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Abstract

There is aising global demand for energy and growing concelbmsut greenhouse gas
emissions. Ignocellulosic biomass offers great potential feecond generation
bioethanolproduction,based on the biorefinery philosophy. lté@mposed of a network

of interconnected polymers celluloggemicellulose andignin which has evolved to
develop recalcitrace againsenzyme hydrolysiproduced by microorganisms in nature
Therefore, pretreatment is necessary to make the biomass structure more accessible for

enzyme to hydrolysis.

The aim of this thesis is to demonstrate the potential of using microwavesith as
thermoechemical pretreatment for lignocellulosic biomass, namélyscanthus
sugarcane bagasse and maize. The pretreatment process was influenced by pretreatment
temperature, pretreatment media and holding time. 0-:2 M H.SQ; and NaOH were

used apreteatment media.

Firstly, temperature optimisation was carriedMiscanthusandthe results showed that
180°C was the optimal temperature to efficiently release monosaccharides from biomass.
In comparison with classic conventional heating pretreatmmiidfowave assisted
pretreatments maximally released 12.5 times more reducing sugars during the

pretreatment process.

Secondly, the reducing sugar constitutions were tuned by change holding time or
pretreatment media, because hemicellulose was easierimken down than cellulose.
Xylose and glucose were selectively produced by using NaOH af@uHor FeCk)
respectively as pretreatment med@hemical compositions and biomass morphological
changes were investigated and compared. The significant amikemicellulose and
lignin, as well as more dismantled fibre structure led to enhanced bioethanol conversion
via SSF processsimultaneous saccharification fermentajiorSimilar study was
conducted on sugarcane bagasse and maize. The performaneeestprent media was
similar. However, their optimal conditions for reducing sugar release were different,

probably due to different chemical compositions percentages and biomass structure.

Overall, in comparison with conventional heating pretreatmentrowave assisted
pretreatment is much energy efficient and effective, showing promising potential in the

biorefinery process.
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1.1 Project background

Currently, we are facing rising issuesanincreasing demand for enerdynited fossil

fuel resource and the environment impact of its combustibarefore nonfossil fuet

based energy sources are gaining growing attention. Conversion of abundant
lignocellulosic biomass to biofuels preserma viable option for improving energy
security and reducing greenhouse emissjéhslignocellulosic materials such as
agricultural residue (e.g., wheat straw, sugarcane bagasse, corn stover), forest product
(hardwood and softwoodand dedicated crops (switchgs salix) are sufficiently
abundant and produce very low net greenhouse emig&pbslising food residues and
waste products from other industries means thayehlittle competition with food
industry. From a climatehange point of view, biofuels result in lower emissions of
greenhousgases (GHG), due to the fact that agricultural crops, from which biofuels are
produced, absorb some or most of &, releasedby biofuelpowered vehicles.
Biofuels also eliminate sulphur dioxide emissiolh has been reported than the life

cycle basis,ethanol produced frontellulosic biomass resourcess able to cut
greenhouse gas emissions by 8&8mpared with that of gakoe.[3]

Approximately 90% of the dry weight of most plant materials is stored in the form of
cellulose, hemicellulose, ligniand pectin, with the remainder being mainly waxes and
inorganics such as silicatpg. Lignocellulosic biomasses are recalcitrant matsy
composed of a network dhe interconnected polymers celluloseemicellulose and
lignin, that has evolved to develop recalcitrance ageimsyme hydrolysiproduced by
microorganisms in natuf®] To release the sugars locked in biomasarious
pretreatmerst have been proposed and trialled at laboratory and pilot Beateeatment

is a crucial processing step for biochemical conversion of lighibogic biomass into
bioethanol, in which the cellulose polymers are made accessible for a more rapid
conversion through hydrolysis and fermentation steps. At the same time, hydrolysis of
hemicellulose and lignin removal may occur, depending on the prapped.Among

these processesire steam explosiof] ammonia fibre explosiof¥y] hot water8]
supercritical CQ [9] biological [7] and acid or alkalingretreatmers [10, 11] and
others.Figurel illustrates the effect giretreatmenon lignocellulosic material, showing

that the compacbiomass structure is opened apd the polysaccharides are more

approachable for enzynte attack

As Figure 1 indicates,pretreatmers may alter the structure of cellulosic biomass to

make it more accessible fenzymesandcan also decrease the degree of polymerization
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and cellulose crystallinity. Additionally, they can selectively remove hemicellulose and

lignin from the lignocellulosic matrixhusimproving biomass digestibility6, 12]

Cellulose
Cellulose

Pretreatment

Lignin

Hemicellulose
Hemicellulose

Figure 1 Schematic of the role of pretreatment in the conversion of biomass to f(i&B]

Acid and alkaline pretreatmes are considered effective and economic, which explains
their extensive use in most cases during biomass pretrednett. 14-21] Acid
pretreatment centres around dilute acid pretreatment, using acids suSCaahtl HCI

and has been a crucial technology for hydrolysing lignocellulosic biomass for
fermentable sgar productiof22] Acid can partially release monosaccharides,
oligosaccharidesnd lignin monomers by splitting strong chemical bonds under high
temperaturg23, 24] Sulfuric acid is most commonly used in pretreatmghitdp, 11, 23]
although other acid such as phosphoric [d&d25 and nitric acifi26] have been
assayed, presumably mainly on cgsiunds, with nitric acid being potaially oxidising

and HCI too corrosive. Alkali can facilitate dissociation of entire wall polymers by
breaking hydrogen and other covalent bonds and lignin can be removed without the
degradation of cellulose, also hemicellulose is efficiently hydroliSkdt. is able to

alter cellulose structure and increase amorphous cellulose content, thus improving
biomass digestibility17] NaOH is widely used for biomass pretreatm¢f;.21, 27,

28] Other alkaline agents have also been studied, such 42%naemd ammoni§l7]

In recent years, there has been an upsurgetefeist in the use of lignocellulosic
material, in particular nefood and food waste residues such as corn sf@@isugar

cane bagasgé4] Miscanthug30Q] rape straw31l] wheat straw32] and so forth, as
feedstock for second generation bioethanol. In this work, C4 plants, including
Miscanthus giganteyssugarcane and maize are used as feedstock. They are C4 plants
andare considered to be promising energy créants can be dided into C3 and C4

plants, according to their carbon fixing pathwagempared to C3 plants, C4 plants
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have higher CeXixation rate that results ifasterphotosynthesis. Therefore, C4 plants
can grow very fast. Moreover, C4 plants have a very low comagienspoint(at this
light intensity,the rate of photosynthesis of the plant is equal to its rate of respjration
which makes it possible for them to conduct photosynthedmwalight intensity when

only low concentration of CQs availabldg.30]

There is growing interest in using microwaves in various biomass transformation
processes. Compared to conventional heating, it is more direct, rapid and (i8Bprm.

34] Due to these unique properties, microwaves have wide applications such as food
drying and heating, chemical synthesis, sample digestimhextraction[33] As was
mentioned earlier, pretreatment for biomass is a vital process to improve biochemical
conversion from biomass to bioethanol which includes enzymatic hydrolysis and
fermentation.In this work, microwave is applieto facilitate the thermchemical
pretreatment of biomasand the purpose is to enhance this biochemical conversion.
Different analysistechniqgueshavebeen used to study both the fpeatment media and
biomass residue in order to have a comgnsive uderstanding of the pi@atment

process.

1.2 Project

aims

In this work, microwave irradiation is used to facilitate acid or alkgbire¢reatmenof
biomass. Figure 2 demonstrates the conversion from lignocellulosic biomass to
bioethanol. Afterpretreatmentdigestible polysaccharides (hemicellulose and cellulose)
are more exposed amacessibleWith enzyme or acid hydrolysis, polysaccharides will
be broken down into their constituent monosaccharides, such as arabinose, galactose,
glucose, xyloseandmannose, which can be fermented into ethanol or butanol by yeast
or bacteria. After distillation, bioethanol or biobutanol is obtained. There are several
factors affecting the hydrolysis of cellulose, including the accessible surfacefdhea
biomass material, crystallinity of the cellulose fibegglthe content of both lignin and
hemicellulosg35] The hydrolysis pcess can be significantly improved by removing
lignin and hemicellulose, reduction of cellulose crystallinity and the generation of a

more open biomass structure through an effegieéreatmenprocesg2, 35|

In this work, agueous solutions of acid.84), alkali (NaOH) and FeGhre used to
pretreat biomasgViscanthus sugarcane bagasse and maizifergnt analysis methods
are used to investigate their performance on biomass structure, chemical composition

andbiomass digestibility. In order to compare, waiestreatmenis used asontrol
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Pretreatment = i,
(physical, chemical, il
: blological) L - ¥
z'- _ Fhicammasgn e E -
- B L
Lignocellulosic \lf N Digtillation and
/

materials evaporation

Figure 2 Conversion oflignocdlulosic biomass to fuel[13, 36, 37]

13 Energy
crisis and need for bioethanol

Due to theenergy securityssue and long term effect of @Gn environment, there is an
increasingnecestty of the develojng alternative fuel energyOver time, petroleum

based resources will be limited and more expensivue to the combined impact of
fossil fuel scarcity and its increasing cost. With the growing interest in bioenergy
production, more and more research has been done in the field of biofuels. Oil, natural
gas and coal will not only emit climatBreateninggreenhouse gases and other
pollutants, but also the quantity of undiscovered stocks will be a matter of great
concern.38] According toNew Policies Scenariwhich is a scenario ilorld Energy
Outlookthat takes amount of broad policy commitments and plans thatehheen
announced by countriesnergyrelated CQ emission rises by 20% to 37.2 B 2015,
leaving the world on track for a lostigrm averge temperature increase of 3@ The
presumably rising sea lels will do more than just make the beach clpgetiminishes

crop yields, increases area affected by droaghicauses more frequent and destructive
forest fire. |t is worth mentioning that 6 C
frequently usd assuming that COemitted during biomass combustion to generate
useful energy will be takein again during the regrowth of an equivalent mass of
biomass. At the same time, The International Energy Agency (IEA) standard
methodological framework for compag bioenergy and fossil energy systems in
lifecycle analysis presumes stable atmospheric carbon for bioenergy systems and
increasing atmospheric carbon for fossil reference systéiggire 14 shows CO,
emission eduction by using bioethanol from a variety of biomass on a LCA bdsis)

stable atmospheric carbon can be assumed for bioenergy system, because the
atmosphere and biosphere represent a single carbof38pb@klobal energy demand
increases by onthird from 2011 to 203%40] Therefore, it is of great importance to turn

to alternative energy resources, such as-davbon energy sources (renewables and
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nuclear), which meet around 40% of the growth in primary energy demand. It is

predicted that biofuels use will triple, risifigm 1.3 million barrels of oil equivalent per

day( mboe/d) in 2011 to 4.1 nboe/d in 2035, by which time it will represent 8% of road

transport fuel deman(d.(]

