Variable Assumptions
Financing 100% equity
Plant life 20 years
Plant depreciation period 6 years
Discounted rate 5%
Startup time: 0.5 years

Revenue (% of normal) 50%

Variable cost (% of normal) 75%

Fixed cost (% of normal) 100%
Construction period: 3 years

First 12 months expenditure (%) 8%

Second 12 months expenditure (%) 60%

Last 12 months expenditure (%) 32%
Income tax rate 21%
Working capital 15% of fixed cost
Land purchase 6% of total purchased equipment cost
Plant availability 320 days per year

3.6.1 Total capital cost

The total capital investment cost is the sum of all directsqostluding installed equipment
cost, piping, electricals, instrumentation etc) indirect £éashgineering, supervision, legal
expenses and contingency) and working cafiit@bn et al., 2020)

The individual cost of equipment was obtained froine intenet (vww.matches.coiy

chemical engineering textbooks (Peters and Timmerhaus, aa@éthe literature(Gholami et

al., 2021, Jiang et al., 2020, Kim et al., 2020, Davies et alQ)20Be total equipment cost
was estimated using equattod13 and 314 (Ng and MartineHernandez, 2020)This cost

was then multiplied by lang factor for selidquid processing plants to determine the total
capital cost.

The purchased equipment cost the current plant capacity was estimated by using costs and
capacity obtained fronthe literature and converting it to cost of present plant capacity
(Equation 3.B3).
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R Equation 3.3

Where Size is the old capacity, Sizés the new capacity, COSke1is the cost of the old
capacity, COSTize2is the cost of the new capacity, R is the scaling factor, taking as 0.6 (six
tenthfactor rule)

The purchased equipment cost was converted to present year (Equafiprusing the
chemical engineering plant cost index (CEPCI)

# # - Equation 3.4

Where Cypis the present cost of equipme@s,is the original cost of equipmerg,is the present

plant index value,qlis the original index value.

3.6.2 Total production cost

The total production costonsistf variable and fixed operating cost. The variable operating
cost was calculated from raw material cost and utility cost. While, the fixed cost was calculated
from operating labour cost, genkrsafety engineering, plant maintenance and general
overhead.

Raw material cost

Raw material usage was obtained from the material balance of the process which was then
multiplied by the individual prices of the individual raw materials to obtain the total annual
raw material cost. The individual raw material prices were obtained fr@minternet
(www.Alibaba.con) and fromthe literature(Kim et al., 2020, Jiang et al., 2020, Yan et al.,
2020)

Utility cost

Utility cost forthis work were electricity and wasteater treatment. Electricity castvere
obtained by multiplying the totahergy consumption of the equipment by the electricity cost
per kWh ($0.06 kW h) While the wastewater treatment was assumed to be 35% of

maintenanceosts(Leon et al., 2020
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Operating labour cost:

The operating labour for the plant was calculdteth Equation 3.5

NoL= (6.29 + 31.7P+ 0.23N,p)°° Equation 3.5
Where N is the number of operatin every shift, P is the number of processing step
including solid handling such as transport, particle egectionetc and Nypis the number of
processing steps including compression, heating, cooling, mixing, separation etee for th
process, 320 ¢a of annual operation wasedwith employee pay of 19.8USD/employee hour
(Ledn et al., 2020)

3.6.3 Annual revenue calculation

The annual revenue (Equation &@.1vas calculated from production rate of the products per
year multiplied by current marketipes obtained frorKuznetsov et al., (2020), van Putten et
al., (2013), Kim et al., (2021Pnce the revenue was obtained, the annual profit (Equation 3
17) was calculated by subtracting the total production cost from annual re¥&imez Millan

et al.,2021, Hossain et al., 2019)

Revenue (§r) = product yields (kgr?) x current price of product (&™) Equation 3.6

Annual profit ($yr') = Revenué total production cost Equation 3.7

3.6.4 Minimum fuel selling price (MFSP)

The minimum selling price was obtained using Equatid® @g and MartineHernandez,
2020)

0 "O"YD Equation 318

Where TOC = total operating cost and ACC = ansadlcapital cost.

Annualised capital cost was calculdteising Equation 39 (Ng and MartineHernandez,
2020)

ACC =TCI * CRF Equation 319

Where TCI = total capital cost and CRF = capital recovery factor.
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Capitd recovery factor was calculated using equatieBO3Ng and MartineAHernandez,
2020)

0YO — Equation 3.2

Where r = the discourderate and n = plant life span

3.6.5 Sensitivity analysis

Sensitivity analysis othe impact of economic parameters such as feedstock price, variable
operating cos furfural yield, total capital investment and DMSO pnieere included in the
aralysis. The MFSP was measured for 20% change in the vakecbtritical parameter while

keepingtheother variable constant.
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Chapter 4: Design and characterisation of an energy efficient cold
plasma ozone generatar

4.1 Introduction

The production of ozone is gaining increasing attention as it is used in many applications e.g.
disinfection, food processing, bleaching of paper pulp, waater treatmenfPandiselvam et

al., 2017 biomasspre-treatment(lbrahim etal., 2021)etc. However, drawbacks with the use

of ozone for largescale industrial applications are associated with high energy demand and
high costs for generating the ozadnesitu as it cannot be stored due to its shibettime and

high reactivity(Travaini et al., 2016)This drawback can be mitigated by creating an ozone
generator that produces a high concentration of ozone with reduced energy consumption
thereby reducing the overall running cost of the process. This chapter aims to design and
charaterise an energy efficient ozone generator using cold plasma techoaltggy/basis that

ozone can be generated with 30% less energy via cold plasma technology compared to previous
methods, thereby prompting a new wave of explora@ehultzJensen etla 2011a) This

chapter is in a paper submitted to journaCbemicalEngineering andProcessing Process

Intensification.

4.2 Plasma reactor design

In a bid to develop a cost and energy efficient ozone generator, an ozone generator reactor
(plasma DBDreactor) was developed usingw-cost materials such as quartz glass and
stainlesssteelmesh. The dielectric material used to make theithé DBD reactor (Fig. 4.1)
consists of quartz glass of 150mm length on both sides, width of 90mm, inner diameter of
20mm and outer diameter of 22mm. The electrodes (inner and outer) were made up of 316
stanless steel mesh with a diameter of 20mm and length of 60mm. The electrodes are in contact
with either side of the dielectric material (quartz glass) causing a discharge to occur on the
surface High voltage wires were connected to a variable AC poweplgupf 07 240 volts
providing a voltage of 1 10kV utilizing a power of 5 40 watts The utube shaped ozone
reactor was placed in a container with water/ice to regulate the temperature during ozone

generation.
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Fig 4.1. Double surface plasma zon¢ube ozone generator reactor ajl 2onfiguration b)
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4.2.1 Effect of power and reactor configuration

At a power of 8W the amount of ozone produced and concentration for theoheplasna

(TZP) was 2.5 times highet18.8 mght vs 324 mgHt and 19.8 gni vs 51.4 grit respectively)

than for the single zone plasma (SR&actor(Fig. 4.1 a&l). The twezone plasma reactor
provides an increased surface area for unreacted oxygen flowing through the first plasma zone
thus enhancing the amount and concentration of ozone generated. In addaitbxed oxygen

flow rate input (100 mLmin®), the optimum rate of ozone production (118.8 vs 332 Wgh

and concentration (19.8 vs §3n3) for SZP and TZP were achieved at a power input of 8W
and 13W, respectively. A further increase in power consumption (above 8W and 13W for SZP
and TZP respectively)etl to a rapid decrease in the amount and concentration of ozone
produced (Fig. 4.1a&b). This is likely because increased heat obtained from the high energy
electrons and dielectric heatii§aleem et al., 2019roduced at higher power level slows
down oone formation and results in the conversion of ozone back to oxygen. As ozone is very
sensitive to temperature where it slowly decomposes (in minutes) at ambient temperature and
rapidly (<1 second) at higher temperat(Balam et al., 2013jhere is therere the need for a

cooling system for the ozone generator to mitigate the effect of increasing temperature.

It is important to note that at the same voltage, the power consumption of TZRlaaswo

times the power consumption of SZP igipg that the TZP was more energy efficient than

SZP achieving 2.5 times increase in 0zone concentration and amount generated. For example,
at a voltage of 5kV the amount of power consumed by the TZP reactor was 1.7 times higher
(17.7 vs 31. %) than forthe SZP (Fig 4.1c).
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In addition, higher ozone amount and concentration for the TZP was observed as unreacted
oxygen and/or decomposed ozone from the first plasma zone passes througbrttiezsre

for recombination into ozone hence increasing ozone generation efficiency. Similarly, Li et.
al. (2018pbserved a higher ozone concentration of 5862 for double surface DBD having

two plasma zones at the top and bottom of a horizontakareghan 28g Nm= ozone

concentration for a single plasma zone of a horizontal reactor at a power afl38.00

4.2 .3Effect of cooling conditions.

To minimise the decomposition of ozone at high power input (> 13W) in the DPZ system, the
U-shaped reactor was placed in either a water@L®r water/ice (0C) bath to provide a
cooling effect and maintain a steady reactor temperature. At high power input of 13W, the
ozone concentration increased from 540 ¥(air) to 112.2 gn3 (water) and 117.6 gn3(ice),

and the amount of ozone generated increased from 3240 ifagr) to 673.2mg h! (water)

and 705.0 mgh?! (ice) (Fig 4.3). At power input >13W both the ozone concentration and
amount generated stabilised because of constant renfdwedt from the reactor by the cooling
water or ice. According to Equatise2.3 & 2.4,(Section 2.4, every oxygen atom obtained

from the splitting of an oxygen molecule by energetic electrons from the plasma field leads to
formation of one ozone mole&jlwith an increase in input power, more ozone molecules are
formed because of an increase in oxygen atoms. At a further increase in power input (above
the optimum), the temperature increases, and rate of ozone formation slows down.
Simultaneously, a strgnmicro discharge in the discharge gap takes place at increased power
and the oxygen atoms reach an undesired concentration and start to destroy the already formed
ozone molecules (Equation 2.&hen et al.,, 2008, Jodpimai et al.,, 20H5)d the ozone
destuction reaction shows a strong temperature depend&hen et al., 2008, Brueggemann

et al., 2017)
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The process of heat removal from the ozone reactor involves heat conduction from the
discharge gap thrai the gas layer to the dielectric and stainrktsgl mesh (electrode) and

then to the cooling watgBrueggemann et al., 201Maving measured the cooling water
temperature or wall temperature (reaction without cooling) during ozone generation aj varyin
power input levelsThe average wall temperature when cooling was applied wassQ&

lower than without cooling (Tablk.1) showing that removal of heat led to a lowering of the
temperature in the tube thereby increasing the rate of ozone formdétttean energy is
introduced into the system for ozone generation, only abe20%®of energy introduced into

the system is utéied for ozone synthesis, the rest 80% is dissipated agFrathan, 2008)

To achieve ozone stability the heat should be removed rapidly. Without cooling, the
temperature of the system increases favouring decomposition reactazorad, which is
exothermic, this decomposition reaction becomes significantly faster than ozareidn
reaction leading to a decrease in total ozone concentration. The reaction rate of ozone
decomposition is 6 8 times faster than the dissociation rate of oxygen mole¢ataiman,

2008) Furthermore, when cooling is applied to the system, thedete is maintained
below ambient temperaturégble4.1) andincrease in power led to production of more oxygen
radical to produce more ozone thus slowing down the ozone decomposition reaction thereby

producing a relatively stable ozone concentration.
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Table 4.1 Reactor waltemperature (T) and ozone produced intth@-zoneozone generatdrom oxygenat increasing power levels with and

without cooling.

Power (W) T ("C) no cooling T (TC) with cooling Ozone  produced Ozone produced (mghl) with
1 . .
(water at 18°C) (mg h) without cooling (water at 18C)

cooling
5.4 32.0 18.5 79.2 81.0
8 354 18.8 308.2 520.8
13.7 412 20.3 324.1 673.2
20 451 20.9 272.0 681.1
25.7 553 22.4 193.2 691.4

65



4 .3.3Effect of flow rate

At a constant power input of 8W in the TZP there was a decrease in ozone concentration as
flow rate was increased from 0.@50.25Lmin! (Fig 4.4a) likely due to reduced time available

for collisions between oxygen atoms and electwitin the plasma zon@Brueggemann et

al., 2017, Jodpimai et al., 2015) he greater the number of particles in ansatinon zone, the

lower the energy of collision leading to reduced dissociation of oxygen and hence
recombination to form ozor@®rueggemann et al., 2017)
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Fig 4.4: Effect of oxygen flow rate on; a) ozone concentration b) ozone production at a constant

power input of 8W for 10min.
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Plasma density is the concentration of ionised gas particleachvolume. At high plasma
density, concentration of atomic oxygenhigh. when the relative concentration of Q/®

higher than 0.3 0.5% (Eliasson and Kogelschatz, 199@one productio is reduced due to
undesired three body recombination of the atomic oxygen to form molecular oxygen as well as

destruction of already formed ozone.
4.3.4 Effect of packing material

Catalytic (TiQ and SiQ pellets) and notatalytic (glass bead) packingaterials were added

to the reactor gap to provide turbulence to the flow of oxygen and increase the contact between
oxygen and the plasma zome surface plasma, the reaction ocaomghe surfacbetween the
electrode and dielectrics at a selids inteface these increases the ionisation in the plasma
dueto interactionof plasma with the solid surface owing to additional electrons coming from
the surface The small glass beadisd to an enhanced electric field near the contact points
leading to more electrons available for collision with oxygen molecules to form oxygen atoms
(the precursor for ozone formatigiijang Chen et al., 2006y he addition of srall glass beads
(2.0mm) increased the ozone concentration by 282@nd rate by 100 mig?! because of a
reduction in the active surface area thereby reducing the potential reaction between oxygen and
the plasma surfac€urthermore, the addition of glalssads increased the surface area leading

to enhanced ozone formation as the glass beads provide an additional suageafion 2.3

& 2.4 (Section 2.4. This in turn led to an increase in power efficiency by 1BWh)™* with a

higher concentrationl@0 vs96 g m3) and amount of ozone (720 vs 576 mY) produced at

the same power input when compared to the reactor without glass beads (Fig 4.5). In the reactor
without packing material, more oxygen flows out of the plasma zone without reaction on the
surface of the dielectric.
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It is known that the amount of nitrogen in the oxygen gas used for ozone generation can affect
the catalytic activity of any photocatalysts ug8eok et al., 2015 UV light emitted in the
discharge gap is due to the transition of nitrogen from a high energy state to a lower energy
state. SiQand TiQ used as packing materials in this work have high band gap energy of 8.9
and 3.2eV respectively which means they need a very high energytdeaetivate their
photocatalytic activity. The oxygen gas used for this study had a purity of 99.9% with a very
low nitrogen content (<500 ppm) thereby with little potential to cause inactivation of the
photocatalytic effects of Skand TiQ. The additio of SiQ increased the ozone concentration
from 117 + 1.50 to 120 + 2.2 ;™ when compared to the reactor without packing material
while the addition of Ti@pellets resulted in a slight decrease to 108 + 1.80°Fig 4.6).

The slight decrease in oz®@moncentration in the case of Bi€an be attributed to its high
dielectric constant (8§Pekarek et al., 2016M high dielectric constant causes an increase in
the electric field with higher power input producing a localised heating that leads to the
destruction of ozone. Sk@&nd glass beads with much lower dielectric constants {#\Bedet

al., 2020)and 3.5Liang Chen et al., 2006@spectively exhibited the opposite effect resulting

in a reduction in ozone formation and concentration. For eamheozactor, there exists an
optimum value of dielectric constant that favours ozone generation. Ogata et. al., (1991)
observed that ozone production was minimal when Bapélets (of dielectric constant 660)

were used as a packing material. Similarlp|4ér et. al. (2005) observed that higher ozone
concentration (200 ppm) was achieved with a DBD reactor without packing material than for

a reactor with BaTi@pellets (with dielectric constant of 5000).

The size and shape of the glass bead; difd SiQ used as packing materials had a significant
effect on the ozone concentration and generation efficiency. Spherical 2 mm glass beads were
used in comparison to the larger 3.18 mm diameter cylindrical shapedidCsiQ pellets.

The smaller the diametef the substrate, the greater the surface area available which increases
the possibility of a micro discharge and collisions between the oxygen molecudédslition,
Al-Abduly et al.,(2020)packed an ozone generator with cylindrical aluminium pelletgs(2

3 mm), spherical glass beads (2 mm), spherical molecular sieve beads (2 mm) and spherical
sodalime beads (3 mm) and observed that irrespective of the size of the packing material,
spherical packing material was more effective for ozone generatiancytiadrical shaped
materials. Chen et al., (2008) packed an ozone generator with glass beads (2, 3, and 5 mm)
and AbOs pellets (2, 5 and 10 mm), and observed maximum ozone production with the smaller

pellets i.e. 2 mm. Hence for the reactor used is shudy, the maximum ozone concentration
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140 gm3was achieved with 2mm glass beads at low power input of 8W and oxygen flow rate
of 0.1 L min’l. when compared with other literature (Table 4.2), the ozone generator used in
this work will besuitable for many industrial applications due to the cost effectiveness of ozone
generation with low oxygen and power consumption. A higher concentration of ozone means
that a lower volume will be needed for industrial applicatidingrefore, the scalaliiy of the

ozone generator is potentially attractidae to its ease of constructioand inexpensive
materials usedsit is a compact desighatsaves equipment spaséh multiple plasma zorse
arranged in parallab generate higher amount of ozonédn@n a single zone with increased
discharge lengtldue tothe synergistic effect of the multiple zamd-or exampletwo zone
generates 2.5 timesoreozone(section 4.2.1phan doubling the length of a single zone plasma
Using a long length increases the residence time of ozone in the reactor thereby enhancing
other side reactions that lead to ozone destruction thereby reducing the ozone concentration

and efficiency.
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Table 4.2: Comparison of different mar configurations from the literature for ozone concentration and productivity.