TablelEt hanol 6s Net Energy Value: A summary

Author Net Energy Value Reference
(Btu/gal)

Shapouri, et all(995) +20,436 [41]

Lorenz and Morris (1995) Institute for Local +30,589 [42]

Self-Reliance

Agri. and AgriFood, CAN (1999) +29,826 [43]

Wang, et. al. (1999)71 Argonne National +22,500 [44]

Laboratory

Pimentel (2001) -33562 [49

Marland and Turhollow +18154 [46]

Shapouri, et. alUpdate (2002) USDA +21,105 [47]

Btu/gal: British thermal unit/gallon of ethanol; 1 Btu= 1.055 KJ; 1 US gallon= 3.78541 Liter

Ethanol derived from biomass has the potential to be a sustainable transportation fuel, as
well as a fueloxygenate that can replace gas [#8 Table 1 shows several energy

balance studies results for ethanol production from maize. The results showed renewable

of

retuns on norrenewable energy input for maize ethanol, except the result from

Pimentel (2002). The result expected due to different conversion approachesng

applied in the process. It can be predicted that biomass feedstock will also influence the

netenergy value. Overalthe net energy output from bioethanol is potentially promising

andit is able to reduce domestic consumption of fossil fuels, especially petfd@um

The world ethanol productioin 2001 was 31 GL. The major ethanol producers are

Brazil and the US, which generate 62% of world production. The major feedstock for

ethanol is sugarcarieom Braziland maizegrain fromthe US respectivelfs0] There is
a great potential to use lignocellulosic biomassraalpce ethanol, including agricultural

waste (e.g. corn stover, crop straw, sugar cane bagasse), herbaceous crop (e.g. alfalfa,

switchgrass), forestry wastes, wastepapelso forth[51]

1.4

development and Green Chensitry

Sustainable

Sustainable development was brought up by United Nations Commission on

Environment and Development in 1987 (Bruntland Commission), which defined
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sustainable devel opment as: 6 émeeting the n
the ability of futuregener ati ons to meet their own needs
aspects of sustainable devel opment from a ¢
fast should we use up fossil fuel s?6 and Oh
release to the envirorenn t ? 6 However, rat her t han have
guestions, there is a general agreement to develop more renewable forms of energy and

to reduce pollution. Therefore, to develop new products, processes and services that

achieve all the benefits ofistainable development is our challepg8.

The term O0Green Chemistrysdneanbfdesaibmgng accerg
the development of more eddendly, sustainable chemical products and proeess

During the early 1990s the US Environmental Protection Agency (EPA) coined the
phrase Green Chemistry as O06The wutilisation
eliminates the se or generation of hazardous substances in the design, manufacture and
application of.[52 Qverrhie st twenty yeard Green €hiemisiag

gradually becomerecognized as both a culture and a methodology for achieving
sustainability.52]

The aims of Green Chemistry che summarized as 12 Principles of Green Chemistry
(se€Table2).

Table 2 The 12 Principles of Green Chemistrnf52]

1 Waste prevention is better than treatment or clgan

Chemical synthesis should maximise the incaapion of all starting material
Chemical synthesis ideally should use and generatdamardous substance

Chemical products should be designed to betogit

2

3

4

5 Catalysts are superior to reagents
6 The use of auxiliaries should be minimised

7 Enrergy demands in chemical syntheses should be minimised

8 Raw materials increasingly should be renewable

9 Derivations should be minimised

10 Chemical products should break down into innocuous products

11 Chemical processes require better control

12 Substances should have minimum potential for accidents
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The aims of this project are closely concerned with the concept of renewable raw
materials and sustainability. Microwave energy is used as an alternative energy input in
this work, fitting with Principé 7.

15 Biorefinery

concept

The worldés primary source of energy and
million barrels a day oil is demanded worldwided it is predicted to go up to 116
million barrels a day by 2030, with transportation accaunfor 60% of such rising
demand53] It is increasingly acknowledged globally that pHaatsed raw material (i.e.
biomass) has gat potential to substitute a large fraction of fossil resources as feedstock
for industrial productions, addressing both the energy anénergy (i.e chemicals and

materials) sectors.

Biorefining is defined as the sustainable processing of biomassairggectrum of
marketable products (food, feed, material, chemicals) and energy (fuel, powefs4eat).

An integated biorefinery maximises the overall added value of one plant system by way
of fractionation of the raw material, integration of mass and energy flows and processes,
by (ideally) using all components of raw material for a range of different
products/inermediatesand by working with closed loops (seEigure 3).[55] The
biorefinery concept includes a wide range of technologies able to separate biomass
(wood, grass, crop etc) into their building blocks (carbohydrate, proteins, triglycerides
etc) which an further be converted to value added products, biofuels and chemicals. A
biorefinery is a facility that integrates biomass conversion procesgEgquipment to
generatea combination of transportation biofuel, powsrd chemicals from biomass.
Thiscone pt is similar to todayés petrol eum

chemical produci{s6].
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Sugar platform

Biochemical

Sugar feedstock

Residues

I:I Combined heat Fuel, chemical
and power and material
Clean gas

Conditioned gas

Syngas platform

Thermochemical

Figure 3 lllustration of biorefinery concept[57]

1.6 Current
state of biofuels

Biofuels are made from bibased materials via thermochemical processes such as
pyrolysis, gasification, liquefaction, supercritical fluid extraction, supercritical water
liquefaction and biochemical routes. The term biofuels can refer to fuels for direct
combustion for electricity production, but is generally used for liquid fuels for
transportation sectgh8] As can be seen fronTable 3, biofuel offers numerous
promising benefits related to energy security, econoancenvironment. Nevertheless,
several challenges must be overcome in order to realize these benefits, such as
competition for food and changing land use, as wslithe necessary cost of the

technology.

Table 3 Benefits and challengesfiofuels [59]

Benefits Challenges

Energy security Feedstock

Domestic energy source Collection network

Locally distributed Storage facilities

Well connectedupplydemand Foodfuel competition

chain Technology

Higher reliability Pretreatment

Economic stability Enzyme production (mainly for EtOH ar
BuOH)

Price stability Efficiency improvement

Employment generation Technology cost

Rural development Prodution of value added eproducts
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Reduce demansgupply gap Policy
Open new industrial dimensions Land use change

Control on monopoly of fossil rich state: Fund of research and development

Environmental gains Pilot scale deployment

Better waste utilizadn Policy for biofuels

Reduce local pollution Procurement of subsidies on biofue
production

Reduce GHGs emission from ener Tax credits on production and utilization
consumption biofuels

Reduction in landfill sites

Overall, biofuels can be daified as primary and secondary biofuel (Ségire 4).

Primary biofuel refers to the conventional using of bioenergy, such as burning biomass,

crops residue, or animal waste etc. Secondary biofuels are concerned with more
innovaive using of (bio)technology to produce biofuel from substrate. First generation

biofuel is produced from raw biomass material in competition with food and feed
industries, such as seed, grain or sugar. The most common first generation biofuels are
bioethanol, biodiesel and staraterived biogas, but alamprocessedegetable oils, bio

methanol and bi@thers(it can be used as an additive to current fossil fuel to replace
petraether)may be included as wdk0] Due to this competition, these biofuels give

rise to ethical, political and environmental concerns. Therefore, there is an increasing

interest in using iginocellulosic agricultural and forest residues and-foma crop

feedstocks, which are the sources $fdgeneration biofuelHowever, thereare several

challenges ahead of%eneration: 1. Enzymes, pretreatment and fermentation processes

need to bemore energy and cost efficient; 2Land competition; 3. The
commercialisation of @ generation biofuels need to necessitate the new infrastructure

for harvesting transportingstoring and refining bioma$61] Third generation biofuels
speciycally derived from microbes and mi cr
alternative energy resource that is devoid of the major taswvk s associ ated wi i

and secondgeneration biofuels.
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transesterification of plant oils

(rapeseed, soybeans, Biomethane by anaerobic digestion
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used cooking oil, animal fats, etc.)

Figure 4 Biofuel classification[62]

Up to now, bioethanol is the most widely used biofuel for transportation globally. It is
produced from biomass feedstock such as sugarcane, sugar beet and starch crops (mainly
maize and wheat). USA is the largest producer for bioethanol (Bl titres/ year)

with maize as main feedstock. The European Union produces 3.44 billion litres of
bioethanol per year, with sugar beet and starch crops as the main feé&d$tock
Biodiesel is derived from oil based crops, such as rapeseed, sunflower, soybean but also
palm oil and waste déble 0ils[56] Biogas is produced dm anaerobic digestion of
mixtures of corn derived starch, manure, organic waste and grasse®fue can be
derived from a wide range of biomass, it can be classified as either first or second
generation; when biogas is mainly derived from waste asidue, it can be categorized

in second generation energy. The advantages of first generation biofuels is that the raw
materials are easy to convert into biofuel, because they are mostly composed of sugar or
oil.[56] Most Life Cycle Assessments (LCA) have found a net reduction in global
warming emissions and fossil energy consumption when most common transportation
biofuels (bioethanol and biodiesel) are used to replace conventional diesel and
gasoling.63-65] However, first generation biofuels currently produced from sugar,
starch and vegetable oils have several disadvantages: their production competes with
food for their feedstock and fertile lamehdtheir potential production is limited by soil
fertility and yield. Meanwhile, the CQOemission saving effect is limited by the high

energy input required for crop cultivation and conver$&fi) 67

For the purpose of partially overcoming the shortcominigéirst generation biofuel,

there is a growing interest in the production of second generation biofuels (i.e. from raw
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materials based on waste, residue or-fomd crop biomass) as a potential alternative to
fossil fuels and conventional biofugd$]. The use of such biomass in biorefinery
complexes is expected to ensure additional environmental benefits and improve world
energy security, due to the coproduction of both bioenergy and high value chemicals. In
contrast to first generation biofuels, where the utilized fraction (grains and seed)
correspond to only a small amount of the abgreund biomass, second generation
biofuels can rely on the whole plant for bioenergy production. Second generation
biofuels (e.g. Fisher Tropsatiesel from biomass and bioethanol from lignocellulosic
feedstok) has higher landise efficiency and environmental performance, according to
the LCA studes published befor§s8, 69 More importantly, second generation biofuels
could be derived from lignocellulosic residue and waste which is already available or
nonfood crops such as perennial grasses and-ghtation forestry. They allow the
coproduction of valuable bioéls, chemical compounds as well as electricity and heat,
contributing to a better energy, environmental and economic performance through the

development of biorefinery concepi]]

Production of the third generation fuel usually relies on the lipid contént
microorganisms. Microalgae synthesize and accumulate largéitopsaaf neutralibids

(20i 50% dry weight of biomasg)/1] They are able to produce iZ¥0 times more oil

for biodiesel production than traditidnarops on an area basis. Compared to
conventional crop plants which are usually harvested once or twice a year, algae and
seaweed (macroalgae) have a very short harvesting cydle days depending on the
process), allowing multiple or continuous hargesiowever, technical challenges such

as lipid extraction and dewatering need to be overda@@jeThere is a high content of
water in algae, thus dewatering is required, which is carried out either via centrifugation
or filtration before extracting lipids. Lipids obtained from algae can be processed
through transesterification to give biodief&l] As can be seen frorRigure 4, both
bioethanol and biodiesel can be derived from algaeaweed.

1.7 Biomass composition

Biomass is synthesized via the photosynthetic process which converts atmospheric
carbon dioxide and water into sugars. Further, plants use sugars to synthesize the
complex material that is termed biomass. The primary buildiock of plant cell wall is
lignocellulose. Plant biomass is mainly composed of cellulose, hemicelloignin,
along with smaller amounts of pectin, protein, extractives (solublesmootural
material such as nestructural sugars. nitrogenous nrék chlorophyllandwaxes)and

ash[73] Figure5illustrates the structural organization of the plant cell walllul@ese is
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protected from degradation by hemicellulose and lignin. The compasitibthese
constituents can vary depending on the plant spes@sTable 4 for details of some
common lignocellulosic materialspAdditionally, the ratios between the constituents

within a single plant vary with age, stage of groatidother condition$2]

Table 4 Cellulose, hemicellulose and lignin content in common agricultural resites and
wastes[5, 7]

Lignocellulosic material Cellulose Hemicellulose (%) Lignin (%)
%
Hardwood stems E1(})55 24-40 1825
Softwood stems 4550 2535 25-35
Nut shells 2530 2530 3040
Corn cobs 45 35 15
Grasses 2540 3550 10-30
Paper 8599 0 0-15
Wheat straw 30 50 15
Sorted refuse 60 20 20
Leaves 1520 80-85 0
Cotton seed hairs 80-95 5-20 0
News papr 40-55 2540 18-30
Waste paper from chemical pulp 60-70 10-20 5-10
Primary wastewater solids 8-15 1.43.3
Solid cattle manure 1.64.7 1.43.3 2.7-5.7
Coastal bermuda grass 25 35.7 6.4
Switchgrasss 45 31.4 12
Swine waste 6 28 n.a
Sugar cane bagas 52.45 25.96 12.72
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Figure 5 Structure organization of the plant cell wall (taken from ref[74])

1.7.1 Cellulose

Cellulose is the main structural constituent in plant cell walld is present in an

organized fibrous structureCellulose is a linear, unbranched hapulysaccharide
composelgloufcofpyranose units whildeglycosmice | i nke:«
bonds(seeFigure 6).[5]

O OH
o OH o H
\o HOMO/ HOMO/
HO O HO O
o 7\0 - 7\0
Figure 6 Cellulose structure

Cellulose in biomass preserih two forms, amorphous and crystalline. The kahagin
cellulose polymers are linked by hydrogen and Van der Waals bonds, constructing
cellulose packed into microfibrils whicdre about 120 nm in diameter (sd&gure5).
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Figure 7 (a) Cellobiose, the repeatingunit in crystalline cellulose |, with intramolecular
hydrogen bonds shown. Axial cross sections ofsheets of (b) cellulose land (c) cellulose I,
with intermolecular hydrogen bonds shown. Cellulose strands are represertdoy cellobiose
units and hydrogen atoms have been omitted for clarity unless involved in hydrogdsonds.
(Taken from ref. [75])

Three hydrogen bonds occur per glucosyl unit in biosynthetic cellulose: two
intramolecular hydrogen bonds and one intermolecular hydrogen bondighbmeing
cellulose molecule in the same sheet (Sigire 7). Each microfibril is an unbranched
polymer with about 15000 anhydrous glucose moleft&sThe microfibrils are lined

up parallel to each other and consist of crystalliegions. Crystalline cellulose is the
major component, whereas a small amount of unorganized cellulose chains form
amorphous cellulose. Amorphous cellulose is less compact and can be degraded more
easily than crystalline cellulogg2] However, these amorphous regions are staggered,
making the overall cellulose structure str¢iig] Although the monomer (glucose) and

short oligomers are watspluble, cellulose is not, because oftilgh molecular weight
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(solubility is usually inversely related to polymer length) and the comparatively low

flexibility of cellulose polymer chaing/5]
1.7.2 Hemicellulose

Hemicellulose is a polysaccharide that comprises xyloglucans, xylans, mannans and
gl uc omannan K14)-lihkednblc&bdnedwith am equatorial configuratéom

b-(1-3, 1-4)-glucans.t has a lower molecular weight than cellulose. It can be branched
and decorated with functionalities such as acetyl and methyl groups, cinnamic,
glucuronic and galacturonic acid (s€&&ure 8). Xyloglucans (XyG) are the most
abundant hemicellulose in primary cell walls found in every laadtsipecies that has

been analys d . They ar e -Doxylase linkee tb @wadf thé badkbone.

Xyl ans are a diverse group of pol(Y4accharid
linked xylose residues, with side chains. They usually contain many arabinose residues
attached to the Iockbone which are known as arabinoxylans and
glucuronoarabinoxylang7] These hemicellulose types are present in all terrestrial
pl ants cel | w#l3] B4)-glucans,cvehieht aref restricted to Poales
(They are a largerderof flowering plantan themonocotyledonsincluding families

like grassesandbromeliad$ and a few other groupdtigure 8 presentschemical
structures of xyloglucan and glucurramabinoxylan. The structures of hemicelluloses
and their abundance vary widely from species to species and cell types. The most
significant biological role of hemicellulose is that they strengthen the cell wall by
interaction with cellulose and, in some lisawith lignin[78] It acts as an amorphous
matrix material, holding the stiff cellulose fibrils in place (s$égure5). It has been
suggested that the affinity of hemicellulose to lignin is enhanced by Iisétation with
hydrophobic groups such as acetyl and methyl groups ithpeoving the cohesion
between the three major lignocellulosic polymis.

The main difference between hemicellulose and cellulose is that hemicellulose has
branches with short lateral chains composed of different sugars. These monosaccharides
include pentose (xylose, rhamnosad arabinose), hexose (glucose, mannosel

galactose) and uronic acid (e.g. 4O-methylglucuronic, Bglucuronic and D-

galactouronic acids). The bdmine of hemicellulose is either a homopolymer or a
heteropol ymer with glMpglydosidix bands @rdeccasibnally k ed by
b-(1,3)glycosidic bonds. Due to its namystalline nature, hemicellulose is easier to

hydrolyse than cellulose, esj@ty in acidic conditiong2]
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Figure 8 Structure of xyloglucan; the principle component of hemicellulose. The basic
heptasaccharide regating unit structure may bear additional substitutions as indicated. B.
A unit structure of the highly substituted glucuronoarabionxylan. Feruloyl groups are
esterfied to a few of the arabinosyl units and subsequently from several pheryhenyl and
ether linkages to other esteified feruloyl units and to lignin.[77, 78]

1.7.3 Lignin

Lignin is a complex antarge molecule, composing crelssked polymers of phenolic
monomers. It presents primary cell wall, imparting structural support, impermeability
and resistance against microbial attack. The aromatic compounds in lignin form a
network with cellulose througester, phenyl bondovalent as an estandothers[2] It
acts as natureos gl ue, forming a protectiyv
accessibility to celllose and gives plants increased resistance to pathogen and insect
attack and biomass degradat[@d] Lignin deposition is thought be increased in
response to attack by these invad8@. Three phenyl propyl alcohols exist as
monomers for lignin, coumaryl alcohol-fiydroxyphenyl propanol), coniferyl alcohol
(guaiacyl propanoland sinapyl alcohol (syringyl alcohol) (seggure 9). After their
biosynthesis, monolignols are transported to the cell wall where they undergo oxidation

and radical polymerization to form a complex three dimensional molecular architecture
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that contains a variety of bonds with typlca} a r o u-©d etfeOlikage[81] A

schematic representation of the general chemical structure of lignin from softwood is

depicted inFigure 10. Lignin composition and content ar
also by the environmei82] In general, herbaceous plants such as grasses have the

lowest lignin contentwhereas softwoods have the highest lignin contentTgigle4).

CH,OH CH,OH CH,OH

A\ \ A\

OCH; H,CO OCH;

OH OH OH

(a) p-coumaryl alcohol (b) coniferyl alcohol (c) sinapyl alcohol

Figure 9 Lignin monomers

Lignin is identified as one of the major obstacles for an enreffigient biomass
destruction process. Not ordipes lignin prevent efficient hydrolysis of polysaccharides,
but also modified lignin aftepretreatmentauses unproductive binding of hydrolases.
Several inhibitors such as syringyl aldehyde and vanillic acid are derived from lignin,

which negatively intience hydrolases and fermentative organisms.

In most cases of chemicpletreatmerst, lignin is modified by hydrolysing its ether
bonds Only someof the lignin isremovel from the pulp (e.g. organosolv pulping, some
base treatments, sulphpeetreatmenand pulping, kraft pulping). The lignin removal is

a result of chemical fragmentation and the ability of the liquor to solvate the modified
lignin fragmentd.75

36



7z T ~ ‘ Bonds:
PN N 1 p-0-4
HACHO' CHOH c‘.-.oa HACHO' 2 a-0-4
| 1
i T W 1

4 p-p

o t=o0 5 4.0-5
y 6 B-5
O . I e
HyCHO' \\ OHCHy
o

Figure 10 Schematic model of lignin structurg¢82]

1.7.4 Bonds between lignin and carbohydrates: lignircarbohydrate comgdexes

Hemicellulose and lignin are not only entangled, but also covalently-lim&ssl. In
wood, the covalent lignisarbohydrate linkages include ester and ether linkages through
sugar hydroxyl to thé&kcambon of phenylpropane subunits in lign{figure11). Ferulic

acid can dimerize hemicellulose, seigure 12. In grasses, these ligngarbohydrate
complexes contairefulic and p-coumaricacid (Figure 13).[83] Initially, ferulic and p
coumaric acids are bonded to hemicellulose via ester bon@sgure 13). During
lignification, the lignin networkgrows by participating in the radical polymerisation
reaction[75]

Xyl-Xyl-Xyl

OH

Xyl-Xyl-Xyl

OH

OH

Figure 11Est er | i n kcarigom of phenylprdpane silibunits in lignin
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The cell wall rigidity and resistance to enzymatic digestion is correlated to the extent of

crosslinking via lignin-carbohydrateeomgdex. Therefore, the crodmks must be
broken by chemically hydrolysing the ester bonds, so that an effective deconstruction
process can be achieved. Direct complexes between lignin and carbohydrates are formed

during lignification, when hydroxyl groupsf @arbohydrates react with electrophilic

ketone methide intermediates of the growing lignin polymer chi@hjs

- arabinoxylan

arabinoxylan

Figure 12 Ferulic acid dimer cross link[75]
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Figure 13 Schematic diagram showing possible covalent crodisks between
polysaccharides and lignin in walls. a. Direct estelinkage; b. direct ether-linkage; c.

hydroxycinnamic acid esterified to polysaccharides; d. hydroxycinnamic acid esterified to
f. FA esterether bridge; g.

lignin; e. hydroxycinnamic acid etherified to lignin;
dehydrodiferulic acid diester bridge; h. dehydrodiferulic acid diesterether bridge [84]
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1.8 Promising feedstock

Biomass energy currently contributed 3% of the global energy supplgccounting for

45+10 EJ per gar. Biomass energy includes both traditional uses (e.g., firing for
cooking and heating) and innovative applications (e.g. producing electricity and steam
andliquid biofuels). 7 EJ energy a year is generated by using modern techaaltiipe
remainder $ in traditional uses. Biomass energy is generated from renewable material.
Biomass feedstock is considered to be sustainable with proper management and
technologies.