Discharge Dielectric = Packing Oxygen Ozone Productivity Voltage Power Reference
material flow rate conc. Ap- (W)
. : kw-th1) (KV)
diameter (L min~ PRt
iameter (L min™) gmd)
(mm)
Cylinder -cylinder Glass tube - 0.12 (air) 8 46 8 5 Fang et al., 2008
Fence like copper foil Al20s3 - 0.1 48.3 108.7 - 5 Lietal., 2018a
(DSDBD) plate
Cylinder-cylinder Glass tube 1.25 0.5 130 83.3 - 6.4 SchmidtSz a g o
Packed with SIQ pellets et al., 1990
Cylinder — cylinder packed Glass tube 2.00 1 61 173 15 15.6  Liang Chen et al.
with Al 203 pellets 2006
Cylinder — cylinder packed Glass tube 2.00 0.06 152 108 - 34.6  Al-Abduly et al.,
with glass beads 2020
Cylinder-cylinder Glass tube 2.00 0.1 140 90 2.5 8 Current study
Packed with glass beads (our work)
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4.4 Summary

Higher ozone concentration and amount (2.5 times) was achieved usingengvoompared

with a single zone plasmaeactor. A maximum ozone concentration of t#0°and 90g

(kWh)1 productivity were obtained from the tvamne system, which is comparable to
commercial ozone generators but withi380% lower power consumption (kiWh kg Os).

Cooling of thegenerator led to a decrease in gas temperature in the reactor leading to an
increase in 0zone concentration at low power input. Mitigating the drawbacks of high cost of
0zone generation associated with its industrial applications such as biorefinertesyatas
treatment and the textile industries, as high concentration of ozone is produced with lower

power and oxygen consumption
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Chapter 5: Pre-treatment and fractionation of residual lignin
from agricultural residues.

5.1 Introduction

Oxidative pretreatment such as ozone assisted has recently gained attention due to its high
reactivity at ambient temperature and pressure witltmtdomposing the cellulose and
hemicellulose fractions. To date, greatment has largely focused on conversiorthef
cellulose and hemicellulose fractions to biofuels, leaving lignin as a residue. However, only
using hemicellulose/cellulose for ethanolplatform chemical production is not economic due

to the high energyand coss required to produce ozone. Therefore, integrating lignin
valorisation with biofuel production is needed to increase the profitability and sustainability of

the biorefinery pocess.

The aim of this chapter i® evaluate the oxidative effect of intensified ozonetpratment
and fractionation compared to alkaline hydrogen peroxidetrpagment on agricultural

residuesThis will be achieved by:

1 Intensifying ozone préreatment byncorporatingultrasound to improve ozone mass
transfer.

1 Subjecting a@one pretreated spelt husk and corn cob agricultural residues to
organosolv fractionation wittheyield andpurity of componentassessed.

1 Evaluatethe structure and composition of the resultant lignin and cellulose for
potential use in downstream chemical production.

1 Comparethe effect of ozone and hydrogen peroxide -peatment on cellulose
composition and structure.

1 Propose a mechanism for the freatment and fractionation reaction.

Part of this chapter has been publishedChemical Engineering andProcessingprocess
IntensificationJournal 159, 108231Appendix Al).

5.2 Intensification of ozone pretreatment.

In addition toimproving the economics of ozone greatment through reduction of ozone
production cos via the design of an energgfficient ozone generatoiChapter 4), it is
important to enhance sugar production for platform chemicals through increased lignin

separéon via ozonolysis. This could be achieved through increasing contact of ozone with
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biomass partiesto improvethe ozonelignin reaction(Wan Omar and Amin, 2016Binder
et. al., (1980pndVidal and Molinier (1988) showed thattonventional magnetistirrer was
ineffective for adequate mass transfer leading to low ozone consumption which in turn leads

to low lignin separation and low sugar recovery.

5.2.1 Ultrasoundassisted ozone préreatment.

Including ultrasound in the ozone greatment of car cobs enhanced the mixing between
biomass and ozone, resulting in an increase in ozone consumption from 0.24 to£y39g O
corn cobwith a 38.5% decrease in the acid insoluble lignin concentration from 52 to 32 mg g

1 compared to using ozone only. This is because ultrasound increases the diffusion of ozone
into the feedstock, most likely via the creation of a pressure difference resulting in pressure
waves passing through the liquid leading to formation of bubblesbiiigles grow and then
collapse resulting in the 1distribution of molecules around the bubbles to other parts of the
feedstock, this results in formation of microjets that penetrate/break cell walls and increase the
surface area of the substréBeissemker and Zhang, 2013} he results in this study are similar

to other studiegVidal and Molinier, 1988a, Neely, 1984, Cesaro and Belgiorno, 2i13)
which the lowest acid insoluble lignin content was achieved by increttsragpntactwith
ozoneVidal andMolinier (1988) ozone prereated popolar sawdust, achieving 66% reduction

in AIL usingafixed-bed compared to a 22.5% reduction using a stirred tank reactor. Similarly,
Cesaro and Belgiorno (2013) treated municipal solid waste and observed that meréd@zo
gmin?) reacted with the waste when usindpibble column reactor compared2@min?)

whena drechsel trap reactor was used, as a resutiayt effective surface contact between
ozone and the substraifie the best of our knowledge, this is the first study where ultrasound
has beerincorporated with ozone piteeatment of biomass in a batch reactor to improve

surface contact between ozone and the substrate.

From SEM image$Fig 5), it can be seen thahtreated corn cob exhibited compact fibrillary
morphology (Fig 5.1i) with intertwined fibres covering the cellulose while ozoneemement

alone (Fig 5.1ii) showed a looser fibrous network and disorganised morphikdelgydue to
disruption of the celall structure. The fibre network following ozone with ultrasound pre
treatment (Fig 5.1iv) was more collapsed and separated with greater exposure of the inner part

(cellulose) thereby accounting for the lower lignin content. Similar structural changes we
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observed when sugarcane bagasse was treated with(&mreaCorréa et al., 2013, Travaini
et al., 2013pand ozonealkali mix (Bi et al., 2016)

L . Ny . 20 IR N

NL D80 x500 200um 2019-01-23 NL D7.4 x500 200 pm

Fig 5.1: SEM images of corn cob;untreated, ii) préreated with ozone, iii) prereated with
ultrasound and iv) preeated with ultrasound and ozone at ozone concenti@t®mwt % and

pretreatment time of 30 min.

Furthermore, the effect of pteeatment on the surface area andepeolume of corn cob
determined byBrunauerEmmettTeller BET) analysigTable 5.1) showed that all three pre
treatmengresulted in botlanincrease in surface area and pore volume of corn cob. Ozene pre
treatment in combination with ultrasound showleel highest surface area and pore volume of
17.5m?g and 0.006EM°g* respectively due to increased ligrdarbohydrate link disruption
within the lignocellulose matrix. A similar increase in surface area and pore volume was
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obtained for ozone prieeatel waste (magazine paper) frommeg ™t and 0.1cm’g™ to 95 m’y
Land 0.12%m’g ! respectivelyKojima and Yoon, 2008)

Table 5.1: Surface area and pore volume of untreated asickpted corn cob.

Sample of corn cob Surface area (?g?) Pore volume (cm3g?)
Untreated 9.8 0.0037
Ozone prereated 15 0.0056
Ultrasound prereated 11 0.0042
Ozone/ultrasound preeated 17.5 0.0065

5.2.2 Effect of pretreatment time

Pretreatment time above 30 min for both ozone and ultrasound had a negligible effect on total
lignin (acid insoluble + acid soluble lignin) recovery. From the reaction mechg@Risaetion

5.1, Section 5.7)electron deficienbzone can access the electron rich aromatic bonds of lignin

as long as ozone can penetrate the biomass which in this case was aided by the use of
ultrasound. After this initial reaction the available aromatic bonds decline leading to a small
and nonsignificant decrease in acid insoluble lignin and increase in acid soluble lignin content.
Incorporation of ultrasound in the pieatment led to a shorter peak reaction timen(at)
compared with 36€nin for poplar sawdust (Vidal and Molinier, 1988b) 150 moinwheat and

rye straw (GarciCubero et al., 2009and 120 min for sugarcane bagasse (Travaini et al.,

2016) when using ozone alone in a fixeel reactor.

5.2.3 Effect of moisture content

Feedstock moisture content has been reported as the mostampgdraracter influencing

ozone preareatment (Neely, 1984, Gare@aubero et al., 2009, Mamleeva et al., 2009, Travaini

et al., 2016) because it serves as a medium to aid ozone movement within the feedstock as well
as affecting the concentration of ozaral of generated radicals. However, optimum moisture
content (MC) is feedstock specifieeedstocks of varying moisture content (corn cobs 42.9%

100% and spelt husk 11%©0%) were prareated and showed that acid insoluble lignin
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decreased (up to 66% MCrfoorn cob and 40% MC for spelt husk) with moisture content but

then increased thereafter (Table 5.2). Acid soluble lignin (ASL) increased following reaction

with ozone likely due to the insertion of hydrophilic groups from the ligaifbohydrate

complex(LCC) converting acid insoluble lignin (AIL) to acid soluble ligrfi@arciaCubero
et al., 2009, Yu et al., 201The highest acid soluble lignin of 44.6 and 42.1 rigngs

achieved at 66% and 40% moisture content for corn cob and spelt husk corresfiadatgl

lignin recovery of 50.4 and 73.6% respectively (Tab®.5

Table 5.2 Lignin fractions following ultrasound/ozone pireatment of spelt husk and corn

cob with varying moisture content at an ozone concentration of 2 wt% for 30 mins

Feedstock Moisture
content
(%)

Spelt 0

husk 11
30
40
50
70
80
100

42.9
51.7
57.98
66.02
72.02
82
100

Corn cob

Acid
insoluble
lignin

(mg g*)
160.3° 0.1
84.0°
60.2°
55.2°
58.2° 0.88
61.6 ° 0.49
64.4° 0.13
70.0° 0.32
51.0° 0.3
31.5° 0.08
22.2° 0.12
15.3° 0.67
14.9° 0.95
16.7° 0.10
21.3° 0.16

0.44
0.28
0.71

35.3° 0.3

1 ND means not detected

Acid
soluble
lignin

(mg g*)
32.7° 0.16
34.3° 0.05
38.9° 0.78
42.1° 0.54
39.5° 0.34
37.8° 0.29
36.9° 0.05
35.0° 0.34
29.8° 0.49
34.8° 0.05
38.6° 0.41
42.7° 0.12
44.6° 0.17
42.5° 0.54
38.8° 0.77
32.0° 0.42
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Total lignin  Lignin

(mg g%)

193.0
118.3
99.2
97.3
97.7
99.4
101.3
105.0
80.8
66.3
60.8
58.0
59.5
59.2
60.1
67.3

recovery
(%)

61.1
51.4
50.4
50.6
51.5
52.5
54.4

82.1
75.2
71.8
73.6
73.3
74.4
83.3

Glucose
(mg gh)

1.23
0.85
1.41
1.52
1.17
1.09
1.00

IND
ND
ND
<0.1
ND
ND
ND



The loss of lignin during preeatment is likely due to the oxidation to low molecular weight
compounds such as phenolics and carboxylic acids such as acetic acid, oxalic acid, formic acid
and glycolic acid (lignin degradation products) (Fig 5A%).a mdsture content below the
saturation point of the biomass (66% and 40% for corn cob and spelt husk respectively), there
is a limited mass transfer of ozone which results in reduced reactivity with the substrate.
However, at moisture contents above the sditum point, the biomass pores are blocked by a
thick film of water leading to large residence time of ozone, therefore more ozone is
decomposed without any positive contribution to thetpratment{Vidal and Molinier, 1988Db,
Mamleeva et al., 2009 he optimum moisture content for increasing the ozone reactivity is
feedstock specific, e.g. /0% for Japanese Cedar sawd@igimoto et al., 2009)60% for

Aspen sawdust (Nadezahdgaal, 2009) and 90% for cotton sta(iilverstein et al., 2007)
Therefore,the saturation point of biomass/feedstock should be identified when using ozone
assisted préreatment. Furthermore, it can be seen that at the moisture saturation point of
biomass, the concentration of lignin degradation products is lowest.@igvbich is evident

that lignin was solubited rather than degraded. In contrast, at a higher moisture content there
are competing reactions as reactive OH radicals are generated due to the excess moisture
degrading lignin more than solubilizing it (Hoig and Bader,1983: Traviaat al., 2013).
Mamleeva et. al., (2009) showed that oxidation of lignin (degradation of lignin) led to
generation of oxyaromatics thatetransforned into short chain aliphatic acids. The major
degradation products generafeaim spelt husk were acetic, formic, glycolic and oxalic acids
with the same acids generated for corn cob with the exception of glycolic acid, this may be due
to differences in the type of lignin present in the feedstocks. Acetic, formic and oxalic acids
were the major degradation products identified for ozonated wheat straw (Biralef.980)

while for ozonated wood chips, acetic, formic, oxalic, tartaric and glyoxalic acids were
identified( Bend ko et al ., 2013)
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Furthermore, a low concentration of glucose (<2% wt/wt of the initial biomass) remained in
the wash water with no trace of xylose, HMF and frafuletected (Table 5.2) indicating that
only a small amount of cellulose was hydrolysed duringtig@ment.Therefore, it can be
concluded that ozone assisted-peatment provides an approach where the cellulose and
hemicellulose remain relatively intag@chultzJenseret al, 2013) This is one of the unique
advantages of ozone prmeatment over commerciple-treatment alternatives such as steam
explosion where substantial amount80-87%) of cellulose and hemicellulose are
lost/solubilsed in the process due to high temperature R0220°C) and pressure (L 1.5

MPa) producing inhibitory products such H&F and furfural which hinder subsequent
hydrolysis(Ngeset al, 2016)

The SEM images of raw spelt husk (Fig 5.3 Ai) show a more densely packed structure than
that of raw corn cob (Fig 5.3 Bi) which has a more loosely packed fibrous structure likely due
to a higher lignin content. Following pteeatment, SEM images of both feedstocks showed a
more porous structure with an increased surface area resulting from the breakage of lignin
bonds. The images with the widest por&@Smm (Fig 5.3 A & B (iii)) corespond to the lowest

acid insoluble lignin content showing a more open porous structure. A similar behaviour was

also shown byarroset al.,(2013 for ozone prdreated sugarcane bagasse and straw.
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Fig 5.3. SEM images ofA) spelt husk an@B) corn cob following ozone/ultrasound greatment for 30 min at an ozone concentration of 2%

mol mof! with varying feedstock moisture conteij:raw, (i) 11%, (iii) 40% and(iv) 50% for spelt husk ang) raw, (ii) 42.91%,(iii) 66.02%

and(iv) 100% for corn cob.
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5.3 Fractionation of ozone pretreated agricultural residues.

Typically, after pretreatmet, the resultant solidontaining remainder of lignin, cellulose and
hemicellulose is subjected directly to enzymatic or catalytic hydrolysis for further downstream
processing to produce thanolor platform chemicals leaving a lowquality lignin residue

at the end of the proce¢Ragauskas et al., 2014)he lowquality lignin obtained due to
irreversible adsorption of enzymes and fermentation components during enzymatic hydrolysis

is often used as boiler fu@ozel, 2010)to improve the energy balance of the process

Thereforerecovering highguality lignin and converting it into highalue chemicals alongside

the utilisation of cellulose and hemicellulose for biofuel and platform chemical production is
of importance from an economic and sustainable perspective. Ligniii, 2% wt% of
lignocellulosichiomass, composing of aromatic compounds, can be used to producedow
carbon fibre(Baker and Rials, 2013yhich can replace steel in the body of automobiles, used
as a substitute for polymeric materials such as polyurethane foams, phenolic powder resins
(InoneKauffmann, 2009and a precursor for green diesel productimough hydrogenation
(Yuan et al., 2013However, to achieve complete wddtion of all three structural components

of the biomass to valdadded products, it is necessary to simultaneously convert lignin
alongside cellulose to phenolic derivatives aacfronate high quality lignin prior to the
hydrolysis stage to prevent irreversible adsorption of hydrolytic enzymes, the breakdown of
lignin, formation of unwanted bgroducts that deteriorates the properties of final product
(Saini et al., 2016)

Convenional organosolfractionation utilisesmixture of organic solvents such as ethanol,
acetic acid, methanol, formic acid edand water at a teperature of.50-200 C in the presence
or absence of catalysi separate individual biomass compon@tatsakas et al., 201&un et
al., 2018) Ethanol is prove to bethe most effective organosolv solvent to fractionate lignin
due to its ease of recovery and low c@stato et al.,, 2005, Matsakas et al., 2018any
previous studies have used an etharatidw concentration of 60:40 for conventional
organosolv préreatment at a temperature range of-280 C, 1% acid catalyst (HCI A$Qy),
1-1.5MPa pressure to optimise carbohydrate and lignin reco@mgng et al., 2016a,
Wildschut et al., 2013)
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5.3.1Effect of fractionation temperature and time

Ethanol fractionation of praeated biomass at a temperature above boiling poin€Cjgénd
below boiling point (70C) of ethanolin contrast to temperature range of 18I C
(conventional organosolv) at diffent reaction times were examined to determine the best
conditions for lignin and cellulose recovery as well as hemicellulose recovery from the liquid

fraction. The goal was to fractionate at a low temperature to improve process cost and safety.

Ozone pe-treated feedstock at saturation moisture content (40% MC for spelt husk and 66%
MC for corn cob) containing 55.2 and 14 g* of acid insoluble lignin respectively were

fractionated with ethanol:water (60:40) at 80

Cellulose pulpas a term used ithis studyrefers to residual solid containing cellulose,
hemicellulose, extractives, proteins, and remnant of lignin obtained after organosolv

fractionation and filtration.

Increasing the reaction time from 60 to 18 (Fig 5.4a), resulted in a greater lignin recovery
from 35.1- 41.7 mg ¢ (63.5- 75.5%) and from 39i751.8 mg ¢ (71.9- 94%) for 70C &

80 C temperatures respectively but then decreased to 26.7 and 46:9 @@8.4) and 85%)
respectively at 24fin. Cellulose pulp yields were slightly decreased from 60 to 180min from
779.5 701.2 mg ¢ (91.5 to 82.3%) and then increased to 86.2% at 240nui7@&®C, while
cellulose pulp yields decreased from 736@®5.2 mg ¢ (86.5- 81.6%) with increasing
reaction time from 60 1 8 0 mi AC. The incBd&se in cellulose pulp yield at 24
reaction time might be because of apodymersation or recombination of reaction
intermediates such as H@adicals forming more siol residue hence leading to a pseudo
increased cellulose yield and decreased lignin recovery at the extended reaction time of 240
min. Furthermore, an increase in temperature fronC%0 80C led to an increase in lignin
recovery and decrease in cellulgadp yield because of increased hemicellulose hydrolysis at
the higher temperature which shotiat theconcentration of watesoluble fractions increade

2 fold (Fig 5.4H
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A small amount of watesoluble hemicellulose (xylose and arabinose) of 1.13% from spelt
husk and 1.04% from corn cob was also obtained (Fig 5.4b). The high lignin recovery of >90%
for spelt lusk and corn cob were higher than the 85% achieved using the ethanol/ organosolv
for raw corn cob and spelt husk. This higher lignin recovery is likely because of increased
disruption and opening of the lignocellulose matrix following ozonetng@ment a the
lignin-hemicellulose bonds are already disrupted making it easier to ssdubging the
organic solvent at mild temperatures. In addition, the hemicellulose water soluble fraction of
ozone prédreated feedstock was much lower (<2.0%) than thatir@atausing conventional
organosolv for raw corn cob and spelt husi8¥). High hemicellulose water soluble fractions
(7-8%) as reported with the use of conventional organosolv are likely due to increased
hydrolysis of the hemicellulose which occurs at tigher temperature of 150200°C and
pressures in the presence of an acid needed to chemically break ether bonds in tfiufignin
and Murray, 1996, Matsakas et al., 2018)this study increased lignin (>90%) and cellulose
recovery (85%) werboth obtained at a relatively mild temperature of 88AG atmospheric
pressurgeducing the risk (such as safetggquipment corrosigrassociated with operation at
high temperature and pressurddatsakas et al., (2018) pteeatedspruce biomass using

hybrid organosohsteam explosion preatment, posthe steam explosion, organosolv
fraction was done using 65% ethanol atZDfr 60 minwhichachieved 7% lignin recovery

with 95.7% purity, 72% cellulose pulp yield and 5% water soluble fracBhun.et al.,(2016)
fractionated corn stalk with a mixture of acetic acid/formic acid/water (3:6:1 v/v/vP@tfe0

180 min and achieved 38% lignin yield with 44% purity and 53% cellulose pulp yield.

Similar to organsolv fractionation is ionsolv fraction, which involvesthe use ofan ionic

solvent at temperatures of 12016(°C and atmospheric pressure to dissolve lignin and
hemicellulose leaving cellulose as a filterable solute and lignin is recovered using-an anti
solvent(BrandtTalbot et al., 2017However, problems with this fractionation method is that
more aggressive changes are observed with regenerated lignin as well as drawbacks with the
use ofanionic liquid as solventlue tohigh cost, low thermal stability and high affinity for

water (low blerance to moisturelUsmani et al., 2020Verdia et al.,(2014) fractionated
Miscanthus giganteus with an ionic liquidttitylimidazolium hydrogen sphate) at 120C

for 4h and recovered 82% of cellulose and 70% lignin, although the cellulodeumdsto be
contaminated with the ionic liquid while alterations in lignin structueeaobserved as a result

of cross linking and formation of water insoluble pseligoin. Similarly LaraSerrano et al.,
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(2019)fractionatedoarley straw with an ionicdjuid (1-ethyt3-methylimidazolium acetate) at
105°C for 3.5h and recovered 80% cellulose and 70% lignin.

5.3.2 Effect of catalyst on fractionation.

The effect of catalyst addition to organosolv fractionation &€& untreated and ptteeated

spelt hug& for 120 min was determinedhe aldition of 1wt% HCI increased lignin recovery
from 3.31i 23.1 mg ¢ (6 to 41.8%) and from 4.581.9 mg ¢' (8.3 to 94%) for untreated

and pretreated spelt husk respectively (Fig 5.5lb)can be explainedue to theincreased
solubilisation of lignin and hemicellulose. It is noteworthy that the lignin recovery from
fractionation without aciavas very low (68%) due to the low temperature (8) usedin this

study, for selfcatalysis to occur during fractionation it needs a &itggmperature (>18C) to

cause acetylation of hemicellulose leading to release of acetic acid that catalyses the reaction
(Nitsos etal., 2018) However, the addition of acid {@t% HCI) enhanced hemicellulose
hydrolysis leading to increase in water soluble fraction from a total of 1 to 3% w/w and 1.2 to
2.4% wiw for untreated and pteeated spelt husk respectively (Fig 5.58¢llulose pulp yield
decreased from 800634.7 mg ¢ (94 to 74.5%) and 789.8695.2 mg ¢} (92.7 to 81.6%)
respectively indicating the enhanced solghtion of lignin and hemicellulose with a cellulose
rich pulp obtained. This also led to a colour change atdraion of filtrate after the
organosolv fractionation (Fig 5.5Q\)litsos et al.(2016)observed an increased solusgtion

yield from 30- 55% from Spruce biomass was freated with 1% HCI, 60:4@&ihanol:water)

at 185C for 60 min. Shui et al.(2016)observed an increase in lignin yield from 35.0 to 38.3%
when 1% HCIl was added to costalk pretreatment with acetic acid/formic acid/water (3:6:1
viviv) at 90C for 180 min.
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5.4 Fractionated lignin properties

Fractionated lignin FTIR (Fig 5.6) in comparison to untreatetipretreated feedstocks shows
the absence of B bands at 345@m® which is a characteristic of cellulose. Increased
intensities at 2926nd 2831cm corresponds to €l vibrations ofaliphatic hydrocarbons and
CHz3O groups respectivelfYan et al.,, 2015)which is a characteristic of lignin bonds. In
addition, aromatic vibrations of C=C observed at 16801517 cm? and GO vibrations at
1274 and 1033 cm! corresponds to lignirfyan et al., 2015) This shows thatignin was
successfully fractionated from the lignocellulose feedstock (corn cob and spelt husk).
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Fig 5.6: FTIR of fractionated lignin compared to untreated andrpated corn cob.

The lignin fractionated from raw spelt husk showed small micron particles agglomerated to
form clusters (Fig 5.7) while the lignin following pteeatment showed a smooth and increased
surface area due to collapse of the internal structure as well aadraHlichemical bonds such
asb-O-4 and 40-5. Similar changes were observin switch grass Banicum Virgatump

(Long et al., 2014yith a smooth surface for lignin treated with hot compressed water at 180
compared to loose agglomerated particles inrélve feedstockStewartet al, (2014)also
observed small and dense micron particles when lignin 8ahx purpureavas precipitated
using water at 4@. Fractionated lignin from raw corn caf the current studghowed a
loosely packed agglomerationmicron particles compared to that of raw spelt hii$ks can
bedue to the lower lignin conte(® wt%) of corn cob.
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Fig 5.7: SEM images of fractionated lignin at 80with 1% HCI catalyst for 120mina)

untreated(b) ozone prdreated spelt husfc) untreated anfd) ozone prereated corn cob.

Furthermore, a decreastdlNMR spectral intensity in the aromatic region of ozonetprated

lignin (Fig 58) was observed comparéd the untreated feistock, suggesting increased
reactivity of ozone with the aromatic components of lignin which was also showed in other
studiest Benoko et al ., .HONMR spectBauHiges.8)eotcormdob showad0 1 3)
that the lignin consists of H, G and S gnitf monomers while spelt husk spectra is made up

of H and G monomers with no peak in the S region of the spectra. Hence, the type of lignin
obtained from corn cob is classified as guaiagyingyl while that from spelt husk is guaiacyl

lignin. This is inagreementvith Sun, (2010}hat the unit of monomers that make up a lignin
polymer differ between different feedstocks and this influences its suitability for value added

product and platform chemical production.
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The purity of the extracted lignin was determined by measuring the amount of sugars arising
from cellulose and hemicellulose hydrolysis as well as ash content of the lignin. This is
important as purity is the major factor that determines the use of lignin for advanced
applicationgMatsakaset al, 2019) About 95% pure lignin was achieved fatl ozone pre
treated spelt husk and corn cob with ash content and total carbohydrate impurities both below
2%.Furthermore, the hemicellulose impurities and ash contesrishigher for untreated spelt

husk (2.00%) compared to ozone-meated spelt hugld.35%)whichcan be attributed to poor
hydrolysis of ligninhemicellulose bonds leading to isolation of lignin with hemicellulose as it
remains attached thelignin. Similarly, Matsakas et al(2019)recovered 79.4% lignin with

96% purity from spruce biomass using ethanol as solvent and 1% HCP&t 20@0 min.Li

et al.,(2020) recovered 59% lignin with 55% purity from pine sawdust using ethanol as
solvent and 15% #$0Oy at 180C for 60 min.

5.5Fractionated cellulose properties.

The FTIR of fractionated cellulose compared to untreated antlgated feedstocks (Fig 5.9)
shows absence of bands at 2920 and 287btkat correspond to-El vibrations ofthemethyl
and methylene groups in lignin. In addition, absence of ®andl610and 1274cm?
corresponding to aromatic vibrations of C=C an® ®f lignin were observedlyan et al.,
2015) Hence, bands at 3400,10%nd 897crt corresponding to aliphatic-8 groups, CO-

C pyranose sk el-gycaiticlinvkagesrespecticefClen et al.d20Lk8how
that cellulose was effectively fractionated frdoth lignocellulosefeedstock (corn cob and
spelt husk).
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Figure 5.9: FTIR of fractioned cellulose compared to untreated artdegaited corn cob.
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The raw corn cob and spelt husk feedstocks showed a compact organised and rigid cellulose
structure(Fig 5.10) It is due to strong hydrogen bonding betweba glucose monomers.
However, the ozone piteeated cellulose showed a more disorganised surface morphology
with a loosening of the structure likely due to partial oxidation/depolymerisation of the
celluloseas suggested biWamleevaet al., (2009) This more disorganised structure will
potentiallyenhance the solubility of cellulose and aid its conversion into platform chemicals
and biofuelyf Bendko et al ., 2013)

2019-05-31 AL D86 x1.0k 2018-05-31 AL D80 x1.0k 100um

AL D70 x1.0k 100pm 2019-0531 NL D66 x1.0k 100 um

Figure 5.10: SEM of fractionated cellulose at ®@pwith 1% HCI for 120min from: (a)
untreated(b) ozone prereated corn calt) untreated spelt husindd) ozone prdreated spelt
husk.

Xray diffraction (XRD) spectra of the cell ul
34.4° (Fig 5111) correponding to the lattice plane of cellulose | crys{®ark et al., 2010, Liu

et al., 2019)Cellulose crystallinity index (CI) is the ratio of amount of crystalline cellulose to

total amount of sample containing both crystalline and amorphous cellulose éNaj, 2016.

The CI of raw corn cob (45.5%) was higher than spelt husk (30.2%)due to the lower
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lignin content of corn cob (5Mit%). Ozone praéreatment led to a decrease in the Cl values of

corn cob and spelt husk from 45&%36.8% and 30.20 28.3% respectively due to increased
disorder and amorpsation of the cellulose (Fig 5.111). A similar decrease in the CI of aspen
sawdust cellulose was reported as a result of loosened structure and reduced crystal size caused

by partial oxidative deggmerisation of cellulose by ozone B e nebdk, @013)

The thermal stability of the fractionated cellulose from untreated and ozorteegied
feedstock (Fig BL1II) showed a rapid loss of mass at a temperature of 350°C because of
celluloseand hemicellulosadegradation(Liu et al., 2019, Cheng et al., 2012}he TGA
thermograms (Fig 5.11I1) showed mass loss in three steps. The first step occurrétCat 100
which showed moisture loss from the sample, the second stagé@t@8fesponds to ganic
extractives such as fats, alkaloids, terpenoids and the third stage®&t &&®espond to
cellulose degradatio(Mothé and de Miranda, 20Q9pzone prdreated cellulose showed a
higher decomposition rate compared to untreated feedstock. A sloaddégn of cellulose in

the raw feedstock at temperatures > 300°C could be due to stronger cellulose intermolecular
forces, together with the presence of lignin and ash impurities. The peak degradation
temperature (350°C) in the DTG curves remained the $anboth untreated and pieated
feedstocks which shows that ozone -peatment did not affect the thermal stability of
cellulose. A slight shoulder appeared in the untreated spelt husk°&t 866 to presence of
lignin and hemicellulose while its abnce in the preeated sample shows removal of this

componentPerrone et al., 2016)
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Fig 5.11: (I) XRD and (ll) TG and DTG curves of recovetetlulose from untreated and ozone

pre-treated (a) corn cob an¢b) spelt husk.

Subsequently, the effect of ozone-meatment on degree of polymsiion (DP) of cellulose

was determined using matrassisted laser desorption/ionisation time of flighALDI -TOF)
analysis. The degree of polymsation of both untreated spelt husk and corn cob were 17
containing glucosyl monomer with one potassium adduct having a m/z of 2812 and from the
spectra observed (Fig 5.12), the difference in mass between adsagpesls was 162 m/z
corresponding to one glucosyl unitef@ioOs) (Junget al., 2010). In addition, a decrease in
intensity was observed at higher m/z, this is because cationisation from adduct formation of
bigger molecules are unfavourable making itidifft to reach the mass spectrometer and
generate a signal (Brassetiral.,2014). The DP of spelt husk remained unchanged after ozone
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pretreatment while that of corn cob decreased to DP 14 (m/z 2309.712) having a glucosyl
monomer with one sodium adduétowever, very low degree of polymsation (17)was
obtained for corn cob and spelt husk due to limitations fronMtAeDI -TOF technique used

as larger molecular weight ised molecules resulting from adduct formation are difficult to
detect. Hence, avage viscometry degree of polynsation (DPv) of corn cob and spelt husk
were obtained from its intrinsic viscosity in cupriethylenediamine hydroxide (Cuene) solution
to obtain a definite degree of polynsation. Untreated corn cob and spelt husk had biPv
290 and 88.7 respectively. Ozone -mneatment led to a decrease in DPv to 235 and 58.2
respectively. This decrease in DP of ozonetprated corn cob can be due to the lower content
of lignin in the raw feedstock enabling the partial oxidation otitedle. Hubbelét al, (2010)

also determined the DP of Avicel PH1 cellulose with varying amounts of lignin after acid
chlorite pretreatment and observed a significant reduction in the degree of padgtizariof

cellulose at lower lignin levels.
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Figure 5.12: MALDITOF spectra of fractionated cellulose frofa) untreated spelt husth)

ozone prdreated spelt huskc) untreated corn cob aifd) ozone prédreated corn cob.
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Cellulose purity is defined by theercentage of holocellulose (hemicellulose and cellulose)
content in the cellulose pulp. 78% purity was achieved for ozontrgated spelt husk with
591.2 mg ¢ (69.4%) cellulose and 74.1 mg ¢8.7%) hemicellulose as compared to 73%
purity of untreatd spelt husk with 505.2 mg'g59.3%) cellulose and 116.7 m¢g ¢13.7%)
hemicellulose content. The higher purity achieved fostpgated cellulose pulp is because of
greater lignin (increased lignin recovery) and hemicellulose sdatidn compared tthat of
untreated spelt husk. It is worth mentioning that the impurities in the cellulosamdpe

to the existence of other components such as extractives, proteitisearthainder otthe

lignin retained in the cellulose pulp.

5.6 Hydrogen perxide pre-treatment.

The evaluation of prareatment efficiency of biomass feedstock with an oxidant (hydrogen
peroxide) other than ozone was examitietaled comparison of the two methods in section
5.8). Hydrogen peroxide prreatment is most efficient with highest carbohydrate recavery
approximately90%) and highest lignin separatiohapproximatelg0%) when the pH of the
solution is 11.5Gould, 1984, Yang et al., 2002At pH 11.5, the dissociatioof hydrogen
peroxide occurs to produce a hydroperoxyl anion (H@®echanism showim Section 5.9.3)
which is responsible for the oxidative reaction of carbonyl and ethylene groups in lignin as well
as an initiator for radical formation (Het. al.,2019) As such,the addition of sodium
hydroxide was used to obtain a pH of 11.5 duringtpratment.