Bioethanol is one of the most modern forms of biomass ersrgjy has great potential

to replace gasoline. Potential feedstocks for bioethanol include starch, sugaaraops
agricultural residues (e.g. corn, barley, oat, rice, wheat, sorgimthsugar cane). In

order to avoid conflicts between food use and industrial use of crops, waspsdace
preferred to produce ethanol. Wasted crops are crops lost during the year at all stages
between the farm and the household level during handling, starabgeansport. The
agricultural residue includes corn stover, crop stramgsugar cane bagse, generated

during sugar cane processig]

There are about 73.9 Tg of dry wasted cropsipced every year in the worlahich
could potentially give rise to 49.1 GL yéawof bioethanol. At the same time,
lignocellulosic biomass could produce up to 442 GL ye#tence,the total potential
bioethanol production from crogesidue and wasted crops is 48L year', which is
able to replace 353 GL of gasoline (32% of the global gasoline consumtadnig. 5

and

Table 6 show availale wasted crops and lignocellulosic biomass production and their

potential bioethanol production every year world wid&i§}

Table 5 Quantities of wasted crop and lignocellulosic biomass potentially available
for bioethanol[85]

Africa Asia Europe North Central Oceania South Subtotal
America America America

Wasted crops (TQ)
Corn 3.12 9.82 1.57 0.3 1.74 0.01 4.13 20.7
Barley 0.17 1.23 2.01 0.01 0.01 0.19 0.04 3.66

Oat 0.004 0.06 0.43 0.01 0.001 0.001 0.05 0.55
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Rice 1.08 21.86 0.02 0.96 0.08 0.02 1.41 25.44
Wheat 0.83 10.28 4.09 0.02 0.24 0.82 0.91 17.2
Sorghum  2.27 0.54 0.004 0 0.13 0.001 0.18 3.12
Sugar 0.46 1.64 0 0 0.36 0 0.74 3.2
cane
Subtotal 7.94 45.43 8.13 1.3 2.56 1.05 7.45 73.86
Lignocellulosic biomass (Tg)
Corn 0 33.9 28.61 133.66 0 0.24 7.2 203.62
stover
Barley 0 1.97 44.24 9.85 0.16 1.93 0.29 58.45
straw
Oat straw 0 0.27 6.83 2.8 0.03 0.47 0.21 10.62
Rice 20.93 667.59 3.92 10.95 2.77 1.68 2351 731.34
straw
Wheat 534 1452 132,59 50.05 2.79 8.57 9.8 354.35
straw
Sorghum 0 0 0.35 6.97 1.16 0.32 1.52 10.32
straw
Bagasse 11.73 74.88 0.01 4.62 19.23 6.49 63.77 180.73
Subtotal 38 923.82 216.56 218.9 26.14 19.7 106.3  1549.42
Table 6 Potential ethanol production world widely{50]
Africa Asia  Europe North Central Oceania South  Subtotal
America America America
From wasted crop (GL)
Corn 2.17 6.82 1.09 0.21 1.21 0.01 2.87 14.4
Barley 0.12 0.83 1.35 0.005 0.01 0.13 0.03 2.46
Oat 0.002 0.04 0.3 0.01 0 0.001 0.03 0.38
Rice 0.71 14.4 0.02 0.63 0.05 0.02 0.93 16.8
Wheat 0.55 6.78 2.7 0.02 0.16 0.54 0.6 113
Sorghum 1.55 0.37 0.003 - 0.09 0.0004 0.12 2.14
Sugar 0.23 0.82 - - 0.18 0.0001 0.37 1.59
cane
Su(bt)otal 5.33 30.1 5.45 0.87 1.7 0.7 4.95 49.1
A

From lignocellulosic biomass (GL)
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Corn - 9.75 8.23 - 0.07 0.07 2.07 58.6
stover

Barley - 0.61 13.7 0.05 0.6 0.6 0.09 18.1
straw

Oat - 0.07 1.79 0.009 0.12 0.12 0.06 2.78
Straw

Rice 5.86 186.8 1.1 0.77 0.47 0.47 6.58 204.6
straw

Wheat 1.57 42.6 38.9 0.82 2.51 2.51 2.87 103.8
Straw

Sorghum - - 0.1 0.31 0.09 0.09 0.41 2.79
straw

Bagasse 3.33 213 0.004 5.46 1.84 1.84 18.1 51.3

Subtotal 10.8 261 63.8 7.42 5.7 5.7 30.2 442

(B)
Total 161 291.1  69.2 9.12 6.39 6.39 35.1 491.1

The availability of feedstock for bioethanol can vary considerably from season to season
and depends on geographic locasioLocally available agricultural biomass should be
used for bioethanol production.

1.9 Process for bioethanol production

By far, bioethanol is the most widely used biofuel for transportation world widely.
Practically, any of the organic molecules of theohtd family can be utilized as fuel.
Several types of alcohol, such as methanol ;@H), bioethanol (gHsOH), propanol
(CsH;OH), butanol (GHsOH), can be used for motor fuels. However, only methanol and
bioethanol fuels are technically and economicallytadiie for internal combustion
engined.86]

Bioethanol derives from a renewable resowndit represents a closed carbon dioxide
cycle because after burning of ethanol, the released carbon dioxide is recyclatdack
plant material by photosynthesis cycle. The toxicity of the exhaust emission from
ethanol is lower than that of petroleum sources. It contains 35% oxygen that helps
complete combustion of fuel and thus reduces particulate emission that have health
hazard to living beings. It also benefits energy security as it shifts the need for a
proportion of foreigrproduced oil to domesticalgroduced energy sources. Therefore,
countries which have limited access to crude oil can grow energy crops for energy use

andreduce foreign exchangxpensg87]
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However, bioethanol has several disadvantages, including its tveegy density than
gasoline ut 35% higher than that of methanol), corrosiveness, low flame luminosity,
lower vapour pressure (making cold starts difficalificomplete miscibility \ith water.
Therefore, in order to overcome these disadvantagbanolis blendd with a small
fraction of a much more volatile fuel such as gasolara vapour pressurds

increased58]

On a lifecycle basis, bioethanol derived from different biomass has various GHGs
emissionreductionsFigure14 illustrates that corn ethanol offers rather limited benefits,

as it reduces GHGs emission only by 18% compared to gasoline. In contrast, sugarcane

and cellulosic ethanol contribute to nearly 90% lower emission. Corn ethanol is inferior

to sugarcane and cellulosict han o | in terms of o6énet energy
the ratio of renewable energy output over fossil fuel input to product bioethanol on a
life-cycle basis. Studies shown that corn ethanol yield3®8 more energy than fossil

fuel energy in makig it. Sugarcane and cellulosic ethanol achieve renewable energy 9

times worth the fossil energy used to produce tf&sh.

100% -

80% -
60% -
40% -
o -y -

0%

Green house gas emission

Gasoline Corn  Sugar beet Wheat Cellulosic Sugarcane

Figure 14 Reduction in greenhouse gas emissions, compared to gasoline, by ethanol
produced from a variety of feedstocks (on a lifeycle basis)8§].

Lignocellulosicmaterial can be converted into bioenergy via two different approaches,
i.e. thermochemical or biochemicebnversions (se€igure 15). The thermochemical

route involves processes that require rather extreme tempErand pressure than that

of biochemical conversion system. Thermochemical process includes combustion,
gasificationandpyrolysis. It is generally more capiiaitensive and requires largeale
production for economic benefits. Bioenergy can be predufrom lignocellulosic
residues by thermochemical or biochemical processing, liquid fuels such as bioethanol
or biodiesel, gaseous fuels such as biogas (methane), electricity and heat can be
obtained 62, 89
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Figure 15 Thermochemical and biochemical conversions of lignocellulosic biomd89)

The thermochemical process for bioethanol production involves gasification of raw
material at a high temperature of 8@ followed by a catalytic reaction. Raw material

is converted into syngas (hydrogen, carbon monoxide and carbon dioxide). In the
presenceof catalysts(Rh, Ru, Co, Fe basedhe resulting syngas can kgnthesized

into ethanol, owtilized by the microorganisras biocatalysto form ethanol and water,

which can be further separated by distillatjo6:92]

Pre-treatment
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e WP~ """"77 I
I - == === 1 |
toy Cellulose ! '
r ) ] Detoxification !
: : hydrolysis 1 :
[ 1 I
1 | 1
| ISSF () 1 .
1 ]
: : Hexose : Pentose :
R fermentaion : fermention )
bt SSCF |
e e e e e o o 1
(EtOH+L) (EtOH)
Anhydrous
Conventional Ethanol ethanol
distillation dehydration
(L)
Steam, electricity Effluent
treatment

Figure 16 Biochemical pathway to produce bioethanol from lignocellulose biomass.

Possibilities for reactiori reaction integration are shown inside the shaded boxes: SSF
simultaneous sacchariycaitsiomu latnadn ef oeursmesna cact h aorni;y cSa
co-fermentation. Main stream components are: Q cellulose; H hemicellulose; Li lignin;

G 1 glucose; Pi pentose; T inhibitors; EtOH i ethanol[58]
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Biochemical route involves physical (i.e. size reduction) or/and thetramical with
possible biologicapretreatment Biochemicalpretreatments mainly used to overcome

the recalcitrant structure of biomass and increase cellulose accessibility to cellulases.
The upstream operation is followed by enzymatic or acidic hydrolysis of cellulosic
material and convemin of hemicellulose into monosaccharides (saccharification).
Subsequently, the produced sugars are fermented into ethanol and then purified via
distillation.  Lignin is combusted and converted into electricity and Iégdre 16
presend the bioethanol production process from lignocellulose biomass via biochemical

conversion.
1.10 Biomasspretreatment

Lignocellulosic biomass is a recalcitrant structure in which hemicellulose and cellulose
are packed with layers of lignin, resultingrasistance towards enzymatic hydrol\&iks.
Therefore, variougretreatmerst have been studied to improve the yields of fermentable
sugars from cellulosend hemicellulose, such as mechan|[@lsteam explosiof6, 93
ammonia fibre explosiof¥, 94] hot water, supercritical C£)9] ozonepretreatment?]
biological[7] ultrasound95] acid or alkalj10, 11, 29] and others.

Table 7 An effective pretreatment must meet the following requirements]

1 Improve sugar production or ability to subsequently form sugars by hydrolysi
2 Avoid degradation or carbohydrate loss;

3 Avoid by-product formation, such as inhibis of subsequent hydrolysis al
4

Be cost effective

Pretreatmerst may alter the structure of cellulosic biomass to make it more accessible
for enzymes, as well as decrease the degree of polymerization and cellulose crystallinity.
Additionally, it can selectively remove hemicellulose and lignin from the lignocellulosic
matrix[6, 12] Table 8 presentsthe characteristics of thgretreatmers that currently

have been studied. Although most of these treatments can release hemicellulose and
cellulose from the cell wall, some of them are economically uitfieague to technical
issues. Furthermore, they are not all able to overcome the recalcitrant material found
mainly in woodbased feedstocks. Different from agricultural residues, forest and wood
materials are high in lignin content and cellulose contehich renders them more
recalcitrant. Agricultural residues such as corn stover, rice and wheat straw are mostly
composed of hemicellulose and have a low lignin content conferring on them a less

resistant texture. Additionally, they require less energwtirtban woody biomass to
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reach size reduction. Therefore, the ratio of overall energy consumption versus sugar
yield with regard to feedstock versatility, as well as toxic inhibitors formed per level of
sugar recovery are the primary consideraion the estimation of thepretreatment

efficiency and cost effectiveness of the prod&sk.

Acid and alkalinepretreatmerst are considered effective, which explainsrtb&tensive
use in most cases during biomasetreatmen{5, 12, 14-21] Acid pretreatmententres
arounddilute acid pretreatmentwhich has been a crucial technology foydtolysing
lignocellulosic biomass for fermentable siggproduction[22] Acid can partially
release monosaccharides, oligosaddea and lignin monomers by splitting strong
chemical bonds under high temperati#®. 24] Marasabessyt al. repoted that, with
30 minutes 0.9% (w/v) ¥8Q, pretreatmenat 178°C before enzymatic hydrolysid00%
of all pentoses present iatropha curcasfruit hull are released (71% vyield and 29%
degradation to furfural ) after 24 hour enzymatic hydrolysis. Meanw88&o of the
hexoses (78% yield and 5% degradation tay8roxymethylfurfural) is achievel@6]
Sulfuric acid is most commonly used fmetreatmers, [5, 10, 11, 23] although other
acid such as phosphoric a¢ith, 25] and nitric acid26] have been assayed

Alkali can facilitate dissociation of entire wall polymers by breaking hydrogen and other
covalentbonds and lignin can be removed withdepolymerisatiorof the other major
constituent$6] Additionally, NaOH and ammonigretreatmentcan significantly
increasethe disordered or amorphous fraction in the cellulose, improving the cellulose
digestibility[17] NaOH is widely used in thegagetreatmerst]20, 21, 28] Other alkaline
agents are also used foretreatmentsuch as limg9 and ammoni§l7] Gomezet al
pretreated Miscanthus maize and sugar cane bagasse with dilute NaOH under
conventional conditionin the temperature rangef 20 to 180°C andthe results show
that hemicellulose and lignin are effectisegraded and the total sugar release during
pretreatment is between-1® mdg biomass. Zhuet al. studied conventional and
microwave assisted dilute NaOH (1%) pretreatment of wheat stnalthe weight los

of hemicellulose and lignin after pretreatmen?7684.4% and 88B6% respectively21]

However,cone nt i onal acidic hydrolyses (uswually di
bel ow 4 wt% and temperature higher than 16
formation of toxic inhibitors such as furfurlom xylose and hydroxymethiyirfural

(HMF) from gluco® in addition to phenolics and acetic acid. Acetic acid resulting from

dilute acid pretreatment of lignocellulosic material is pH dependad presumably

mostly coms from hemicellulose acetatand it can reach a high concentration of

approximately 10 @ that is harder to separate and detoxify than HMF and furfaval.
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Lignocellulosic materialsalso havebeen pretreated with hot water at high pressure
during a fixed period and this presents elevated recovery rates for pentoses and produces
low amounts of inhibitors. The temperature is usually-803 K. About 40%60% of

the total mass is dissolved in thpsocess, with £2% of the cellulose, 360% of the

lignin and all of the hemicellulose being remoy2p.

Table 8 Pretreatment methods and key characteristic§90].

Pretreatment Key characteristics Reference
Diluted acid -Practical and simple techniques. Does not  [24, 87, 98
require thermal energy. 100]

-Effective hydrolysis of hemicelluloses with
high sugar yield.

- Generates togiinhibitors

- Requires recovery steps

Hot water - The majority of hemicelluloses can be [101-104
dissolved.
- No chemicals and toxic inhibitors
- Average solid load.
- Not successful with softwood

Ammonia fibre - Effective against agricultural residues mainl [7, 94, 105
expansion (AFEX) corn stover without formation of toxic end 107
products.

- Not sutable for highlignin materials
- Ammonia recovery
- No wastewater

Ammonia recycle - High redistribution of lignin (85%) [108 109
percolation (ARP) - Recyclirg ammonia
- Theoretical yield is attained

Steam explosion with - Effective against agricultal residues and [110
catalyst hardwood.

- High hemicelluloses fractions removal

- Not really effective with softwood

Organosolv - High yield is enhanced by acid combimati [111, 112]
- Effective against both hardwood and
softwood.
- Low hemicellulosic sugar concentration
- Formation of toxic inhibitors
- Organic solvent requires recycling
- High capital investment

lonic liquid -Dissolution of cellulose increased amenabili [111, 113
to cellulose
-Reduce lignin content
-Still in initial stages
-less energy demaing, easier to operasand
more environmentally friendly than current
dissolution processeblowever, it probably
depends on the ionic liquid, as some are ven
toxic and difficult to prepare
-high cost, regeneration requirement, lack of
toxicological da& and knowledge about basic
physico-chemical characteristics
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Ozone - Effectively remove lignin from a wide range [7]
of cellulosic material without generating

inhibitors.

- Expensive
Alkaline wet - The combination of oxygen, water, high [114 115
oxidation temperature and alkali reduces toxic inhibitor

-High deligniycation
cellulosic material
- Low hydrolysis of oligomers

Alkaline ( sodium -delignification process [22, 29 116
hydroxide, lime, -remove significant amount of hemicellulose 118§
potassium hydroxide, -remove acetyl and various uronic acid

agueous ammonia,  substitutions on hemicellulose

ammaium -decrease degree of polymerization and
hydroxide) crystallinity
-disrupt lignin and cellulose structure
Steam explosion -hemicelluloseemoval [22,
without catalyst -lignin transformation 58],[119

-reduction of particle size
-lower environmental impact
-cost effective

Fungal bioconversion - Environmentally friendly [37, 111
- Low use of energy and chemical
- Slow bioconversion

High energy radiation -Increase of specific surface area [22 117
(using gamma rays, -decrease the degrees of polymerization and
ultrasound, electron  crystallinity of cellulose

beam, pulsed -hydrolysis of hemicellulosandpartial

electrical field, UV depolymerization of lignin.

and microwave -some of these methodsanergyintensive

heding) and prohibitively expensivdout microwave are
really quite low energy

Mechanical -disrupt cellulose crystallinity [22]

comminution( milling, -decrease the degree of polymerization

chipping and -increases the specific surface area of cellulc

grinding) biomass by breaking down biomass into

smaller particles

-renders the substrate more amendable for
enzymatic drolysis

-time-consuming

-energyintensive and expensive

-less effective than chemicaitetreatment

FeCk pretreatmentis also gaining growing attentio It can efficiently remove
hemicellulose from the biomadsecause ibehaesas Lewis acidwhich can facilitate
decomposition of cellulogd2q At the same tira, Ct ions are good hydrogen acceptors
and are able to interact with the hydroxyl groups of the sugars, leading to dissolution of
cellulose too. Lépetinares studied olive tree biomaseetreatmenin 0.26 M Fe at
152.6°C for 30 min. The results shothat 100% of hemicellulose was removad
enzymatic hydrolysis of prgeated solids resulted in a yield of 36.6 g gluda€® g of
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glucose in the raw material. Hemicellulosic sugar recovery in the prehydrolysate was
63.2%[12]] Lu et al. studied microwaveassistedaqueous-eCk pretreatmenbf rice

strawandthey found theretreatmeni a maged t he siliciyed waxy s
disrupted almost all the ether linkages between lignin and carbohydratesmoved

lignin.[127

In this work, Miscanthus sugarcane bagasse and maize werdrpated with water,
H.SQ: (0.2 M, 0.4 M or 1 M), NaOH (0.2 M or 0.4 M or 1 M) and 0.2 M Fe@ith
microwave assistance for various holding time (5 minutes to 40 mirwtds)y various
temperature (136C to 200°C). The sugars released from biomass dupiregreatmerst
were evaluated by using HPEAHBIigh-Performane AnionExchange Chromatography
The changes of chemical components, namely lignin, hemicellulose and crystalline
cellulose, in biomass were compdr in order to have a further understanding of
biomass digestibility variation aftepretreatmerst Morphological characteristics of
biomass were studied by using scanning electron micros@tygychemicabtructureof
biomass residugvas studied by usindg-T-IR. SSF(Simultaneous Saccharification and
Fermentation)is conductedin order to invesgate biomass digestibilityThe results
showed the potentiabf using microwave in the thermahemical pretreatmentfor

biomass.

1.11  Microwave chemistry
1.11.1 Microwave definition

Since the late 1980s, microwave has been drawing growing attention in performing
chemistry and has become a widely accepted alternative energy source for conventional
energy. Microwaves lie between radio waves and infrared in the electromagnetic
spectrum, in the frequency range of 0.3 to 300 G(see Figure 17).[123 By
international convention it has been agreed that the following frequencies are assigned to
industrial and scientific microwave heating and drying: 2% MHz; 2450 +13 MHz;

5800 = 75 MHz; and 22125 + 125 MHz. Hence, not the entire microwavenregio
available for heating usages. For microwave chemistry, 2450 MHz has been used almost

exclusively.[52]

Mi crowave chemistry is based on the efficie
di el ectri c h aradependgndon ¢hé dbibity df aspdciticantdb(solvent

or reagent) to absorb microwave energy and convert it into heat. There are two main
mechanisms through which material interacts with microwave energy, namely dipole

rotation and ionic conduction. Dipole rotation means the alignment of moldbates
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have permanent or induced dipoles, with the electric field component of the radiation.
The heat is generated by sympathetic agitation of the molecules. The efficacy of heat
generation through dipole rotation depends on the characteristic diel@ttrxation

time of the sample, which in turn is decided by temperature and viscosity. lonic

conduction is the migration of dissolved ions with the oscillating electric field. The

kinetic energy is converted into heg?)