Alkaline hydrogen peroxide piteeatment of corn cob and spelt husk was carried out at
different pretreatment times and the solid residue charaetegr{Table 5.3). The cellulose
portion increased for the first 60in for corn cob from 33.35 to 76.15% asypklt husk from

23.9 to 53.37% (Table 5.3) while lignin decreased from 5.0 to 1.25% for corn cob and from
16.03 to 5.47% for spelt husk respectively. Beyond 60 min the cellulose content of the residue
decreased which implies a degradation of carbohydsatew amount of lignin is present that
could react with the generated radicals, as such an wptpre-treatment time of 6@nin was
chosen for subsequent greatments. Similar results were reported by Martpp@zinoet. al.,

(2017) and Fernandedelgadcet. al.,(2019) in their study of alkaline hydrogen peroxide- pre
treatment of olive tree and brewers spent grains respectively for bioethanol production.
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Table 5.3: Hydrogen peroxide ptieeatment of corn cob and spelt huskhwi % (w/w) HO,

pH 11.5, 120C with variation in reaction time from 190 mins.

Feedstock Recovered Celluloseing gv Hemicellulose Lignin(mg gt)
Pretreatment  solid (%) (mg gb)

time (min)

Corn cob

untreated 432.4° 1.0 378.2° 1.2 50.1° 0.1
15 90.5° 0.8 333.5°0.2 221.0° 1.0 30.2°0.1
30 68.1° 1.4  498.3 ° 0.8 307.9°0.8 26.2°05
45 64.3° 1.7 620.7 ° 1.5 183.9° 1.5 17.3 ° 0.7
60 61.4° 0.6 7615 °1.7 124.3° 1.3 125 ° 0.5
90 57.3°1.3 469.3 ° 0.3 317.7° 15 28.3 °0.2
Spelt husk

untreated 318.5° 0.8 291.3° 1.3 160.3° 0.3
15 64.9° 1.1 239.7 ° 0.8 208.4° 0.3 84.1° 0.3
30 47.9°1.6 470.7 ° 0.3 235.0°0.8 66.3°0.4
45 31.4° 1.7 4991 ° 1.5 209.7° 1.0 54.7° 0.8
60 23.3° 0.8 533.7 ° 1.5 94.7° 1.6 58.2 ° 0.7
90 27.2° 0.5 318.9 ° 1.2 131.3° 1.5 68.5 ° 0.8

The liquid separated after pnreatment was analysed and the major product obtained from
spelt husk and corn cob was formic acid with traces of acetic acid (Fig 5.13). Furthermore,
similar to Section 4.3.0, glycolic acid was obtained from spelt husk &séra for corn cob,
which is due to differences in the type of lignin present in both feedstocks. Highest
12% o fof thendegradation praducts rfFagsbsl3) was
obtained at 60 min which corresponds to thetpratment coditions with the highest lignin

concentration( wt / wt
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removal (Table 5.3). Higher concentrations (3 fold) of the lignin degradation products were
obtained from alkaline hydrogen peroxide-pesatment than from ozone gireatment which
shows that the reactive peroxide degrattheslignin rather than solubilises it. However, this
could be recovered to value added chemicals but will increase the processidastiergy due

to additional separation and purification to individual chemicals.
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Figure 5.13: Major alkaline peroxide lignin degradation products from corn cob and spelt husk.
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5.7 Mechanism of ozon@nd hydrogen peroxide pretreatment and organosolv

fractionation.

5.7.10zone treatment mechanism

Ozone reacts with biomass in 3 consecutive stages; firstly, ozone satidnilin water where
ozone bonds with water in the biomass. The formation of reagpeeies mainly ozone and
hydroxyl radicals occusrdepending on the reaction conditions, but other radicals such as
hydrogen peroxide can also be generaBztondly, ozone selectively reacts with aromatic
bonds (carbon double bonds) due to their hightedledensity leading to opening of the lignin
structure. Ozone reacts with aromatic bonds through hydroxylation of the aromatic ring after
an initial electrophilic attack. Followed by i¢ycloaddition to open olefinic double bonds
(Reaction 5.1) by the @gee mechanisn{Criegee, 197p For aromatics, @ initial
hydroxylation is necessary to destabilise and increase its reactivity toward electrophilic

substitution reactionsinlike alkenes where it reacts right aw&xma and Wibaut, 2010)

Finally, ozone reacts with the carbon double bonds througiliggbar cycloaddition d
produce the 1,2;8ioxolane intermediate (Reaction 5.1) which then decompossgntand

anti isomers of carbonyl oxides (Zwitterions) and a carbonyl compound (Rea€2ipn 5

~. 0

oy — T

C N C

AN 0 e Reaction 5.1
2 o

\C/O\ \0® 9 o

L= =1 - i

S o SN SN

Syn Anti Reaction 5.2

Depending on reaction conditions, a number of different products can be formexynainel
antiisomers of zwitterions can cormnle with carbonyl compounds to form ozonoide (Reaction
5.3). Alternatively, thesynandantiisomers of zwitterions can react with solvents such as water
to form other carbonyl compounds liberating hydrogen peroxide (Reaction 5.4) or can

polymerse to form diperoxides or polymeric peroxides (Reaction 5.5).
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Depending on reaction conditions, resulting raldi¢such as OH, H), peroxide and ozone may
react with lignin degradation products to form low molecular weight fragments such as
HCOOH, although the reaction mechanism between ozone and lignin is not completely
understoodSouzaCorréaet al, 2013b) Apart from reacting with the carbon double bonds of
the lignin aromatics, ozone undergoes reactions with cdrpdrogen and carbonoxygen
bonds | eadi n gO-4bondscahdareethoxydy ggoups of thé lignin polyrgieaignar

et al, 1999) The reation between ozone and carbon double bonds occurs at a very fast rate
leading to faster lignin degradation and high initial ozone consumption. Carbohydrates (carbon
single bonds) are more resistant to ozone and their reactiofl {BnE8 slower than lign
(Travainiet al, 2016) Ozone reacts directly with carbohydrates to form carboxyl groups or
reacts with water to generate hydroxyl radicals, which then react with the carbohydrate
components leading to unsystematic cleavage of the glycosidic bondhevpinoduction of

acetic, formic, oxalic, glycolic and other dicarboxylic acids.
5.7.2 Organosolv fractionation

Conventional organosolv fractionation of biomass occurs by breakdown of ether bonds in
lignin to fragments small enough to dissolve in theaongi ¢ s -@thev bomds are tHé main

l inkages broken as +€hbaese & icthd lngpgekcleavagdhdnlg n t h e
occurs in a highly acidic medium (>1M agnof organic acid and at relatively high

temperatures (>15C) (McDonough, 199
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Two consecutive processes occur during organosolv fractionation, the first process involves
splitting of lignin into smaller fragments. This can occur through hydrolysis at the benzylic
posi t iether bomds intthe presence of an acid throughattmeattion of an intermediate
(quinone methide) to form anvSnucleophilic substituted compound (Reaction 5.6) or direct
splitting of the ether bonds forming a reactive stagdlicarbocation (Reaction 5.7) which can
undergo unwanted condensation reactisrtis other molecules to form compounds containing

a single carbon bon@cDonough, 1992).

R 0 H R’ B R’
\RH |
HB
HB
H®
OCH, OCHj, OCHj,
OH 0 OH
H
R’ R’
R (NG . 8\ R ®
R
H®
— —
OCH, OCH, OCH,
OR OR OR

The second process involvegdholysis of lignircarbohydrate ether linkages (glucosidic

Reaction 5.6

Reaction 5.7

bonds) by acid to separate the lignin and carbohydrate fractions (Reaction 5.8). This
fractionated lignin solubilises in the solvent/mixture of solvents, yielding a cellulose rich solid
fraction and a liquid fraction containing lignin fragments and hydrolysed carbohydrates
(McDonough, 1992).

R oR"
CH:OH
CH,OH
o n on®
i o ook, . Reaction 5.8
OH OR
OH

Therefore, the use of ozone prior to organosolvigatment leads to disruption and opening

of the biomass structure which makes it easier for the hydrolysis and bre&khgdignin
carbohydrate bonds. These bonds weaken durintygament with increased solubilisation of
lignin at mild temperatures and atmospheric pressure leading to high lignin, cellulose and
hemicellulose recovery while for organosolv alone, highxéraetion temperatures (120°C
180°C) and pressure of about 2MPa are needed to acceleratditjgimrbond (ether bond)

as well as lignircarbohydrate bond (glycosidic bonds) breakage and solubilisdtloese
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conditions (high temperature and pressagaejse increased hydrolysis of the hemicellulose and
cellulose fractions leading to a reduced recovery.

5.7.3 Mechanism of hydrogen peroxide préreatment.

Chemical addition of a base such as sodium hydroxide to increase the pH to 11.5 is very
important in hydrogen peroxide pteatment as the concentration of the main lignin reacting
species (HOQ generated is optimum at that g&8ould, 1984)

At a pH of 11.5, hydrogen peroxide dissociates to a hydroperoxyl anion {HiR€action 5.9)
whichreacts further with hydrogen peroxide to form hydroxyl ions {@Reaction 5.10). The
(HOO) and (OH) are the main reacting species that react with lignin degrading it to low
molecular weight oxidation productsich as carboxylic acidslowever, (OH) reacts with the
carbohydrate components leading to unsystematic cleavage of the glycosidic bonds with the
production of acetic, formic, oxalic, glycolic and other dicarboxylic acids. When compared to
ozone prereatment, morg OH) is produced leading to higher fraction of degraded
carbohydrate during prieeatment. In the absence of any other reactants, the @@ (OH

) recombine to form oxygen and water (Reaction 5.11).

H,.O, =—=HOO +H" Reaction 5.9
H.O2+ HOO OH + O; + HO Reaction 5.10
OH + O+ Hf Oz + H.0 Reaction 5.11

H20, + HOO + H*

Oz + H2O Reaction 5.12

5.8 Comparison betweermzone and alkaline hydrogen peroxid pre-treatments.

1. Cellulose recovery was highedlfmwving ozone preareatmen{98%o_cellulose recovety
as ozone was more selective to lignin degradation than alkaline hydrogen peroxide
(70%cellulose recoveny During hydrogen peroxide pteeatment, hydrogen peroxide
dissociatesto produce the hydroperoxyl anion (HQQvhich further reacts with
hydrogen proxide to produce hydroxyl (HDand superoxide anion radisdlO2).
These generated radicals then react with lignin depolgmegrit to low molecular
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weight fragments. Although, when compared to ozonetngament, more hydroxyl
radicals (HO are generated from hydrogen peroxide dissociation leading to reactions
with the carbohydrate fraction of the biomass causing undesired cellulose degradation
(Ho et. al.,2019).

. Ozone preareatment involves operation at ambient temperature and pressusepue
treatment time of 3@in while onehour wasneededor alkaline hydrogen peroxide
pretreatment at a temperature of 1€0In addition, utilsation of hydrogen peroxide

at ambient temperature for a safer and greener processeeitla much longer
residence time of Bours or more.

. Ozone prdreatment does not require a chemical additivereasthe addition of an
alkali such as sodium hydroxide is needed to maintain alkatibés pH of 11.5luring
hydrogen peroxide prgeatment whicheads to aubsequentashingor neutralsation

with acid to ensure the suitability of the biomass for further processing. Consequently,
the addition of an acid will lead to the generation of a high amount of salts which could
act as an inhibitor to furthe@lownstream proceisg) as well as increased process and
chemical costs.

. No product dilution occurs during ozone fireatment due tthe absence oé liquid

phase while hydrogen peroxide greatment requires separation of the solid and liquid
fractionsand excessive washing to maintain a neutragphierating water waste that
need to be treated.

. Mass (pretreated solid) loss after ozone fireatment was 5% for corn calnd7% for

spelt husk. In addition, organosolv fractionation was needed for sepaiatm
individual components, whereas using hydrogen peroxide ledrtoch highemass

loss of 31% for corn cob and 68% for spelt husk, respectively. This is as a result of
greater solubikation and hydrolysis of the components (hemicellulose and lignin)

during hydrogen peroxide pteeatmen(Su et al., 2015)
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Chapter 6: Effects of pretreatment on cellulose properties and its
conversion to platform chemicals such as HMm&nd furfural.

6.1 Introduction

Cellulose conversion to platform chemicals has gaineckasingattention as cellulose is an
abundant renewable material containing a high amount of monomeric glucose units linked by
b-(1,4)glycosidic bonds with strong intrand intermolecular hydrogetonds and/an der

Waals forces. Production of HMF from cellulose is challenging due toyis$al structure and

high degree of polymerisatidimiting its solubility in reaction solvents (Zhang et al., 2017).
Cellulose undergoes various physmtemicalkchanges during processing due to lignocellulose
materials having to undergo various forms ofpeatment in a bid to change the recalcitrant
structure and make cellulose accessible for further conversion. The aims of Ghagtdo

study changes ithe cellulose properties arising from fireatment and evaluate its effect on

the rate of conversion to HMF and furfural. This will be achieved by:

f Usi ng mo de |-cellulese)toustudysttee effethf ozone, ultrasound, and
ozone/ultrasound preeatments on cellulose properties.

1 Evaluate how changes in the cellulose properties affect the rate of conversion to HMF

and Furfural.

To evaluate the effect of different catalysts and solvents on HMF and Furfural yield

Investigate the chemistry of theariors.

Propose a reaction pathway for the conversion of cellulose

= =2 A

Evaluate the potential of raw and gireated corn cob and spelt husk feedstocks for

conversion to HMF and furfural.

6.2 Effect of pretreatment on cellulose properties

To stuly the effect of preéreatment on cellulose properties, model cellulodéellulose) was
pretreated with ozone (O), ultrasound (U) and a combination of both ozone and ultrasound
(OU). The SEM images (Fig 6.1) shows that-preatment with U resulted in @ndomly
disorganised broken fibre due to the vibrational effect of ultrasound whiegattenent with

O and OU led to formation of thin strips of cellulose fibres due to breakdown of the hydrogen

bonds leading to reduction in particle sigleen comparetb broad flat fibresn the untreated
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U-cellulose. Image J software used to analyse particle size distribution confirmed that a change
in particle size occurrefiom 175umf o r  u n {callidoaeto £3cHUMUIL5. um and16.4um

for pretreatment with OUQ and U respectively. The decrease in particle size with ultrasound
likely occurs as a result of surface erosion due to collision between the particles and cavitation
bubbles(zZhang et al., 2013a)Hence, the synergistic effect of the combined ozone and
ultrasound prdreatment led to a more pronounced effect on the cellulose surface and patrticle
size. According taStrunk, (2012) cellulose reactivity can be improved by disrupting the
fibrillar aggregation, reducing crystallinity, increasing accessibleasaerind widening pore
structure as a result of breaking the ingerd intramolecular hydrogen bonds of cellulose thus
increasing the available hydroxyl groups neededtlierreaction. Hence, the decrease in
particle size and broken cellulose fibres amai from this work would be beneficial for further
processing of cellulose to platforchemicas. Similarly, SEM images revealed that ozone pre
treatment (ozone concentration o5eg L) of jute fibres ledto thinning of closely packed
cellulose fibres compared to the arrangement in bundles for untreated jut@/faosood et

al., 2017) al though the particle size wasnot rep
fibrillation and increased surfaceear of pretreated cellulose when compared to the more
dense bundled structure of untreated cotton {iGeeshti et al., 2013)n addition, Zhang et al.,
(2013a) reported a decrease in particle size of microcrystalline cellulose (Avicel PH 105) from
38umto 0.4um at a sonication frequency of RBiz for 15 mingZhang et al., 2013a)
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Fig 6.1: SEM images (at 50 and 1th) and particle size distribution of untreated andtpeated (ozone, ultrasound and ozone + ultrasound)

cellulose.
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The XRD spectra (Fig 6.2) for the untreated andtpgrated cellulose show that the crystallinity
index increased from 70% for untreatetldese to 88.8%, 79.4% and 80.5% for freatment

with OU, O and U respectively. Hydrogen ions from water molecules present during pre
treatment led to degradation of the amorphous region of the cellulose thus reducing the fibre
size(Jin et al., 2021 )As the fibre sizes are reduced, the neighbouring cellulose drarisse

to each other and lead to transformation between amorphous and crystalline |(draaret

al., 2015)hence the slight increase in crystallinity index.

12000
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<—
10000 \ Ic ryst Ozone/ultrasound preeated
Ozone pretreated
8000
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6000
‘\
4000
2000
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2000 10 15 20 25 30 35 40 45
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Fig 6.2: XRD spectra of untreated and gireated (ozone, ultrasound and ozone + ultrasound)

cellulose.

Similarly, ozone pretreatment of jute fibres showed a slight increase in crystallinity index from
68.5% for untreated fibre, to 70.1% for ozone-preated fibres. However, Gashtial.,(2013)
observed no change in crystallinity when cotton (cellulose) wasgated with ozone, only a
change in surface properties was observed. In addition, Zétamd, (2013) pretreated
microcrystalline cellulose (Avicel PH 105) with ultrasound at a frequency &H20for 15

mins and found a slight decrease in CRI from 78.4% to 66.3% and concluded that sonication

does not significantly affect the molecular structure of cellulose. Unlike in the cadeathf
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milling pre-treatment (physical reduction in particle $inehere particle size of cellulose was
decreased from 56.4 to 2818 due to destruction of the rigid structure of cellulose hence
significantly decreasing the CRI from 77.1% to 48.(Shen et al., 2020Hence, it can be
concluded that ozone and ultrasopré-treatment only modify the surface of cellulose but

have an insignificant effect on the crystallinity (molecular structure).

Subsequently, the average viscometric degree of polymerisation (DPv) carried out using Cuen
(Cupriethylenediamine) solution (bl 6.1) shows that the degree of polymerisation decreased
from 584 for untreated cellulose to 207, 235 and 443 foitrpegments with OU, O and U
respectively due to hydrolysis of cellulose. It should be noted that the DPv of OU and O were
much lower tha U pretreatments as they produce very reactive species such as ozone and
hydroxyl radicals $ection 5.7,Chapter 5) that delymerisecellulose as opposed tbe
breakdown of cellulose by ultrasonic vibration. Ultrasonic vibration cageeeration of
microbubbles by ultrasonic waves which collapse causing decomposition of water molecule to
hydroxyl radicals thais thenable toreact withthe cellulose(Bussemaker and Zhang, 2013)
Hence prereatment with OU and O led to a faster rate of cellulose dagioa leading to more
cellulose chain ends available for subsequent react®nslarly, Puri, (1984) reported that
ozone prereatedbagasse and wheat straw decrdasellulose crystallinity from 925 and 1045

to 800 and 908 respectively. Likewissynand Tomkinson(2005) pre-treated wheat straw

with ultrasound for 3@nin and observed a decrease in the foénm 1666.4 to 1605.

Table 6.1. Crystallinity index and viscometdegree of polymerisation of untreated and pre

treated cellulose

Sample CRI (%) Degree of
Polymerisation
(DPvV)

Untreated cellulose 70.0 584

Ozone/ultrasound preeated 88.8 207

Ozone prereated 79.4 235

Ultrasound prdreated 80.5 443
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To optimise reactiorronditions to test the effect of cellulose properties on further conversion
to HMF,fur f ur al e t -cellujose wast treated tith dliffetént reaction conditions
(temperature: 120 180°C, time: 220minand variousatalyss such asAlCls, CrCk, CuCh)

to obtain the optimum product yields. DMSO was used as the reaction solvent due to its
efficiency in the conversion of cellulose to HMflarfural and its ability to inhibit undesired

side reactions such as rehydration and reduceoth@ation of byproducts(Choudhary et al.,

2013, Jia et al., 2014b)

All reactions were carried out in a microwave digestion systdiorowave irradiation is
increasingly gaining attention in recent years foragsid heatinghigh efficiency(faster start

up and shut down timeshd easy operation @ampared to conventional heatisgch as oil
bath or hot platesMicrowaveenhances dissolution of cellulose thereby increasing HMF and
furfural yield by reducing the reaction tineprovides nore rapid and efficient thermal energy
that penetratethe centre of reactangd generate uniform hethiroughout the volumghan
conventional heatinthat relies on the diffusion of heat from the heating surface te#otant
hence microwave heatirgrovides energy savings of up to-88d (Yu et al., 2017)Only a

few researchers have used this technology for HixidF furfuralproduction.Li et al., (2009)
used microwave irradiation at 400W for 1 min to convert cellulose with 3.6%z @rCl
[CAMIM]CI at 100°C and achieved 60% HMF yield, In contrast, the above reaction with the
same conditions was carried out using an oil bath #iCL68F 60 min and 17% yield of HMF
was achieved. It was noted that the high yield resulting from using microwatheghwas due

to rapid thermal energy transfechieving 60% HMF yield at 1 min comparedlit® HMF
yield at 60 min.

6.3 Effects of operating conditions on HMF and Furfural yield from cellulose.

6.3.1 Effect of Lewis acids

Lewis acids such as AlgICrCk, CuCh etc. have been used by researchers to increase the
selective formation of HMF from gluco¢klansilla et al., 1998, De et al., 201The chloride

ion in the metahalide catalyst promotes the isomerisation of glucose through thgdrizie

shift pathway to fructose and increases the dehydration of fructose to(HM¥E al., 2018c,
Mittaletal.,2020) Her e t he f e as i-bellulosetoyHM®Was studiedwsng s i o n
AICl3, CaCh, CuChb, FeCk, MnCl.. No HMF was detected when only a Lewasd was used,

this was due to the inefficient hydrolysis of cellulose to glucose due to lackmebkent. To
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attain efficient hydrolysis of cellulose to glucose and its further conversion to HMF, the
addition of a Bronsted acid wased HC| and HSOy are Bronsted acids widely used with HCI
achieving a higher yield of HMF and furfural due to its stronger acidic prop&hesg et al.,
2013b) Therefore, different Lewis acids in combination with HCI (Bronsted acid) were used
as catalysts for cellulosmsnversion to HMF anturfural. The AICk catalyst had the highest
HMF (179mgg?) andfurfural (2062 mg g?) yield (Table 6.2)due to its efficient interaction
with glucose likely due to its small atomic radii amongst the acid catalysts evaluatéeerithe
observed from this workvas AICk > FeCk > MnCl, > CaCh > CuCk (Table 6.2).Pagan
Torres et al.(2012)found out that Lewis acids with a smaller ionic radius display stronger
electrostatic interactions with sugars theratatalysing theconversion of glucose more
efficiently, they observed an decrease in HMF (68%44% yield)with a trend of AIC} >

SnCl > GaCk > InClz > YbCl > LaCk. Ishida and Ser{1996)also observed that lanthanide
ions with smaller atomic number showed a -agfal rate of HMF generation when they
studied the effects of lanthanide (lll) salts on glucose dehydration to HMF. Hence a

combination of AIC4 and HCI catalyst was used for subsequent experiments in this work.

Table 6.2. HMF and Furfural yields fronifférent Lewis acid catalysts with HCI.

S/N Lewis Catalyst Cellulose Yield (mg g%)
conversion HMF Furfural
(%)

1. CaCk 35 2.66 130.8

2. CuCb 24 1.78 140.3

3. FeCk 44 8.25 216.5

4 MnCl> 35 4.75 200.1

5 AICl3 48 17.90 206.2

6 HCI alone 31 3.47 156.9

Reaction conditions: #t% cellulosein DMSO, 1 wt% HCI, 0.1wt% Lewis acid, at 170°C,

for 10mins in a microwave.
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6.3.2 Effect of AICk and HCI concentrations

Unt r e-adluode whis reacted in a microwave digestion system &CI1f® 5min with
varying concentrations of Algland HCI to determine the optimum AlCand HCI
concentrations. At constant 0.1wt9%ICls, increasing HCI concération from 0.5wt% to
1wt% increased both HMF and furfural yields from 1208 175.9ng g to 19.8 and 218.7

mg g respectively. A further increase in HCI abovevi®s led to a decrease in HMF and
furfural yields due to the rehydration to Levulinic aald degradation reactions (Fig 6.3).
Likewise, when HCI concentration {t%) was kept constant, increasing AJCbncentration

to 0.1wt% increased HMF and furfural yields by 7.07 and 6 gigespectively. A further
increase in AlG above 0.Wwt% decreased both HMF and furfural yield due to rehydration to
Levulinic acid and degradation reactions. Furthermore, the benefits of combining both Lewis
and Bronsted acids were observed when a coaipériment was done with HCI or AlCI
alone. Using HCI alone gave rise to very low HMF yield (31@Pg?) while furfural yield of

156 mg g* (similar to when AIC4 and HCI were used) was obtained which shows that HCI
alone was sufficient for reaction firfural. Furthermore, no product was obtained when AICI
was usea@lone. This is because H@Iresponsible for the hydrolysis of cellulose to glucose
monomers while, AlGlis mainly responsible for isomerisation of glucose to fructose before
subsequentehydration to HMF anéurfural (Guo et al., 2020)
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6.3.3 Effects of reaction temperature and time

Experi ments wer e p e-ceflumgeahdiftbtrenvtenipbraturenandrtimes toe d
optimise HMF and Furfural production. Temperatures of’C60180°C and reaction times
from 2 to 20 min were utilised for this study. Test experiments belowCl6Bowed a low
furfural production 94 and 109 mg g* at 130°C and 150°C respectively) with no HMF
formation. High temperature (>1%D) is needed to overcome the high activation energy
needed for HMF formatio(Okano et al., 2013, Zhou et al., 2017, Moreau et al., 2608}F

yields reached a maximum (19v@yg?) at 170°Cfor 5mins (Fig 6.4a) and then decreased with
prolonged reaction time due to rehydration to Levulinic acid and-pagsnerisation between
HMF and glucose forming humins (Jadhav et al, 2014). Shi et al., (2013) reported that cellulose
hydrolyss to glucose is the rate determining step in the production of HMF as the activation
energy for hydrolysis of cellulose (1801kbl?) is higher than the activation energy of glucose
conversion to HMF (135 kdnol?). Therefore, high temperae (> 150C) is needed to
overcome the high activation energy (180 mol?') of cellulose hydrolysis to its sugar
monomers before further dehydration to Hik& Silva Lacerda et al., 201%)evulinic acid

(LA) was observed to increase with reaction time for all tempeys (Fig 6.4c¢) as it is obtained
from the subsequent rehydration of HMF. Although, very low LA yields were observed with
the highest at 0.0é1ig g™ of cellulose suggesting the effective suppression of HMF rehydration
as a result of using DMSO as solventough inhibition of acyclic reactions that leads to
undesirable reaction®e et al., 2011, Choudhary et al., 2018) 180F°C, HMF yield was
observed to decrease drastically likely due to its degradation and the formation of humins as

LA yields at 180°C were relatively constant.

At any given reaction temperature, furfural yields were highest with shorter retictemi.e.
5min. Anincrease in reaction time led to a steady decrease in furfural yield likely due to furfural
degradationHence, optimum temperature and time chosen for subsequent reactions in this

work were 170°C and 5 min.
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6.3.4 Effect ofcellulose concentration.

A range of cellulose concentrationsZBwt%) weretestedand results shows that increasing
the cellulose concentration from 5 to W®%6 increased the HMF yields from 18®26.6mg

gl with a subsequent decrease as cellulose concentration was increased beyadwliile

a decrease in ftural yield was observed with increasing cellulosencentration.
Approximately40% of cellulose was convertedsaand 10 wt% cellulose concentration while

a 30% conversion was achieved 2#wt% cellulose concentratia@ue to its partial solubility

in DMSO. The decrease in HMF and furfural yields with increasing cellulose concentration
can be attributed to side reactions due to epmdgmerisation between excess cellulose or
glucose and HMF or furfural as reported neyious studiefQi et al., 2014, Wang et al., 2016,
Zhou et al., 2017)
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Fig 6.5. Effect of cellulose concentration on HMErfural andlevulinic acid (LA)yields.
Reaction condition: 5 20 wt% cellulose, 1 wt% HCI, 0.1 wt% Al§Jl 20 mL DMSO at

for 5 mins.

6.3.5 Effect of water additionto the reaction system

Moving to economic and green solvent media, migimgi solvent use is highly necessary
(Mittal et al., 2020) A combination of polar aprotic solvehtater media h&been proven to

be effective solvent for substrate solvation and target product (Jin et al., 2021). As cellulose

hydrolysis to glucose is the rate determining step to productiefMF and furfural, addition
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of water is necessary to improve hydrolysis of cellulose to glucose before further conversion
to HMF orfurfural (Hu et al., 2012)The optimum amount of wateeeds tde determined as
excessive amousbf water haea negate effect on HMF yieldda Silva Lacerda et al., 2015)

High water dosage leads to the abundance'adhs which promotethe rehydration of HMF

to LA (Shi et al., 2013) Hence, the optimum water content was determined as well as its

influence on producyield.

Addition of water led to an increase in HMF afdlfural yield (Fig 6.6a). In the absence of
water, cellulose was depolymerised partially to glucose yielding a total reducing sugar (TRS)
of 7.8g9 g* (Fig 6.6b) with low yields of HMF 29.8g g™ (3 mol%) andurfural 243.8mgg*
(36.5mol%). Addition of water to obtain a DMS#&ater ratio of 8:2 (vol/vol) showed an
increase in TRS to 20 g* which in turn increased HMF arfdrfural yields to 45.2ng g*
(5.4mol%) and 317.8ng g! (55 mol%) respctively. The addition of water shifted the
equilibrium of the reaction towards promoting cellulose hydrolysis which in turn led to the
availability of more glucose which can then be converted to HMFfarfdral (da Silva
Lacerdaet al, 2015).However, the addition of more water to obtain a DM8&er ratio of

6:4 (vol/vol) led to a slight increase in HMF afudfural yields by Sand 69mg g™ respectively.

A notable increase in LA yield of 0.78g g (Fig 6.6a) was observed which was dueno a
abundance of Hions rehydrating HMF to LA. Hence, an optimum DM$@ter ratio of 8:2
(vol/vol) was used for subsequent experiments. Furthermore, increase in HMF and furfural
yields can be attributed to increase in isosation of glucose to fructose the presence of
[AI(HO)2]* formed from AICE dissociation in watefMittal et al., 2020) Various researchers
have shown that a DMS@vater media optimises the stability and selectivity of HMF and
furfural. Tsilomelekis et al.(2016)studied the origin oHMF stability in DMSOwater and
showed that DMSO favourably solvated HMF with water content below 0.4 ma&Ms50O-

water media. SimilarlyKimura et al.,(2013) found that the BCellobiose conversion in
DMSO-water media (8:2 vol/vol) yielded 70mol% HMF as compared tandBs yield in
DMSO or 40mol% yield in water media at 170 for 26h using conventional heatinlin et

al., (2021) also observed a higher yield BMF (51.6 mol%) in DMSGwater media (4:1
vol/vol) from celluloseformate (a cellulose derivative) as compared to 11.2 mol% vyield in

water media at 16C for 20 min in a microwave reactor.
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20mL solvent (DMSO: H20).

Formation ofhumins (a brownish black solid residue) was observed as a sediment from the
liquid filtrate of the reaction media with the DMS&ater mixture(8:2) (Fig 6.7). While no
sediment was obtained for the DMSO only reaction. However, a darker coloured solution was
obtained for the DMSO only reaction media probably due to solubility of Humins in DMSO as
reported by several studi€Sumerskii et al., 2010, Ahso et al., 2013Quantification of the
amount of humins was difficult due to some of it being present in the residual cellulose and the

rest in the filtrate (obtained after sedimentation).
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Humins are products formed from the condensation reactions dretdf@lF and sugars and
intermediate during dehydration of carbohydrai®anZandvoort et al., 2013)The
applicationsfor humins are currently limited to the generation of heat through bu(Mig

et al., 2017)It also has a potential of being used toduce biobased thermoset resins and
adhesivegSevilla and Fuertes, 2008% well as feedstock for the production of synthesis gas
and hydrogen due to its high carbon content of approximately 60 Mtfn@ et al., 2015)
VanZandvoortet al.,(2013) propsed a structure for humin as a furan ring connected through
alkylene moieties. To confirm that the solid precipitate was humins, FTIR spectra was
compared against cellulose (Fig 6.7). The FTIR spectra showed a peak at 2250 cm
corresponding to € triple bonds which arise from condensation reaction between HMF,
sugars and intermediatéMdija et al., 2017)Peaks at 1020, 800 and 750 toorresponding to

C-O and GH bend of substituted furans, shows that humins were mainly derived from HMF
(Sevilla and Fuertes, 2009, Patil et al., 201&8psence of a peak at 3300 ¢nfwhich

correspond to €4 bonds)suggestedemoval of water arising frorthe condensation reaction.
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Fig. 6.7: FTIR spectra ¢&) humins andb) pictures of humins in different solvent
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Several reaction pathways for the formation of HMF and Furhaz been described in the
literature(Shen and Gu, 2009, Guo et al., 2020, Shi et al., 20h&refore, from the products

obtained in this workthe reaction pathway to which cellulose isneerted to HMF and

Furfural is describedFig 6.8. Cellulose undergoes hydrolysis in the presenceoffitdm

HCI and HO) by cleavage of the glycosidic bond ring on the cellulose to glucose, producing

a glucose molecule with an aldehyde on one ofarbons. Removal of the aldehyde in the
presence of Hyields an intermediate which then undergoes subsequent dehydration to form
furfural (De et al., 2011)Furfural can be formed from the decomposition of HMF through
dehydromethylation of the furan ringelding furfural and formaldehydéShafizadeh et al.,
1971, Guo et al,, 2020) However , since formal dehyde was
believed that furfural formation didndt occ!
glucose obtained fromellulose hydrolysis isomess in the presence of Al and [Al (HO)Y]*

(formed from dissociation of AlG) to fructose then undergoes subsequent dehydration by the
removal of three water molecules to form HNWhich in the presence of excess water
undergos hydration to form levulinic and formic asidn addition, condensation reactions
between, HMFfurfural, sugars and intermediates occur to form otheprbygucts such as

humins, oligomers etcThis proposed reaction scheme is similarthe reaction schme

proposed by Shi et a2013 for reacting cellulose in the presence of catalyst (NaH3@

ZnSQy) in THF: HO (10:1vol/vol) media at 16CQ for 60 min.
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6.4 Effect of pretreated modelledcellulose( -aellulose)properties on conversion

to HMF and furfural.

Untreated and prreated cellulose were converted to HMF and Furfural undefotiosving
conditions: 10m% cellulose, 1% HCI, 0.1% Algl DMSO:water (8:2 vol/vol) at 17C for
5min. Pretreated cellulose showed a higher yield of HMF and Furfural companentreated
cellulose. Combined ozoraadultrasound prdreatment of cellulose showed the highest yield
of HMF (34.3 and 51.mgg?) and Fufural (52&nd 257.3ngg?) in both DMSO and DMS©O
water media respectively asmpared to HMF (29.and45.2mgg?) and furfural (243.&nd
317.6mgg?) in DMSO and DMSGwater media respectively for untreated cellulg=g 6.9).