Frequency in Hz

1
1
10" 10° 10 10 10 10" 10 10° 10 10

8 10 12 16 8 20 22 4
1
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<> < >
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< > <>
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Figure 17 Electromagnefic spectrum

When the applied field oscillates, the dipole or ion field tries to realign itself with the
alternating electric fieldndenergy is lost in the form of heat through molecular friction
and dielectric loss. The amount of heat generated in tbeegs is decided by the ability

of the matrix to align itself with the applied field and is related to the radiation frequency.
At high frequencies the change in direction of the field is too rapid to allow rotation to
occur, hence there is no heat getettawhereas at low frequencies the rate of rotation is
slow, having minimal heating effect. The frequency of 2.45 GHz lies between these two
extremes and the molecules will have enough time to align in the field, but not to follow

the alternating field mcisely[124]

Conwentional heating transfers egg by conduction or convection. From perspective of
industrial heating application there are two main techniques that are used in commercial
heating systems: haiir and steam. The utilisation of these techniques is depeafiant

the applicatiorj125 Microwave energy is traferred primarily by dielectric loss which

is a measure of a substance in converting absorbed radiation into heat. The ability of a
substance to convert etemmagnetic energy into heat at a given frequency and
temperature is dependent on | ¢¢9,f ahteore
dielectric loss factor, which is a measure of the efficiency with which electromagnetic

radiation is convedad into heatandt h e di el ectric constant
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represent the moleculebs ability to be pol ar

di ssipati on factor (tan a) suggesand ready ‘

consequently rapit eat i ng. I n general, sol vents <can
medi um (tOan5)d a>nd0 .llow mi cr o wahalee9ahbvwsthe bi n g

tan 0 valwue of al2fdariety of the solvents.

Table9Loss factors (tan[l24 of different solvents

Solvent Tan value Solvent Tan value
Ethylene glycol 1.350 DMF 0.161
Ethanol 0.941 1,2-dichloroethane 0.127
DMSO 0.825 water 0.123
2propanol 0.799 chlorobenzene 0.101
Formic acid 0.722 Chloroform 0.091
Methanol 0.659 Acetonitrile 0.062
Nitrobenzene 0.589 Ethtyl acetate 0.059
1-butanol 0.571 Acetone 0.054
2-butanol 0.447 Tetrahydrofuran  0.047

1,2-dichlorobenzene 0.280 Dichloromethane 0.042
NMP 0.275 Toluene 0.040

Acetic acid 0.174 hexane 0.020

Other common solvest without a permanent dipole moment such as carbon
tetrachloride, benzene and dioxane are almost microwave transparent. However, a low
tani val ue sol vent can -featedIrebction,decauseeeitherthea a
substrate or some of the reagdoatalysts are likely to be polar, the overall dielectric
properties of the reaction medium will allow sufficient heating by microwave. On the
other hand, polar additives such as ionic liquids can be added intabkavbing

reaction mixture to increaske absorbance level of the medijiR4

By using microwave, energy can be introduced remotely, without contact between the
source and the chemicals. It is also easy to control by turning on or off the power.
Heating rates are higher than can be achieved conventionalpngsas one of the

components can interact strongly with microwaps. Conventional heating isarried
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out by conductive heating with and external heat soutcés relatively slow and
inefficient method for transferring energy into the system, because it depentds on t
thermal conductivity of different materials that need to be penetrated, resulting in the
temperature of the reaction vessel being higher than that of the reaction mixture.
However, microwaveirradiation gives efficient internal heating @core volumetic
heating) by direct interaction of microwave energy with the molecudebrgnts
reagents, catalysts) that are present in the reaction mixture.

The reaction vessel employed &ypically made out of (nearly) microwaseansparent
material, such as basiicate glass, quartz dreflon, leading to an inverted temperature
gradient compared to conventional thermal heatingFgee 18. The wall effects (no

hot vessel surface) is minimized by very efficient internal heat trajistdy

b Microwave Oil bath

500 460

lemperature (K)
lemperature (K)

300 320

Figure 18 Inverted temperature gradients in microwave versus oibath heating, Difference
in the temperature profiles (finite element modeling) after IMin of microwave irradiation
(left) and treatment in an oil-bath (right)( taken from ref. [124])

1.11.2 Microwave effect

The energy of microwave photon is too low to directly cleave molecular bamdls
therefore microwaves canndirectly induce molecules toeact[126 Accelerated rates

and altered reaction pathways under microwave leac debate of whether the
observation can be rationalized by purely therkiradtic effects arising from the rapid
heating and bulk reaction temperature obtained by microwave dielectric heating, or
whether some effects are concerned withcated specii microwave effectsfor

example,

1. The superheating effect of solvent at atmospheric pressure
2. The selectively heating of, for instance, good microwavygorbing

heterogeneous catalysts or reagents in a less polar reaction medium
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3. The formation ofdmolecular radiator® by direct interation of microwave
energy to specific reagents in homogeneous solution (microscopic hotspubts)

4. The elimination of wall effects caused by inverted temperature grafiigts.
However, nore researcheed igequiredto understand these phenomé¢h2g

1.11.3 Microwave effect on biomass

Because the dielectric loss data for biomass is limited, a most important rule is that polar
and mobile components will absorb microwaves effetyi whilst components which
are either nospolar (waxes) are far less effective.

As was discussed previouslyretreatments essential in order to make lignocellulosic
material more accessible for acids or enzyme to digadsthence results in more
efficient hydrolysis of biomass. Due to its unique qualities, such as rapid and uniform
heating, penetratiomnd selectivity of affected materials, microwave technology has
numerous applications in food processing, wood drying, plastic and rubber treating, as
well as curing and preheating of ceramigsl so forth.[127] Based on these existing
applications, microwavassistedpretreatmentof lignocelluloses material is gaining
growing attention. It was initially reported by Ooshinea al.[128 and Azumaet
al.[129. Up to now, numerous feedstocks have been used, such as sugarcandBlagasse
rape straw31], switchgras$19 andwheat straj21]. Nikolic et al studied microwave
pretreatmentfor corn and the results showed that the glucose concentration in
pretreatmentiquor was increased by 8.48% compared to untdeatetrol sample and

the percentage of theoretical ethanol yield was 92.27% after 44 hours of the
simultaneous sacchariyfladLluetral repartgd tHaktheme nt at i ¢
glucose yield of rape straw from enzymatic hydrolysis was enhanced by 56.2% (11.5%
for raw rape straw) after microwapeetreatmenf31] Chenet al. studied the microwave
assisted sulfuric agipretreatmenfor sugarcane bagassed revealed thg when the
temperature is 196C, the fragmentation of particles became very pronounced, almost
all hemicellulose was removed and the crystalline structure of cellulose disapfared
When microwave is used to treat lignocelluloses, it can selectively heat the more polar
part of biomass and create a Ohot spotd wit
an 0expl omayacudamenf thee particles, which enhances the disruption of

the recalcitrant structures of lignocelluldd427]

In the sense of the bigfinery, gart from using microwave aspmetreatmentmethod
for biomass hydrolysis, it can also be used to facilitate biomass thermal decomposition,

such as gasification and pyrolysis, to decompose feedstock into smaller molecules that
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can be used as energy soume input of other synthesis process. For example,
hydrocarbons are broken down into syngas+(4) which can further be used as a fuel
directly, or converted into liquid fuel through the Fischieopsch process. Pyrolysis is a
thermal process that decompesa substance in an oxygen excluded environment.
Lignocelluloses can be converted into i gases and char. By altering parameters
such as temperature or reactant residence time, any of these constituents yields can be
maximised, e.g. a high tempenauwand high residence time result in increased yield of
gases; a high temperature and low residence time promotal bjeeld; and a low
temperature and heating rate lead to increased char production or to no chemical
reactions at all. Various feedstodkave been studied in microwave assisted pyrolysis,
such as rice strgdi31], corn cobgl327, wheatstraw 133, coffee hull§134], Pine wood
sawdudtl 35, Corn stovel3q, etc.

1.11.4 Limitations of microwave technology

As mentioned before, microwave technology has many attractive advantages, such as

uniform heating, instantaneous control, selective heating, clean energy trandfer
chemical reactions dri ven. Howe veasy,to it al so
accurately predict the exact nature of electromagnetic field interaction with materials.

Secondly, compared to conventional heating, it requires a higher initial capital cost.

Thirdly, the largest single microwave source for industrial applicaisod00 kW.

Multiple sources would be needed if larger amounts of energy were requB&d.
1.12 Introduction to work in this thesis

In re@nt years, there has been an upsurge of interest in the use of lignocellulosic
material, as feedstock for second energy generation bioetiMischanthus sugarcane
bagasse and maize are the most promising energy feedstocks available for the process of
redising second generation biofuels. Due to the recalcitrant nature of biomass, a number
of strategies have been put forward to achieve a more efficient bioethanol production, in
which pretreatment is playing an essential role. Conventional hydrothermal
preteatmers of biomass have been widely studiedhereas little research has been
done in the area of microwave assisted chenpicgtteatmers. In this work, microwave

was used to assist chemigaletreatmerst of C4 plants, namelpiscanthus sugarcane
bagase and maize, in order to investigate the microwave performanoetoeatment
processPretreatment media, holdirigme and temperature conditiavere assayed for

each biomas®8iomass morphological characteristics were studied by scanning electron

microscope.The type and quantity of sugar released duringpitetreatmenprocess

53



wereevaluatedandchemical componentserecomparedFurthermore, the fermentation
ability of pretreated biomasgvas studied by SSHprocess The results showed that
good yeld of sugar release during pretreatment process, which was contrilyuted
selective removal of lignin andiemicellulose.Compared to conventional hearing
method, ntrowave assisted pretreatment releabedter yields of reducing sugars
during pretreatma, due to its unique heating mechanism in which crystalline cellulose
plays an important role as microwave absorber under the right conditio@gesults
showed promising potential of usimgcrowave to assist thernhemical pretreatment
for lignocelldosic material.