As described in Section 6.2, pireatment led to a slight increase in % crystalligit§ - 18%)
and a decrease in particleesand degree of polymerisation. The slight increase in crystallinity

was likely due to degradation of tremorphousregion asan increase in crystallinity is
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proportional to the extent of degradation duringtpeatmentiPuri, 1984)as evident here by
thedecrease in the degree of polymerisation. Therefore, the degraded components of cellulose
(monomers) after prereatment were retained in the fireated samples leading to increase in
the availability of glucose at the start of the conversion proceg$(8c) which in turn led to
increasd HMF andfurfural yields. In addition, the rate of conversion of-preated cellulose
likely increased due to the availability of more cellulose chain ends resulting from
depolymerisation as well as increased suréaea due to reduction in particle size as described
(Section 6.2Chapter 6).In addition cellulose conversion was increagean 40%to 50%

Mittal et al., (2020) studied the effect of crystallinity on HMF and furfural yield from alpha
cellulose with varing degree of crystallinity (59%, 45%, 35%, 17%) in a dioxane: water (3:1)
media at 208C in the presence of AIgHCI catalyst and observed similar yields of%®1
leadingto a conclusion that cellulose crystallinity had no effect on HMF and furfural yield.
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Fig 6.9 Effect of pretreatment in DMSO and DMSO:water (8:2 vol/vol): ¢a) HMF, (b)
furfural and(c) total reducing sugar (TRS) yialdt21 10 mins.
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6.5 Effect of pretreated and fractionated lignocellulosic cellulose properties on

its conversion to HMF andfurfural.

Untreated and prreated (no-fractionated) corn cob and spelt husk (as described in Chapter
5) were converted to HMF arfdrfural. HMF yields were highest in thezone + ultrasound
pretreated feedstock (33ahmd 43.1Imgg?) followed by ozone (20.Znd 31.6ngg?) and then
untreated feedstock (15a8d 11.8ngg?) respectively. Similarly, furfural yields were highest
for ozone +ultrasound préreated feedstock (10%hd 303.9mg g!) followed by ozone pre
treated (978.Jand 245.7mg g?) and then untreated feedstocks (884t 103.3mg g™
respectively. This is as a result of increased surface area causeslyagised morpology

of cellulose and decrease in degree of polysagdn as described in Section 5.7. Although, a
dight decrease in the % crystallinit¥0% decreasea)f pretreated feedstock was observed due

to increased disorder and amorphisation resulting fromneimoval of lignin(Section 56).

Comparing untreated corn cob and spelt husk (Fig 6.10), it was observed that HMF and
especially Furfural yield of corn cob (158d 884mg g?) were higher than spelt husk (11.8

and 103.3ng g?) due the lowelignin (5 vs 16wt%) and higher carbohydrate content (&1

60.9 wt%) Section 3.3. In addition, another influencing factor was the difference in their
morphology as corn cob was more porous with a loosely packed fibrous structure when
compared to the mordensely packed spelt husk (Fig3,5Section5.2.3. Hence, a small
difference of 17.5ng g* in HMF yield was observed between untreated and OUrpated

corn cob while, a greater difference of 3h® g! in HMF yield was observed between
untreated andzone prereated spelt husk. A similar HMF yields was observed for both pre
treated (fractionated) and pieated feedstocks (unfractionated). The major difference with
fractionated and unfractionated feedstock is that the lignin obtained for therfeaetigprocess

is of high purity (>95%) while for unfractionated process is of low purity and requires extra
cost to separate from cellulose hydrolysis products.

The literature survey shows thetudies orbiomass prdreatment and further conversion to
HMF and furfuralarevery scarce. Recentl)kumar et al.,(2021) pre-treated rice straw by
grindingin liquid nitrogen and observed a significant decrease in particle size and disruption
of its internal structure leading to HMF and furfural yield of 18 and 62grhgespectively
using oxalic acid dihydrate, Algl HCI and activated charcoal as catayahd DMSO,
MIBK:2-butanol as solvents at 1%®D under reflux for 6hours. Usingthe same reaction

conditiors, no HMF and furfural were detected using untreated rice straw feedstock due to its
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high recalcitrant naturdlis and Kaya Ozse{2020)reacted untreated costraw and sorghum
with amberlystl5 catalyst in THF/water (3:1) media at ¥8Cfor 30 min and obtained HMF
yield of 5and 4mg g respectively. Although, high levulinic acid yields of 428 94.3ng

g! were obtained as a result efficient dehydration of HMF to levulinic acid and humins.
FurthermoreNis and Kaya Ozsel(2021)reacted untreated sorghum in ionic liqiiidvater
([BMIM]JHSO 4 : H,0) media 1:5 at 18C for 30 min and obtained 117g g levulinic acid,
11.8mgg* HMF and 9.4mgg* furfural. The tigh yield of levulinic acid was attributed toe
efficient dehydration of HMF due tihe acidic natureof the ionic liquid.Therefore results
from this work shows that ultrasowadsisted ozone ptecatment of feedstocksripr to

hydrolysis significantly increasbe HMF andfurfural yield and selectivity
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Fig 6.10 HMF and turtural yields tromuntreated and preeated corn cob and spelt husk.
Reaction conditions: 10 wt% cellulose, 1 wt% HCI, 0.1wt% AICI3, 20mL solvent (DMSO:

HO) at 170 C for 5 mins.
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6.6 Summary

In a microwave reactor, corn cob and spelt husk (untreatepranceated) were reacted in
DMSO-H20O media to produce HMF and furfural. HMF and furfural yields of untreated corn
cob were higher than those from spelt husktdudifferencesn their morphology as untreated

corn cob was more porous than spelt husk aligveager access to cellulose. Pmeatment

led to a 58% increase in HMF yield and 74% increase for corn cob and spelt husk respectively,
while a 10% and 66.7% increase in furfural for corn cob and spelt husk were observed
respectively. Reacting fractiated cellulose from corn cob and spelt hpsdduceda similar

HMF vyield of 40mg g*. Overall, HMF and furfural yields were influenced by change in
cellulose properties such as fibre size, surface area, degree of polymerisation achieved through
cellulosepre-treatment, and lignin conteatl of which can be influenceby pretreatment
Ozonepre-treatment hada more pronounced effect on cellulose properties obtained from
biomass feedstock comparedth@ model cellulose due tthe selective reaction withidnin

which is 16 times faster thaffior the reaction of ozone with carbohydrat@&avaini et al.,

2016)
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Chapter 7. Technoeconomic analysis othe co-production of
HMF, furfural and lignin from spelt husk.

This chapter describes the teckemnomic potential and competitiveness of the conversion
process for large scale-pooduction of Shydroxymethyl furfural (HMF), furfural and lignin
from spelthusk &cenaricA). The proposed approach was compared aag#narioB, where
HMF and furfural are c@roduced without lignin. A plant capacity of 100 tonnes per day of
wet spelt husk (with 1Wt% moisture content) was considered for 320 effective workayg d

of operation per year argb days of plant maintenance per year.

7.2 Process overview

The process utilises ultrasoundsisted ozone technology to {reatspelt husk (described in
Chapter 5). The ozone used for {oreatment was generat@usitu via a cold plasma ozone
generator (Chapter 4) for boslsenarig A & B. For scenaridA, the pretreated feedstock was

then fractionated with ethanol/water into lignin and holocellulose (cellulose and
hemicellulose). The holocellulose then undergoes acid hydrolysis before subsequent
conversion to HMF anturfural. The simplified process sign (Fig 7.1) consists of eight (8)
areas, including feedstock handling, product separation and purification, wastewater treatment,
ethanol recyéhg, product storage and utilities fecenarioA while scenarioB follows the

same process with tlexceptio of the fractionation and lignin recovery area (Area 300).

125



Biomass Feedstock
handling
Area 100

Scenario A

Ozone generation and
pre-treatment area
Aea 200

Biomass Feedstock
handling
Area 100

Fractionation and
Purification area
Area 300

Utilities
Area 800

Lignir@

Product Storage
Area 600

Scenario B

Ozone generation and
pre-treatment area
Aea 200

holocell
-ulose

2

HMF
Furfural

&

pre-treated solid hydrolysis
and dehydration area
Area 400

Utilities
Area 800

Fig 7.1: A simplified process flow diagrafor Scenaris A andB.

AREA 100: Feedstock handling and size reduction.
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Furfural
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treatment area Area

2

Wastewater
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The biomass feedstock (spelt husk) is delivered tcatieia of the plant via a truekd piled in

a storage room. Before pteatment, the feedstocks are screened for unwanted materials such

as metals via a magnetic separator, fronnethiee feedstockasse$o a hammer mill (stream

1), for size reduction tbh.0mm (optimum size for increase surface reaction between ozone and

feedstockSchultzJensen et al2013) A hammer mill capable of processing 8oBinesh?

was used, and the ground spelt husk was collected in batches for the next stage. 100 tonnes of

ground spelt husk with 11 % moisture content was transferred into stainless ste=dipnent

tank (stream 2)Stainlesssteelwas chosen for thpretreatmem tank to avoid corrosion with

ozoneg(l Benbdko

et al

2013,

Panneer s@bevoatnal., et

2009) As 40% moisture content was found taheoptimumfor efficient ozone préreatment
of spelt husk(Chapter 5Section5.2.3), 29,000 litres of water were added to 100 tomfes
spelt husk to increage moisture content from 11 to 40 %dence, there was no neéat

drying of the feedstock.
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Fig 7.2: A detailed process flow diagram of Asd®0, 200 and 30(.e. feedsock handling,

pretreatment and fractionation agga

Area 200: Ozone generation and préreatment area.

An ultrasonic horn (ultrasonic transducer of 3cm diameter at a frequency of 40kHz with a
power amplifier of 50 W]Wierschem et al., 2017) wadaced above the stainless steel pre
treatment tank containing spelt husk from area 100 to improve the madsrt@nezone
(stream 3) to biomass and ozone consumption (Fig I.8jasassumedhat one transducer
connected to one power amplifier impinge a volume of\sith 50W of powemwould achieve

a poweroutputof 10 Wm (Chapter 5) Therefore, for this prese 20 transducers and power
amplifier are used to produce the ultrasdneeded for préreaing a volume of 100m°. A
stainlesssteel tank capacity of 100nwas used for prreatment as no temperature and
pressure regulator was requifed e n 6 k 2013¢Rannaekrselvam et al., 2013, Li et al., 2015,
GarciaCubero et al., 2009Pretreatment was carried out in 2 batches at room temperature
and atmospheric pressure consecutively for 30 min each. Two batches were used to enhance

pretreatment efficieng as one batch might not be adequate considering the quantity of
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ultrasound used per3n Ozone gas was generaiaesitu using an energegfficient (11kWh

kg! Os) designed cold plasma generator (Chapter 4). From experimental data obtained
(Chapter 5Sedion 5.2.1), 0.39g of ozone was consumed per gram of spelt husk. Therefore,
for a plant size of 10@nnesday?, 39tonnesday? of ozone is required for pieeatment to
obtain 91 tonnesf pretreated solicand 9tonnes of liquid containing various carboxylic acids
such as oxalic acid, acetic aadtk. obtained from the breakdown of lignin molecules and
hydrolysed carbohydrat&ig 5.2, Section 5.23). No washing was required after greatment

as the prdreatedfeedstocks were transferred to Area 300 for fractionation and purification.
Area 300: Fractionation and purification area.

The pretreated solid (spelt husk) from area 200 was transfei®gdam 4) to a 1000t
stainlesssteel jacketed reactor with agitat operated at 8C, atmospheric pressure and a
residence time of Bours. This type of reactor was needed in the section as proper mixing of
solvent with solid was required for efficient fractionation and maintenance of temperature at
80 C (Matsakas et al., 2019)From experimental data obtained @mhapter 5,Section 5.3
728,000itres of the solvent containing 432,430 litres of ethanol, 288,280 litres of water (60:40
v/v) and 7280 litres of hydrochloric acid was pumped into the reactavecagsolid to liquid

ratio of 1:8 and the mixture refluxed foh8urs. After the reactiorthe mixture was transferred
(Stream 5) to a vacuum belt filter and ethanol was pumped into the filter to wash off the
remaining lignin from the solid. A vacuum bélter was used as it is estimated to recover 95%
of sugars using a cake washing process due to its high unit capacity, speed and(®enaost

et al., 2014)An output of70.5tonnes of solid was obtained from the filter containitig bulk

of celldose and hemicellulose, transferr&ti¢am 6) to a rotary vacuum dryeith a moisture
content ofzeroand then stored in a storage tank in Area 600. After that, the filtrater{26s

day?) from the vacuum belt filter containing a mixture of lignin, water, ethanol and water
soluble sugars (obtained from solubilisation of hemicellulose, extractives and lignin
degradation productsBiream?7) waspassed to thdistillator operated at 5 (Jiang et al.,
2020) and vaporised ethanol collected usiagcondenseand transferred int@n ethanol
recycing tank for storage. The solid from the evaporator was transfeBtegla(n 8) to a
precipitation tank and water was added to precipitate lignin assl theough a vacuum belt
filter (Stream 9) where 11.%onnes day! of lignin was collected as solid and passed to the
vacuum drum dryerStream 10) for dryindJiang et al., 2020)The liquid containing water,

carboxylic acid and sugargas passedo the distillation column. Solid from the distillation
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column was sent to the combustor/boiler (Area 800) and water was transferred to the waste

water treatment are&tfeam 11) (Area 700).

Area 400: Holocellulose hydrolysis and dehydration area

Dried hollocellulose (70.5 tonnes) obtained from area 300 was transferred to a microwave
reactor Stream 12) and Wwt% HCI, 0.1wt% AICl3, water and DMSO (20:808({ream 13)

were added to form a solldjuid ratio of 1:8 (Chapter &ection 6.3). The microwaveactor

was operated at 170 for 5mins. A microwave reactor capacity of 1000kg of solid per cycle
was assumed for this work Esge-scalemicrowave reactar(having limitation of penetration
depth of microwave irradiation for large scale vessats)curently unavailable due to the
technology being in the develmgntstage with neubsequertoss and technical management
dataavailable for largescale plantgShao et al., 2019, Wang et al., 2013aading to 70.5
cycles per 10 min each. Thexture was passed through a vacuum belt filne@m 14) where

unreacted holocellulose was separated and recycled while the liquid was passed through a

decanter $tream 15) to separate the aqueous and organicsiéigr7.3). The aqueous layer
was passd Stream 16) to the wasteater treatment aredfea 700), while the organic layer

was transferredfream 17) to the product separation and purification area (Area 500).
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Fig 7.3: A process flow diagram of ase400 and 500 (Hydrolysis and product separation

area).
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Area 500: Product separation and purification area.

The liquid from the organic layer was passed to the distillation column to separaiarg$s
day?! of HMF and 25.1tonnes day? of Furfural (Fig7.3) at the top of the distillation column
(Kim et al., 2021)while the solids (humingtc) recovered at the bottom of the distillation
columnweretransferred to the boiler for combustion (Area 800) while the solvent (DMSO)

wasrecycled.

Area 600: Product storage area.

This area is where all the bulk storage of chemicals used in the process were stored. Also,
products such as lignin, holocellulosIF and Furfural obtained from the process were stored

in tanks prior to use

Area 700: Wastewater treatment area.

The wastewater streams were treated by microbial digestion to obtain a biogas which is high
in methane. At the same time, the treated maées recycled in the plant process (freatment,
fractionation, and hydrolysis) thereby reducing the amount of fresh water needed for the
procesgNtimbani et al., 2021)

Area 800: Utilities.

The area includes cooling water systems, power systemsaledsb The solids from the
distillation column and lignin having a higher heating value (HHV) of 1BB%'( De mi r b a K ,
2001b)were transferred to the boiler, producing steam converted to electricity for plant use
(Tao et al., 2011)A boiler efficiencyof 80% was assumed for this procédsimbird et al.,

2011)

7.3 Mass balance of the process.

Mass balance for the complete process for a plant size ¢da08sday? spelt husk as obtained
from the experimental data is describedFig 7.4. A total of 11,56®&g day* of lignin, 3,560
kg day! of HMF and 25,09&g day* of furfural was obtained.
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728.000kg solvent 564.000kg solvent.
(432.430kg Ethanol, 288.280Kg (446.240kg DMSO. 111.560kg water,
39.000kg of ozone water,7.280kg HCI) 5.640kg HCL. 564kg AlCL)

| | |

Hydrolysis and

100,000kg Spelt PES'F"QHHH_QM 91,000 kg Sf’lid Fractionation 70,SOng solid dehydration 36,700kg liquid
husk 25°C, 30min 12,300kg lignin 80°C, 120mins 700kg lignin 170°C, 5min 25 690 ke furfural
19,990kg lignin " 31,760kg cellulose " 31.650kg cellulose —,  * 3‘5’60kg LIMT
31,800kg cellulose 27,890kg hemicellulose 27,690kg - i
29,100kg hemicellulose i i hemicellulose l

9,000kg Liquid 20,500kg liquid 33,800kg solid

7,690kg Lignm degradation products 11,560kg lignin Unreacted solid

38.2kg Glucose 63.5kg glucose

1,210 kg xylan 100.4kg xylose

Fig 7.4: Mass balance ftine conversion of 10@onnesof spelt husk to HMF and furfural.

7.4 Energy consumption of the process.

The energy consumption of equipment in various process units is describaolen7.1. The
energyuseof eachpiece ofequipment was calculated from formul&e¢tion 3.5Chapter 3

taken fromthe literature. The total energy consumption per day was estimated as 437,875.6
kW and estimated at 140,120,194 kW per year (320 days of plant activisgfarioA while
139,7@,436 kW per year of energy consumeddmenarioB. Although inScenaridB, lignin

was collected at the end of the hydrolysis process and used as boiler fuel to generate electricity
(with lignin HHV of 18.35kJ gt ( De mi r b a &and bofle0 dffitidnyy of 80%), but the
overall difference in energy consumption ®enaris A & B was minimal as the ozone
generator accouatifor 97% of the total plant energy. The ozone generator equipment used for
the pretreatment process has enegy efficiency of11 kw h kg! of ozone (Chapter 4) and
consumes 429,000 kh\bf energy per day for generation of 39,000 kg of ozone. Considering

an electricity cost of $0@kwh™, the electricity cost of our ozone generator was $Rg6603

which is lower than $Z6 kg™ as reported for ozone pteeatment ofltonneday*o f br ewer 6 s
spent grass (BSGlrernandezDelgado et al., 2019)n addition, the Environment& otection

Agency reported an electricity cost of $1k' of ozone for a45.35kg Oz day? plant at an

ozone generation efficiency of 2&«&h kg?! Oz (Coca et al., 2016)
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Table 7.1: Energy consumption for equipment in various process units.

Item Description ScenarioA  ScenarioA ScenarioB
Power Power Power
consumption consumption per consumption
per day year (kWh) per year
(kwWh) (kwh)

Ozone generator  Pretreatment 429,000 137,280,000 137,280,000

Ultrasonic probe 1.0x 10**  3.2x10% 3.2 x10°

Pumps Solvent/recycle pump 12.74 4076.8 4076.8

Reactor Fractionation 740.5* 236,960* -

Microwave reactor Hydrolysis/dehydratior 170 54,400 54,400

Distillation column = HMF/Furfural

separation an(

purification

(Reboiler) 2019.7 646,304 646,304

(Condenser) 4920.6 1,574,592 1,574,592
Evaporator Lignin recovery 337* 107,840* -
Rotary vacuurr Solid drying 592.6* 189,632* 126,421
dryer
Vacuum belt filter ~ Solid-liquid separation 82° 26,240 17,493
Hammer mill Particle size reduction 0.467 149.44 149.44
Total power 437,875.6 140,120,194 139,703,436
consumption
(kWh)

a = Calculated from energy efficiency of R&h kg obtained fromChapter 4 of this thesis.
b = Formula taken frondVierschem et al(2017)

c = Taken fronSievers et al(2014)

d = Formula taken fror8hao et al.(2019)

e = Formula taken from Mehrg021)

f = Taken from Yancey et al2019)

* = Calculated using the heat energy equation Q=8Cp
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7.5 Economic analysis of the process.

For a plant capacity of 100 metticnnesday® of spelt husk, 11.5 tonnes of lignin, 25 tonnes
of furfural and 3.5 tonnes of HMF are -pooduced. In addition, levulinic acidas also
produced as a bgroduct at concentrations too low to be recovened herefore isncluded

in the wastewater stream. Twecenarig were considered for the biorefinery proc&snario

A involved pretreatment, lignin fractionation and holocellulose hydrolysis to HMF and
Furfural. While,scenarioB involved pretreatment and then direct holocellulose hydrolysis to
HMF andfurfural, excluding the fractionation stage. However, there was no difference in the
yield of HMF andfurfural from the twascenaris (experimental data obtained in chapter 6).
The difference between the two strategies tlvasscenarioA isolated pure lignin (98% purity)
with a high market valueand with the potential tobe converted to high valuglatform
chemicas. In contrast, nomure/unisolated lignin was obtained iscenaio B which has
relatively very loweconomic value and treated as waste or boiler fuel.

The main equipment cost, including the auxiliary equipment castenfarioA andB plants,

is shown inTable 7.2. The equipment costs were obtained from severalesouncluding

vendors such asww.matches.comandtheliterature (Table 7.2) and converted to tugrent

year cost(Chapter3, Equation 3.3 & 3.14). The @one generator cost was assumed
considering the lovcostof materials (stainless steel mesh, quartz glass, plastic contaifer etc
used for constructionScenarioB had 16.5% lower total equipment cost theenario A
($3,575,445 vs $4,284,246) due to the absence of fractionation and lignin recovery equipment
such aghe fractionation reactor, evaporator, precipitation tank, storage tank and condenser.
The distillaion column had the highest equipment cost accounting for 28% of the total
equipment cost foscenarioA and 33% forscenarioB due to high temperatures needed for
distillation leading to a higher number of distillation stages and column required as higha

demand for aignificant amounbf DMSO solvent
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Table 72: Main process equipment cesind capacity forL00 tonne day* plant size for

scenarioA (with fractionation) and B (without fractionation).

S/N  Equipment Capacity Scenario A Scenario B
Price $ (Year Price $
2020) (Year 2020)

1.  Hammer mill 3.9 tonneh'? 140,408 140,406

2.  Pretreatment tank 100m?3(2 batches) 155,192 155,192

3.  Ultrasonic probe 20 pieces of transducer ai 14,620 14,620

power amplifier

4 Ozone generator 39,000kg 800,000 800,000

5 Fractionation reactor 500 n¥ 346,667 -

6.  Solidliquid separator 1007 699, 67% 699,671

7.  Vacuum belt dryer 1007 162,026 162,026

8 Evaporator 20.5 tonnes 82,87F -

9.  Precipitation tank 30 n? 56,576 -

9 Distillation column 36,700kg 1,091,987 1,091,987
(Reboiler + condenser,

10. Microwave reactor 1000kg 129,469 129,469

11. Decanter 100 m? 18,63P 18,631

12. Storage tanks 50 n? (4 piece) 42248 25,500

13. Condenser 20.5 tonnes 122,340 -

14. Solvent pumps 12900 (2 piecs 32,057 12,900
Total equipment cost 3,894,770 3,250,405
(TEC)

Total main + auxillary TEC x 1.1 4,284,246 3,575,445

a = Yancey et al(2018
b =www.matches.com
¢ =Gholami et al.(2021)
d = Estimated

e =Jiang et al.(2020
f=Kim et al.,(2020

g =Davies et al.(2020)

The total capital investment (TCI) of the process consisting of total direc inokiding

equipment cost, project capital and total operatingsaoas $21,382,672 facenarioA and

$17,845,046 foscenarioB (Table 73). While theproduction cos including manufacturing

and general expenses, was $22,322,252 and $19,946,46@rfaric A and B, respectively
(Table 7.4). The total production costsaenaridB was 10.6% lower thaBcenarioA due to a
decrease in total raw matdr@st (absence of fractionation solvents such as ethanol, acetone
and reduction in the total amount of water and HCI), decrease in labitsffewer processing
steps) and utilities (lower energy consumption due to absence of fractionation equipment).
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The utility costconsisting of electricity and wasteater treatment contributetthe highest

(39.4% vs 42.8%) to the total production cost for tso#tnarie A and B respectively due to

high annual energy demand (140,120,194189,703,436kWh) of the proces equipment

(Table 7.1). Of which the fractionation equipmess only a small paf0.24%)of theenergy
consumption and the total production cost

In as much as the energy demand of our designed ozone generator was reduced to 11 kWh kg
1 O3 (40% reduced) as compared to commercial ozone generators, the operating cost of the
ozone generation still dominates for the two scenaHesce for this technology t@ompete

with other pretreatment technologiethere is ameed to design an ozone geator where power
consumption igninimal.

Furthermoretheraw material costcontributel the second highest (12.1 vs 11.9%) to the total
production cost foscenarie A and B, of which DMSO contribute27% vs 31%, respectively

due to the large amount needed for holocellulose (10% solid loading) hydrolysis and the high
price of DMSO at $480tonne! (Table 7.5).

Table 7.3: Total capital investment cost

S/IN ITEM % Scenario A Scenario B
(%) (%)
Total fixed capital investment TFCI 18,593,628 15,517,431
(Direct + indirect cost)
A  Direct costs 1to9 13,195,478 11,012,371
1. Purchased equipment cost + auxille 100 4,284,246 3,575,445
equipment
2.  Purchased equipment installation 39 1,670,855 1,394,423
3.  Instrumentation and control 26 1,113,903 929,615
4.  Piping 31 1,328,116 1,108,387
5.  Electrical systems 10 428,424 357,544
6.  Building including services 29 1,242,431 1,036,879
7.  Yardimprovement 12 514,109 429,053
8.  Sservice facilities 55 2,356,335 1,966,494
9. Land 6 257,054 214,526
B Indirect costs 10to 14 5,398,149 4,505,060
10. Engineering and supervision 32 1,370,958 1,144,142
11. Construction expenses 34 1,456,643 1,215,651
12. Legal expenses 4 171,369 143,017
13. Contractor fees 19 814,006 679,334
14. Contigency 37 1,585,171 1,322,914
C  Working capital (WC) 15% of TFCI 2,789,044 2,327,614
Total capital investment TFCI+ WC 21,382,672 17,845,046

135



Table 7.4: Total annual production cost for a plant size of 100 tatayés

SIN

D

winN e

ok

D2

10.
11.
D3

12.
13.

14.

ITEM

Manufacturing cost.
production cost + overhead cost)
Direct production cost

Raw materials (calculated)

Labour (calculated)

Direct supervisory and clerical labour (17.5%

operating labour)
Utilities (calculated)

Maintenance and repairs (6% of fixed capital
Operating supplies (15% of maintenaromests

and repairs)

Laboratory charges (15% operating labour)

(direct +

in

Patent and royalties (4% of 4 to 10)

Indirect production costs

Depreciation (10% of fixed capital investmen
Local taxes (2.5% dixed capital investment)
Insurance (0.4% of fixed capital investment)

Plant Overhead costs (60% of 2+3+5)

General expenses
Administrative cost (15% d1+3+5)

Distribution and selling
manufacturing cost)

Research and development costc%

manufacturing cost)

Total production cost (Manufacturing cost + D+E

generalexpenses)

Table 7.5: Chemical prices

S/N Raw Material Price

1.  Spelt husk $50tonne!
2.  Oxygen gas $0.18m

3.  Manganese dioxid¢ $10.5kg*

4.  Ethanol $512tonnet
5.  Water $0.30 tonnet
6. HCI $17 tonnel
7.  Acetone $1370tonnet
8. DMSO $1480tonnet
9. AICl3 $186tonnel

costs

(11%
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SUM Scenario A

()

direct 18,914,223

1to8 14,988,634

2,719,633

1,216,512
212,889

8,797,676
1,115,617
167,342

182,476
576,485
2,398,578
1,859,362
464,840
74,374
1,527,011
3,408,028
381,752
2,080,564

9to 11

12 to 14

of 945,711

22,322,252

Reference
www.Alibaba.com
Kim et al., 2020
www.Alibaba.com
Jiang et al., 2020
Zang et al., 2020
Yan et al., 2020
Jiang et al., 2020
www.Alibaba.com
Yan et al., 2020

ScenarioB

(3$)
16,936,210

13,732,603
2,375,482

912,384
159,667

8,549,333
931,045
139,656

136,857
528,177
2,001,748
1,551,743
387,935
62,069
1,201,858
3,010,258
300,464
1,862,983

846,810

19,946,468



7.6 Revenue and profitability ofScenarics A and B.

The revenue calculated was higher $oenarioA than scenarioB due to additional sales
obtained fromthe fractionated lignin (Table 7.6). In as much senarioA had a higher
production cost due tthe extra processing stepquired for ligninfractionation,scenarioA

was economically superior soenarioB with an annual profit of $213,657 higher tteenario

B (Table 7.6), meaning fractionation of lignin had a positive effect on the process ecenomic
than itsalternativeutilisation for heat or boiler fuel. Bodtenariswere economically feasible
with annual profits of 6,432,180and $6,218,523for scenari®@ A and B respectively. A
technical modification of the process would be needed to ensure a higher production rate of
HMF and Furfural through improved holocellulose conversion (currently 50% conversion). In
addition, thesubstitution of DMSO solvent with eheaper and low boiling point solvent will
increase therofit of the plant as DMSO presently accafar 27% of raw material cost and
distillation column equipment (28%f equipment cosjdhecause of complexity in separation

and recyahg of high boiling DMSO.

Table 7.6: Annual revenue and profitabilitysoEnarie A and B.

S/N  Product Production Price ScenarioA ScenarioB

(tonnesyr™®  ($ton™? Revenue Revenue
(Syr) ($yr?)

1.  Furfural 8028.8 184C¢ 14,772,992 14,772,992

2.  HMF 1139.2 10000° 11,392000 11,392000

3.  Lignin 3699.2 700 2,589,440 0

4, Total Revenue 28,754,432 26,164,992

5.  Profit (Revenué total coss) 6,432180 6,218523

a =Kuznetsov et al (2020
b =Krishnaet al.,(2018)
c =Kim et al.,(2021)

7.7 Minimum fuel selling price (MFSP) of products.

The minimum fuel selling price of furfural and HMF for baitenaris were determined based
on their capital and operating costs using equati2a@ fomChapter 3. The sum of annusad
capital cost and toté production costwas divided by the total number of products for each
scenariobefore further division with individual annualised product yields. The MFSP for
furfural for Scenaris AandB were 997 and $133bnne’ respectively, while MFSP for HMF
were 7032 and $938bnne! for scenarie A & B respectively. A 25% reduction in MFSP of
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both furfural and HMF were achieved faenarioA due to a decrease in total production cost

as a result of cproduction with lignin.

The MFSP for furfural irscenarioA andB is lower than those reported in the literature from
several processes. These are all below the current market value of furfur84atdne?
(Kuznetsov et al., 2020nd £200tonne! (Ntimbani et al., 202). Hossain et al.(2019)
reported a furfural priceof $1700 tonne! from coproduction with bioethanol through
biochemical prereatment of corn stover (62®1tonnesyr?t) with corn stover priced a#$.8
tonnel. Gomez Millan et al.(2021)obtained a furfural MFSBf $1830tonne? for a5 k ton
yr furfural production capacity from birch hydrolysate in a biphasic systém.birch pre
treatment technology wasnodot stated as it
commercial pulp mill or biorefinenHalder,(2020)obtained a furfural MFSBf $1151tonne

1 via ionic liquid pretreatment with dbutyl-3-methylimidaolium chloride integrated with
pyrolysis ceproducing furfural, levoglucosenone and lignin from a plant capacity @25,

tonneyr? of sugarcane straw.

The MFSP obtained for HMBf $7032 tonne! and 9381 tonne! for scenarioA & B
respectively were hlger than the current market price 6080tonne? (van Putten et al., 2013)

for HMF. This might be due to the low yield of HMF obtained in this work as well as the low
(50%) cellulose conversiorbantiago and Guirardellg2020) obtained an HMF MFSP of
$4006tonne’ from sugarcane bagasse (17,6dtheyr?) directly reacted im biphasic system
containing MIBK and zbutanol with the acid ((6Qs) pretreatment and hydrolysis carried
out in one pot. The results suggested that production of HMF was not economically feasible as
the HMF price was higher than the target to enter tigethylene terephthalate (PEF) market
to substitute PEF (27 tonne?) and the process needed an improvement with cellulose
hydrolysis and glucoselMF yield. It is important to note that most MFSP of HMF ($1,200
$1,800 tonne?) presented in the litemare from several studie(Parshetti et al., 2015,
Mukherjee et al., 2015, Yan et al., 2020, Motagamwala et al., 2088 obtained from
fructose as the starting material. Howevewas identified as still too expensive to be used as
areplacement for petroleum derived prodistich as terephthalic acidg@tonne?) (Kazi et

al., 2011)

138



7.8 Sensitivity analysis

The sensitivity analysis wasarried outto identify the impact of some economic parameters
such as feedstock price, variable operatingscdstfural yield, total capital investment and
DMSO price on the MFSP of furfural. The MFSP of furfural was measured for a 20% change

in the value of crital parameters while keeping other varialoenstant (Fig 7.5).

Furfural MFSP ($/ton)

W Scenario Al Scenario B
700 900 1100 1300 1500 1700 1900

feedstock price + $20/ton

feedstock price - $20/ton

variable operating cost +20%

variable operating cost -20%

Furfural yield +20% —
Furfural yield -20% [

Total capital investment +20%

Total capital investment -20%

DMSO price +30% !

DMSO price -30% !

Fig 7.5:Effect of sensitivity analysis on minimum furfural prig&sed on a 20% change in the

value of critical parameters

The furfural yield and variable operating cost are rtiest significant parameteaffecting

furfural MFSP. A 20% increase in furfural yield led to a 16.2% decrease in furfural MFSP. The
major factor affecting the furfural yield is the low conversion (50%) achieved during
holocellulose hydrolysis. An improvemiecould be achieved by developing a more efficient
catalyst to improve hydrolysis and hence selectivity of furfural. Likewise, a lignocellulose
feedstock with a high holocellulose content can improve the furfural yield.

The variable operating cost isetlsecond most significant factor affecting furfural MFSP. A
decrease in the variable operating cost by 20% led to a 14% decrease in the MFSP of furfural.
The variable operating cost consists of raw material cost, operating labour and utilities, of

which uilities constitute 69% of the variable operating cost. Decrease in feedstock price of
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spelt husk from 30 tonne! to $30tonne! had a very minimal impact (3.2% decrease) on the

MFSP of furfural. This is because spelt husk used is a very cheap feedstibekdoocess.

7.9 Summary

This chapter describes the techsmmnomic potential and competitiveness of the conversion
process for large scale -pooduction of HMF, Furfural antignin from spelt huskScenario

A). The proposed approach was compared wgdnarioB, where HMF and fdural are ce
produced without ligninScenarioB had a 16.5% lower total capital cost and 10.6% lower total
production cost thascenarioA due to the reduced processing stage of lignin fractionation.
ScenarioA was economicallysugerior to scenarioB, with a profit of $213,657 higher than
scenarioB due to extra revenue obtained from lignin sales, meaning fractionation of lignin had
a positive effect on the process economics than its utilisation for heat or boiler fuel.

The MFSP of furfural and HMF foscenario A were 25% lower than foscenarioB due to
reduction in total cost of production seenarioA as more products were obtained from the
process. The process was economically feasible for furfural production fasckotric A &

B as the MFSP for botbcenaris was lower than the current market value of furf@E840
tonne! (Kuznetsov et al., 2020While the twoscenaris were not very economically feasible
for HMF production as the HMF MFSP were both higher than therdurrarket value of HMF

at $6000 tonne! (van Putten et al., 2013jut the result suggests potential as HMF is co
produced with other products resulting in profitability of the entire process.