Chapter 2and3 discussed the results Bfiscanthusunder various temperature and

holidng time. Chaptet and 5discusgdthe results obtained from sugarcane bagasse and
maize respectively. Chaptéinvestigated the results from ferric ohide pretreatmerst

for these three types of biomass.
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Chapter 2: Temperature optimization on microwave assisted
pretreatment of Miscanthusbiomass in biorefineries

Aspectof work describlein this chapterthasbeenpublishedn:
Microwave assistedhemicalpretreatment oMiscanthusunder different temperature
regimes
Zongyuan Zhu, Duncan J. Macquarrie, Rachel Simister, Leonardo D. Gomez, Simon J.
McQueenMason

Sustainable @emical Pocess October 2015
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2.1 Introduction

There is a risig global demand for energy and growing concerns about greenhouse gas
emissions. Lignocellulosic biomass offers great potential for biofuel productieedb

on the biorefinery philosophyAs a crucial biomass energy crop with relatively low
maintenance anbigh yield/energy conteniliscanthusplaysan important role in the

sustainable production of renewable fuels and chemicals

Figure 19 Micanthus?® giganteus

The genudMiscanthusncludes about 17 species of perennial-n@od hizomatous tall
grasses native to subtropical and tropical regions of Asia. Among kiscanthus
tinctorius, Miscanthus sinensadMicanthus saccharifloruare of primary interest for
biomass productiofiL38 139 The sterile hybrid genotygdiscanthus® giganteusrom
Miscanthus saccharifloruandMiscanthus sinensis widely used in Europe and, more
recenly, in North America. Much research is devoted at present to broaden the genetic
base ofMiscanthus maximise the productivitandthe adaptive range of the ctfin0,

147]

Miscanthuswas first introduced from Japan and cultivated in Europe in the 1930s. Since
1980s, field trials have been carried out in order to investigate the biomass potential of
Miscanthus In the US, for instance, the Freedom Giant genotypklistanthuswas
commercialized by REPREVE Renewables LLC.

Table10 shows information of its yield reported by Europe and North Am¢tidgd As
can be seen, the the harvestalliscanthusyield (dry matter) was estimated around 27
to 44 t ha in small scale trials at spring harvest in Montreal Cafada146|

Nevertheless, there is very limited data of its production from other continents.
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Table 10 Miscanthusproductions in Europe and North America[142]

Location Genotype harvest period Age of stand Yield(t hal) dry matter
(Years)
Sin-H Autumn 3 11.0124.7
Winter 3 11.214.7
Sweden Sin Autumn 3 9.7117.3
Winter 3 7.1110.3
Denmark Sac Autumn 3 14
Winter 3 0.4
Sin-H Autumn 3 18.2
Winter 3 10.9
Sin Autumn 3 6.8/15.0
Winter 3 4.98.6
England Gig Autumn 3 13.818.7
Winter 3 9.2112.7
Sac Autumn 3 111
Winter 3 6.3
Sin-H Autumn 3 6.517.7
Winter 3 5.4112.8
Sin Autumn 3 4.6110.9
Winter 3 3.117.3
Germany Gig Autumn 3 22.829.1
Winter 3 17.520.7
Sac Autumn 3 12.6
Winter 3 12.7
Sin-H Autumn 3 10.320.0
Winter 3 5.914.3
Sin Autumn 3 9.1112.8
Winter 3 6.811.1
Portugal Gig Autumn 3 34.7137.8
Winter 3 19.626.4
Sac Autumn 3 35.2
Winter 3 22.4
SinH Autumn 3 20.340.9
Winter 3 12.231.9
Sin Autumn 3 16.1122.4
Winter 3 11.6'17.6
Northwestern Spain Gig 4 14i 34
Northern Greece Gig September 2 44
Central Greece Gig End of growing 2t03 26
season
Western Turkey Gig Spring 3 28
Southern Italy Gig 2t03 30i 32
USA llinois Gig Spring 2 to4 24i44
Canada Monteral Gig 1 1011

Gig: Miscanthug giganteus; Sadvlicanthussacchiflorus; Sin H: Miscanthussinensis hybrids; Sin:

naturally occurring diploidMiscanthussinensis
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Miscanthus yield is greatly influenced by genotype, location and harvest time.
Micanthus ¢ giganteushas a larger potential for biomass yield compared beret

Better yield can be obtained in southern Europe than in northern Europe due to its higher
average temperature and abundant global radiation. Thélisestinthusyield in UK is
demonstrated biylicanthus? giganteusandits yield is between 13.8 to I8t ha It is

one of the most promising candidates for future European baseefibiery.
2.2 Previous pretreatment methods studied oNliscanthus

As it has beemmentioned previously in Chapter 1, like any lignocellulosic feedstock,
Miscanthusis recaldtrant to chemical and enzyme hydrolysis. Major information about
Miscanthusactivation is summarised in Table 2. According to their pretreatment steps,
there are three major categories of pretreatment oMikeanthus As can been seen,
they need high taperature (up to 19€C), substantial amount of additives and long

holding time (up to 40 hours).

Table 11 Previous pretreatment methods studied oMiscanthus

Methods Conditions Esferenc
Soda 145°C, 30 Min,1.5M NaOH [30, 147

AFEX(ammonia 160°C, 5 Min, 2:1 (w/w) ammonia to biomass [14§

o fibre expansion)
£ Wet explosion 170°C, 5 Min, 18 bars, DH;0> [149
§ Organosolv Formic acid/acetic acid/water for 3 h at 107°C [15Q
© EtOH-H,O 17G190°C, 60 Min, HSOQs 0.51.2% [15]]
o EtOH-H,O 180°C, 90 Min
§ AcOH, HCI, 66180 Min [152
$ 153
5 Milox : formic acid hydrogen peroxidevater [154,
155
Ammonia Aqueous ammonia (25% wi/w) for 6 h at 60°C. [150
_- Dilute acid 130°C, 15 Min, 14% HSO [156,
157
Photocatalytic TiO,, UV-irradiation [158
Q@ Dilute acid and wet 1. 83100°C, 325 h, 0.51.5% HSOy [149
% explosion 2.170°C, air waadded, 200 bar, 5 Min
c
£  Diute acid and 1.100°C, 17 h, bSO, [151]
s ethanol organosolv 2.176180°C, 60 Min, H2S04, 0:8.9%
g = Enzyme and 1. Cellulyve® [159
F S ethanol organosolv 2. 2.150170°C, 3660 Min, H,SQy, 0.51%
. Autohydrolysis and 1. 130-150°C, 340 h, HO [16Q
N ethanol organosolv 2. 170-180°C, 60 Min, HSQs, 0.50.9%
0 = [C2mim][OAc], 140°C, 3 h [161]
2 g [C2mim][OAc], H20, KsPO, 70-140°C for I 44 [162
g = h
o § [C4Caim][MeS0Oy], [C4Ciim][HSO4], 120°C, with [163
8 o H.O
=« [Emim]Cl + H2SO, 61 10 h at 343 K [164]
o [C2mim][OAc] + H,O [165

58



Therefore, new technology has to be developed to solve these problems. Microwave i
promising candidate. As is wedhown, microwave hasinique heating mechanisamd

it is a very efficient way of heating. Microwave heating can effectively disrupt the
recalcitrant structures of lignocellulosic biomakscausecellulose, hemicellulose and
other low molecular compounds are dielectfls.Limited studes of microwave
assisted pretreatment fdvliscanthus have been previouslyeported25 As was
mentioned in the Introduction, acid and base play a key role in biomass pretreatment. In
this chapter, the microwave technology will be studied in the presence of acid and alkali
on Miscanthus? giganteuswith an aim of obtaining a more efficient sugar release and

more digestible biomass residue.

2.3 MW pretreatment of Miscanthus

MW pretreatment of lignocellulosic material could enhance their saccharification.
Temperature plays a significant role during thetigatmenf166] a higher temperature
typically achieves higher biomass solubility, shortens the pretreatment time, reducing
the biomass recalcitran§®67] However, high temperatures also lead to the formation
of compounds such as furfural, hydymethyfurfural (HMF) and phenolics, that are
inhibitors of subsequent hydrolysis and fermentatidg Hence, different
temperatures ranginfjom 130°C to 200°C are assayed here, in order to investigate
temperature influence on biomass under microwave irradigfigure 20 shows the
biomassmaterialused in this studyfFigure 21a shows the microwavequipmentand
autosampler.The reaction is conducted in a closed systeith a 35 ml glass tube
(Figure 21b) and a magnetic stir bar is used to make sure the pretessitmedia is
homogeneousThe temperature is measured byertically focused IR temperature

sensor

Figure 20 Untreated Miscanthusmaterial
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Figure 21 CEM microwave machine; b. Microwave reaction vessel

Figure 22 shows theexperimerdl diagram and analysis techniquekich have been
used in this study. The pretreatmergsperformed in the CEM microwave machiaed
each condition was performed in triplicate in artie make sure the data is repeatable.
After pretreatment, the biomass solid residue and liquid medis separated by

centrifuge to assay the biomass solid fraction properties and liquor sugar components.

2.4 Development of carbohydrate analysis proceduresna biomass morphological
characterization methods

In the current study, the typand quanties of sugars release during the pretreatment
process is presenteahd crystalline cellulose, hemicellulose and lignin are quantified
and compared. Hence, itimportant to know the methods used in this study to analyse
the chemical compositions in the lignocellulosic material before the results and

discussion.

The reducing sugars released in pretreatment media and hemicellulose content in the
solid fraction arequantified by High Performance Anion Exchange Chromatography
(HPEAC). As we know, Higiperformancdiquid-chromatography (HPLC) is a
separation technigque appropriate for heat labilevaatile moleculesSeparation of is

based on the different affinitgf a given analyte for the stationary and mobile phase.
The polarity of mobile phase is used to elute the analytes one by one. HPLC offers
several advantages of analysis carbohydrates, such as high resolution, fast analysis,
direct injection of sample withut or minimal pretreatmentand easy of automation.
Quaternary ammonium polymbased stationary phases and high pH are frequently
used for HPLC to analysis carbohydrates, thus the method is named as (HPEAC). This
part of analysis was conducted in CNAP ii@e of NovelAgricultural Products,
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400 mg biomass + 16 ml Solution ( H,0/ 0.2 M
H,50,/ 0.2M NaOH )
Power: 300 W
Temperature: 130 — 200°C
Holding time: 20 Min

Centrifugal separation (4000 rmp, 15 Min)

(Biomass residue)

Wash with ethanol Monosaccharides
(3 x10 ml) analysis (HPEAC)

Crystalline
cellulose analysis
(UV)

Morphological
changes :SEM

Hemicellulose Digestibility analysis
content (HPEAC) ( Robot)

Lignin
analysis (UV)

Figure 22 Experimental diagram and analysis process



University of York) by using HPEAC (Dionex IC 3000) on a Dionex Carbopa@®A
column with integrated amperometry detection. The seghratsosaccharides can be
quantified by using external calibration with an equimolar mixture of nine
monosaccharides standards, which were subjected to same experimental procedures in
parallel with the samples. Common monosaccharides follow the molecutauléo
CiH2:0n (e.g GH120s, CsH100s). Figure 5 presented a typical chromatograf a
standard sugar mixture obtained by Dionex. As can be seen, fructose, arabinose,
rhamnose, galactose, glucose, xylose, mannose and galacturonic acid, ar&iglutted.