In as much as the energy demand of our designed ozone genamt@duced to 1dWh kg

1 Oz as compared to literature value2#f.9kwh kg! Os generated for wasteater treatments

the utilities of the process contributed to the highest (39.4 vs 42.8%) total production cost for
both scenari® A and B respectively. A comparison of its effect on the overall process with
other studies could not be achieved due to limited literatuteetechneeconomic analysis

of ozone prdreatment of biomass to biofuels or chemical platforms
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Chapter 8: General Discussion

The quest for a green, cost effective and sustainable alternative to fossil fuel derived energy
has led tancreased utilisation of biomass as a renewable feedstock. Globally, about 140Gt of
biomass wastes are produced annually with 66% derived from cereal crops but direct utilisation
of these residues to value added products is not possible dbe recalcitant nature of
biomass. Préreatment is a crucial step in the utilisation of these residues as it reduces the
recalcitrant natureut it accounts for about 30% of the total production costs in a biorefinery
(Panneerselvam et al., 2013)gricultural residies like rice husk, corn cobs etc have clear
potential as feedstocks for energy generation due to their widespread abundance and no need
for collection. To be competitive with fossil fuel derived platform chemicals, costs of
production need to be low. Biodustries can combine their material flow (residue from one
bio-industry becomes a starting material for another) to achieve a complesatiatiliof the
biomass thereby creating opportunities for several sseale businesses (Cherubeti al,

2008).

Several prareatment technologies are in use commercially and have been evaluated in the
literature with ozone offering clear potential due to several advantages it offers. Limitation with
utilisation of ozone for préereatment lies withhe high costsof ozone generation. This study
designed a novel ozone generator consisting of two zone surface plasma comparable to
commercial ozone generator but with-80% lower power consumption hence reducing the
general electricity cost of ozone generation from $kg9 of Os; to $0.66kg™ of Os. In
addition, the ozone generator was made from materials such as stsieé$sesh, quartz tube
which is cheap, readily available, thus makiogmmercialozone generator fabrication
relatively inexpensiveGeneral conces with utilisation of agricultural residue as a fuels and
chemicals due to high moisture content is reduced as moisture is needed for the ozone pre

treatment thereby eliminatirthe highcoss needed for dryinghefeedstocks.

Current pretreatment techwlogies such as steam explosion that are relatwellestablished,
(especidly in the cellulosic ethanol industryj)ave demonstratedan increase in enzymatic
hydrolysis yield due to increased surface area and porosity. However, utilisation of this pre
treatment for platform chemicals is not favourable as it demonstrates low acid hydrolysis yields
(Steinbach et al., 2020, Carrasco et al., 1994)ncrease in crystallinithas beemmbserved in

many studies that utilised steam exploswetreatment due to extensive degradation of the
amorphous portion of cellulose. As such, a decrease in acid hydrolysis rate from 0.834 min
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for untreated wheat straw to 0.024 rhiior steam exploded wheat straw using dilute sulfuric
aci d at bserfed Que to ansrease in crystallinity index for steam exploded wheat
straw from 58% to 76.55%Carrasco et al., 1994)ncreased crystallinity of cellulose is
associated with strong hydrogen bonds which can only be broken by very high temperature
(Steirbach et al., 2020)Cellulose obtained after ozone fireatment (thiscurrent study
showed defbration ofthe microfibres, decreasedegree of polymerisation and decreased
crystallinity observed for ozone pteeated corn cob (Cl 45% to 36%) and spakk(Cl 30%

to 28%) This supports increasedid hydrolysisat mild temperaturegs more cellulose chain

ends are available leading to penetration of the acids into the crystalline structhee of
cellulose. In additionhigh solid recovery of 86% wadseerved due to selective reaction of
ozone with lignin, without affecting cellulose and hemicellulose fraction. This high solid
recovery is advantageous for further acid hydrolysis to platform chemicals as it provides high
lignocellulose input for the comvsion process. Unlike other pireatment methods such as
steam explosion, hydrogen peroxide and alkaline where abod®3®solid is lost during pre
treatment due to extensive hemicellulose degradation decomposing it to lower molecular
weight compoundsr converted to pseud@nin (condensation product from hemicellulose
and lignin).Reduced solid recoveris favourable for enzymatic hydrolysis as low enzyme
loadings are needed for the conversion process thus reducing the overall procesth cost
increasal yields However high solid recovery is needed for acid hydrolysis as more cellulose
chain endsare needed for interaction with the acid. Hence ozonetnq@a&ment offers great

potential when the downstream process is to platform chemicals.

To date pio-refineries and prreatment technologies have largely focused on utilisation of the
carbohydrate fraction of lignocellulosic biomass to biofuel/chemical plasfiteaving low

purity lignin as a residue which is often dder heat and power generatioine to its high
heating value (Xu et al., 2014, Ragauskas et al., 2014). As lignin is an abundant source of
aromatic compounds, its conversion into kighue platform chemicals will increase the
profitability and sustainability of the biorefinery procestowever, to achieve complete

utilisation of the lignin, it must be of high purity and lack extensive modifications.

Pre-treatment practices such as steam explosion and ionicdiquidiuce lignin molecules

which are extensively modified due to their $taoperating conditions (Parsell et al., 2013)
and produce pseudmnins (condensation produgdirom reaction between hemicellulose and
lignin) whichareinert solids thatarenot easily degragtito phenolic compounds. Evidence of

pseuddlignin productionfrom the above prreatment were observed as lignin mass after pre
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treatment was higher than the original lignin content of the biofMatsakaset al, 2019,
Steinbach et al., 2020The currentstudy demonstrated a potential for lignin valorisation as
high purity (95%) lignin was fractionated alongside holocellulose from corn cob and spelt husk
as a ceproduct using a mixture of ethanol and water at a mild temperaturé@f ' 8INMR
spectra shoed a decreased intensity at the aromatic region of lignin confirming its reaction
with ozone while other structural components remained unchanged as it was fractionated at
relativelymild temperature of 8€. Thus, lignin obtained in this stugyovidesa usefukource

of phenolic compounds such as vanilgyringaldehyde, hydroxybenzoic acid e@urrent
commercial sources of lignin are obtained from paper and pulp industry via lignin sulfonation
and alkaline depolymerisation reactions, generally yigidow purity lignin contaminated

with sulfur and carbohydrates. These impurities and poor processability hinders the value of
thislignin for composite products limiting its applicatitor cement additives, dust supression
and drilling fluids for oil reovery (Lora, 2008). In 2010, the paper and pulp industry produced
50 metric tonnes of lignin, of which only 2% was used in the binding sector while the remainder

was used as a low value boiler fuel (Strassberger et al., 2014).

The techneeconomic asses@nt in this work showed that q@oduction of lignin with HMF

and furfural yielded a higher profit and 25% decreasieaminimum fuel selling price (MFSP)

of HMF and furfural as compared to a plant that produces just HMF and furfural without lignin.
Current commercial production of furfural from agricultural residue (sugarcane bagasse) from
the Dominican Republic and South Africa produce,(8® Tonnes of furfural per year
(Mariscal et al., 2016)Although its current price still remains a clear bottlerfeckndustrial
applications ariscal et al., 2016)For example, producing maleic anhydride (a commercial
petrochemical) from furfural costing $1500 tortrequires a decrease in price to $600 tonne

1 to become economically competitive to the petrochemical route for maleic anhydride
production(Lin et al., 2012) The current furfural market is unstable and volatile, with a
shortage of furfural in 2011 causing a significant rise in the market value to 200
(Marcotullio, 2011) Producing furfural at a much cheaper price ($997 térimehis study)

with the potential for largecale production will provide a suitable and sustainable starting
material for furfural based biorefineries resulting in @uction in cost of the furfural derived

products.

Furthermore, the techreconomic assessment showed that the MFSP of HMF ($7032%0onne
obtained in this study waswer than the current market value of HMF1®000 tonné)
(Krishnaet al., 208). Although, as described by Thoma et al., (2020), the current price of
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HMF ($10000 tonné) is still too high to be used in synthesing polyethlene- 2,5
furandicarboxylate (PEF) as a replacement for polyethylene terephthalate (PET) currently
derived from petroleumThis high price of HMF has led to no commercial large scale HMF
plants running currentlfThoma et al., 2020)The current commercial scale HMF plant in
Switzerland only produces 300 ton/yr annually. The sensitivity analysis in this study showed
that a D% increase in furfural yield would result in a 16.2% decrease in furfural MFSP. This
shows that a substantial technological breakthrough is still needed to further decrease the price
of furfural and HMF. Therefore, there is still a need to improve cela hydrolysis (currently

50% conversion in this study) through developing a more efficient catalyst and solvent system
to completely dissolve cellulose as well as increase hydrolysis yield and subsequent

dehydration to HMF and furfural as well as inhiytproduct formation.

Overall, the ceproduction of HMF, furfural and lignin from agricultural residues via optimised
ozone prereatment technology is still relatively new but shoveseareconome potential for

a biorefinery producing mulproducts atlow cost from a single feedstock (agricultural
residue) through complete utilisation of all feedstock components. National reliance on
imported fossil fuels will be reduced as biomass is readily available in many countries
(Cherubini et. al, 2008). Therefee, the substitution of fossil fuel derived component by
biomass will lead to reduced greenhouse gas emission thereby reducing global warming and
reducing health related problems.
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Chapter 9: Conclusiors and Recommendation.

This chapter provides the major conclusions obtained from this study and recommendation

for future studies.

9.1 Conclusiors

In conclusionhigher ozone concentration and amount (2.5 times) was achieved using a two
zone compared with a singleone plasma reactor. A maximum ozone concentratidd4©g§
m?3and 90g kW h?' productivity were obtained from the twamne system, which is
comparable to commercial ozone generators but withZ8% lower power consumption (11

kwh kgt Os). Cooling of the generator led to a decrease in gas temperature in the reactor
leading to anincrease in ozone concentration at low power inpemce ntigating the

drawbacks ofhehigh cost of ozone generatifor industrial applications.

The designed twaone ozone generator was subsequently used for biomats®airaent.
Intensification of he ozone préreatment (increase carbohydrate production via increased
lignin separation) was achieved by incorporating ultrasolmatliding ultrasound in the ozone
pretreatment of corn cobs enhanced the mixing between biomass and ozone, and resulting in
an increase in ozone consumption from 0.24gy®corn cob to 0.39g ©gy ! with a 38.5%
decrease in the acid insoluble lignin concentration from 52 to 32 hogpmpared to using
ozone only. Moisture content was found to be paeametemost influening ozone pre
treatment with each biomass feedstock having an optimum moisture content for efficient pre
treatment. Optimum moisture content of 66% and 40% were achieved for corn cob and spelt
husk respectively. Leading to decrease in acid insoluble ligpritent from 5%o 14mgg?

and 1600 55.2mgg* for corn cob and spelt husk respectivéipout 90% and 94% of lignin

with high purity (95%) were recovered for corn cob and spelt husk. In addition, cellulose pulp
of 83.6% and 85.2% with 78% purity were recovered for corn cob and spelt husk respectively
with a 19% decrease in cellulose crystetly and 17% decrease in degree of polymerisation
(DP).

Ozone prereatment was compared witin alternativeoxidative pretreatment methode.
hydrogen peroxide and its effect on the carbohydrate content examined. It was found out that
carbohydrate rea@ry for ozone préreatment (>83%) ashigher than hydrogen peroxide pre
treatment (>54%) due to selective reaction of ozwitk lignin. Mass loss after ozone pre
treatment was 5% and 7% for corn cob and spelt husk respectively compared to 31% and 68%

for corn cob and spelt husk respectively after hydrogen peroxidegatenent.
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Subsequently, the carbohydrate obtained after ozonrganent was reacted in a DMSO

H2>0 media to produce HMF and furfural in a microwave reactortrieegment led to a 58%
increase in HMF yield and 74% increase for corn cob and spelt husk respectively, while a 10%
and 66.7% increase in furfural for corn cob and spelt husk were observed respectively. Reacting
fractionated cellulose from corn cob and spelt husk yielded aasiFMF yield of40 mg g*
irrespective of the biomass. HMF and furfural yields were influenced by change in cellulose
properties such as fibre size, increased surface area, decrease in degree of polymerisation
achieved through cellulose ptreatment. HMFand furfural yields of untreated corn cob were
higher than those from spelt husk due to a difference in their morphology as untreated corn cob

was more porous than spelt husk allowing easy access to cellulose.

The economic efficiency and competitivenessha conversion process for large scale co
production of HMF furfural andlignin from spelt huskScenarioA) was determined. The
proposed approach was compared with process where HMF and furfural wanedaoed
without lignin ScenarioB). Co-production with lignin yielded a profit of $213,657 higher than
without lignin for a plant size of 10@etric tonnes per day of spelt husk due to extra revenue
obtained from lignin sales, meaning fractionation of lignin had a positive effect proitess
economics than its utilisation for heat or boiler fuhe MFSP of furfural and HMF for
scenarioA were 25% lower than fd8cenarioB due to reduction in total cost of production in
scenarioA as more products were obtained from the processs@ihgtivity analysis showed
that furfural yield and variable operating cost were the most significant parameter affecting
furfural MFSP.

All objectives of this study stated in Chapiersectionl.3 wasachieved. Below is the list of

objectives and chapt®in which each one was achieved:

1. Develop an energgfficient ozone generator to reduce the costs associated with ozone
generation (Chaptel). A 40% more energy efficient ozone generator was achieved.

2. Optimise the prdreatment of agricultural residueso(n cob and spelt husk) using
ozone coupled with ultrasound (ChaptB). Various pretreatment conditions
investigatedand optimum condition for high lignin separation obtained.

3. Fractionate and recover lignin as aproduct in the proceg€hapter 5)Lignin was

successfully fractionated and recovered with high yield and purity.
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4. Evaluate the effect of prieeatment on cellulose structure and its effect on conversion
yields to furfural and HMKChapter 6) Structural changes of cellulose as a result of
pre-treatment and effect on furfural and HMF yields accessed.

5. Evaluate the techreconomic potential of the garoduction of lignin, furfural and
HMF (Chapter 7). Feasibility and profitability of the eproduction process

investigated.

9.2 Further work

The following are recommendatisfor further research;

1 Valorisation of the fractionated lignin to chemicafglpolymers should be explored as
lignin obtained from this work is of high purity (>95%).

1 Improve HMF andurfural yields by exploring solventsish as Deep Eutectic solvents
(DES). DES solvents can be used as an alternative to ionic liquids as they have
comparable characteristics but are cheaper to produce, are less toxic and biodegradable.
In addition, they are solvesivith low boiling point whch will be beneficial for the
process as it will reduce cesand separation difficulties encountered withe
distillation of DMSO.

1 Develop a more efficient solid acid catalyst capable of increasing HMF and furfural
yields.

1 Use of ASPEN plus to simulatbe process for more accurate equipment sizing and
electricity consumption calculations for a techemmnomic analysis.

1 Sensitivity analysis of technical parameters such as reaction temperature, time, solid

loading, plant scale, plant life angerating hours should be evaluated.
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Appendices

Appendix Al: Publication from thesis

Al.1:lbrahim, H. H., Bilsborrow, P. E. & Phan, A. [02]). Intensification of prdreatment
and fractionation of agricultural residugShemical Engineering and Processing
Process Intensificatior,59 108231.
https://doi.org/10.1016/j.cep.20208231

Appendix A2: Proximate analysisof moisture and ash contents(ASTM D3173 and
D3174)

A 2.1: Moisture content (MC)

An emptycrucible was weighedi{ass M) and 1g of sample was added to the empty crucible
and the weight recordedn@ss M). Then oven dry the sample at 105C feB Ars. cool the
crucible in a dessicator and reweigh (masg thtil a constant weight is achieved.eTMC

was calculated using Equation (A.1).

D0 —— pmmh Equation A.1

A 2.2: Ash content (AC)

An empty crucible was weighethéss M) and 1g of sample waslded to the empty crucible
and the weight recordednéss M). The sample was heated in the absence of oxygen in a
furnace at a 750C for 1hr. the residue (ash) was cooled to room temperature in a dessicator and

the mass reweighedh@ss M3). Ash content waslculated using Equation (A.2)

00 —— pmnmnhb Equation A.2
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Appendix A3: GC Calibration plots for (a) HMF, (b) furfural and (c) levulinic acid.
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Appendix A4: GC-MS analysis of HMF.
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Appendix A5: HPLC calibration curves for lignin degradation products and water

soluble fractions.
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Appendix A6: HPLC chromatograms of lignin degradation product peak area velution
time. a) H2O b) oxalic acid c) glucose d) fructose e) glycolic acid f) formic acid g) acetic

acid.
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Appendix A7: UV -Vis TRS glucose calibration curve.
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Appendix B: Structural comparison between cellulose obtained from ozone pre

treatment and hydrogen peroxide pretreatment.

Appendix B1: DTG and TGA of corn cob and spelt huskof recovered cellulose from
untreated ozone pretreated and alkaline hydrogen peroxide pretreated a) corn cob and

b) spelt husk.
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Appendix B2: XRD of corn cob and spelt huskof recovered cellulose from untreated
ozone pretreated and alkaline hydrogen peroxide pretreated a) corn cob and b) spelt
husk.
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Appendix B3: SEM images of A) corn cob and B) spelt husk with different pre
treatments: i) raw/untreated ii) ultrasound assisted ozone and iii) alkaline hydrogen

peroxide pre-treated.
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