24 shows their chemical structures.

350 —Plate 1_miscanthus Group A_System 1 #5 [modified by Administrator] ED_1

300

Hight
(nC)200 |

100 14567

L‘AB - GalA - 32.534

Retention time (minute)

Figure 23 HPEAC of standard monosaccharides mixture
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Figure 24 Chemical structure of standard monosaccharides
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2.4.1 Hemicelulose analysis

Hemicellulose is one of the major components of lignocellulosic matensimeasured
by using a protocoldescribel by Fosteret al, which in shortis to hydrolyse
hemicelluloseinto its monomers by using TFAT(ifluroacetic acid treament [16§
Then the monosaccharides aneasuredy using Dionexand their sunrepresenthe
quantity of hemicellulospresentedn the biomass sampl&he monosaccharides in the
pretreatment media and hemicellulose content indhe Baction (biomass residuand
results are expressed as their average value w#hdatd deviation. Arabinose,
galactose, glucose, xylose and mannose are identified in the pretreatment media.

2.4.2 Lignin analysis method

Additionally, lignin contentwas measured. There are a number of lignin measurement
methodswhich have been studied, faxample, 1. indirect methods which quantify
lignin present in sample by quantifying the amount of oxidant (e.g. chlorine or
potassium permanganate) consumed during reactionme&hods involving the
dissolution of lignin in certain solverst (thioglycolate or acetyl bromide) and
quantificationtheir sufficient derivatizations measured byV spectrometer; 3. direct
method by using mineral acids to solubilize and hydrolyze carbohydrate in samples
leaving the lignin residue to be determined by gravimet@asuremenrftl69 In this

work, the lignin amount of biomass residue after pretreatment is determinasiray
acetyl bromide method17( Schemel display the reaction mechanism of lignin and
acetyl bromide. Compared to other methods, it is rapid and simple, especially
appopriate for small sample siz&-6 mg), poviding precise absorbance valimr
determining total lignin content and having less interference from-ligoim
productd.171] However, there is a need for a well defined lignin standard with which to
calibrate the method to obtain the correct absorbance values for quartggingn an

unknown sample.

MEOMOJ\% ﬁ Meo’lﬁioj\%

Ho 0 OlMe HaCC o o] OMe

H Acetic acid + heat
e \Elr + O —_— > o =+ H:0

HO 0
OMe OMe

Acetyl and brominated Lignin

[p=—t o]
I
(@]

Acetyl Bromide

Schemel Reaction mechanism for acetyl derivatization of lignin by acetyl bromide reagent

under acidic conditions.
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2.4.3 Crystalline cellulose analysis

The importance of measuring crystalline cellulose lmamaddressed from two aspects: 1.
In this study, due to the low amount of amorphous cellulose, the total amount of
cellulose is defined as the amount of crystalline cellulose; 2. Crystalline cellulose

percentage is an significant factor influencing thefang digestion process.

The crystalline cellulose percentage in biomass sample is measured by using a protocol
described by Fostat al[168 The biomass iirstly hydrolysedby TFA and Undegraf
reagent Acetic acid: nitric acid: water, 8:1:2/w) to remove hemicellulose and possible
oligosaccharides and then hgtysed with 72% HSQu to degrade crystalline cellulose

into glucosq168 The glucose is measured by usthg Anthronetest Scheme?) and

the formed complex has an absorbance at 62bhioh can be quantified by UVThe
Anthrone test is run witla rang concentration of glucose produce a standard curve,
which is used to quantify the crystalline cellulose content ksgere 25 for standard
glucose and biomass samples). Hence, the crystalline cellulose content in the biomass
sample isanalysed by measuring the glucose from its decomposition.

H:S0- / \
Glucose ~————  HOH,C CHO

[#)

S-HydroxymethyHurfural

O ()
/ \ H:80s /O\
HOHZ(:DO\CHO + HOH,C / o \ cH 0

Blue-Green Complex

Scheme2 Anthrone test pathway

Figure 25 Anthrone test with commercial glucose and biomass samples
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The saccharification of biomass was invgasted by using a high throughput
saccharification assay which is based on a robotic platform that can carry out the
enzymatic digestion and quantification of the released sugars im&|Bflate format
(seeFigure 26). The hydrolysis time is 8 hours in totdlhe pretreated biomass will be

undergoing enzymatic hydrolysis and quantification of the released glucose.

Figure 26 Robotic platform for measuring digestibility of biomass samples
2.4.4 Morphological study of biomass

Scanning electron microsco$EM) has beeerxtensivelyused to study the cell walls

after biomass pretreatment (d€igure27). It is able to describe anatomical features and
degradtion at cellular and nan@solution of biomass surface. When the specimen is
irradiated with a fine electron beam (electron probe), secondary electrons are emitted
from the specimen surface. Topography of the surface can be observed -by two
dimensional sanning of the electron probe over the surface and acquisition of an image
from the detected secondary electrofse objective lenss useal for focusing and this

lens is to determine the final diameter of the electron probe. The specimen is observed at
a hgh magnification in an electron microscope. A specimen stage stably supports the
specimen and moves smoothBecondaryelectrondetector is used for detecting the
secondary electrons emitted from the speciméme output signals from secondary
electron ae amplified and then transferred to the display unit. Inside the electron optical
system and the specimen chamber should be kept at a high vacuurhtof 1@ Pa.
Therefore, these components are evacuated generally by a diffusion igope 27

shows the basic construction of a SEMhe electron gun produces an electron beam.

The electron beam can be adjusted by using condenser lens.
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Electron gun

Condenser lens

I:l D Seanning coil
CJ_bchﬁuelens

~ I

Secondary electron

N detector
Specimen |

Display unit

Figure 27 Basic construction of a SEM taken from [177])

2.5 Results and discussion

As mentioned inthe Introduction, both hemicellulose and cellulose are composed of
digestible monosaccharisland they can be depolymerised inb@it monomers under
certain conditions. However, due to its ramystalline nature, hemicellulose is easier to
break down than cellulose, especially in acidic conditidi®e biomass material is
composed o84 + 2.5% cellulose, 42 + 2.8% hemicellulp88+ 2% ligninand 0.83
0.03ash.

Figure 28 Biomass appearance after 138C and 200°C pretreatment. 130°C: a. H20; b.
NaOH; c. H2S0Os. 200°C: a. H20; b. NaOH; c. H2SOq

Previous studies have found that the optimum temperatureofavater pretreatment for
lignocellulosic materials is in the range between-260°C. In order to study the
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temperature influence on pretreatment process, a range of tempeim@assayed here
(130 °C to 200°C). Figure 28 shows biomass appearance after 230and 200°C
pretreatmentsin comparison with 1306C, 200 °C gives rise to darker biomass residue
when H.O and HSQ, are used agpretreatmentanedia whereas little difference is
observed in the case NaOH pretreatmentt is important to note that acidity of water
increasing with temperature and at 2@) the pH of pure wates close to 5.0{101]
Therefore, real acidity of experimental solutions at high temperature range could be
higher than at room temperature. Thiwgy be partly the reason whiie biomass
appearance of water pretreated sample at°€0i3 similar b that of HSQu pretreated
sample.

In the following section, the vyields of reducing sugar released during pretreatment
process are presented. The biomass composition results and morphological features are
compared.

2.5.1 Monosaccharides analysis in the pieatment media

As was mentioned, the monosaccharides released in the pretreatment media are analysed
by using Dionex.Figure 29 shows the total amount of reducing sugar released from
Miscanthusduring pretreatmenby using water,NaOH and H.SQ, as pretreatment

media under various temperaturigsthis study it is not clear in every case whether two
results are different or not. However, the statistical significafiche result has not

been calculated due tbelimited amount of samples. de data needs to be obtained in

order to determine this.
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Figure 29 Total sugar amount at different temperature (130°C, 160°C, 180°C and 200°C;
Holding time: 20 Min; each condition was repeated ittriplicates and average value was

reported here; error bar was reported as standard deviation)

With the increasing temperature, similar patterns can be observed that the sugar
production has a clear maximum at temperature arounéCL80 this temperaterrange,

the better sugar yields (up to 3ginol/mg vyield from carbohydrate: 75.3%were
achieved in the presence of,30; in comparison to neutral and basic solutions.
However,the reducing sugaamountreleased fronMiscanthusin the neutral and basic
conditions is also remarkably highl.81 emol/mg and 1.76 emol/mg biomass
respectively). Further increase of the pretreatment temperature téC2@ads to a
significant drop in sugar vyield for all investigated solutioAgcording to previous
researchthe reduing sugas yield could be explained byheir degradation at high
temperaturgl73 Both the sugar production and decomposition rates increase
significantly with the rising temperatar Nevertheless, from the results here, it can be
predicted that decomposition rate is more sensitive to the temperatusmmpgédrature

ca. 200 °C, the lowest sugar amoumt were measured. During acid
pretreatment/hydrolysis, sugar degradation is a premiy observedl74, 175
Previous research suggested thaflydroxymethylfurfural(HMF) is derived from the
dehydration of hexoses and furfural is formed frabghydration of pentosg4.76 These
by-products (inhibitors), have an inhibiting effect on the reaction rate during
fermentation process by damaging the yeast and oileeoorgamsms and slow down
yeast metabolism and enzymatic activifl74 In our study, levulinic acid was
identified as the major degradation product (detail will be discussed in s@djoin

the case oflkaline conditiors, degradation of sugars is also obseti-179 Yan et
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al. reported lactic acid yields from carbohydrate biomass by using NaOH/Ca(OH)
amounthg t027% and 20% respective]§.77]

Particularfeaturesof microwave activatiomf celluloseat temperature 18 have been
discussed by Faet al It has been found thathen thetemper#ure is below 180C the
CH2OH groups on cellulose are hindered from interacting with microwaves when they
are strongly involved in hydrogen bonding within both the amorphous and crystalline
regions. When temperature is above 180these CkLDH groups cold be involved in a
localized rotation in the microwave radiatjoslowing for the transfer of microwave
energy to the surrounding environmgb8( Figure 30 shows the interaction between
microwave and CBHDH groups under different temperature conditiondgcrivave
energy is efficiently absorbed by biomass and maximum sugar yield is achiet8d

°C, which further leads toptimum sugar production.
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Figure 30 Cellulose and microwave interaction as a function of temperatufd8Q

Figure 31 shows the monosaccharide composition in the pretreatment media when
temperature is 130C. The monosaccharide compositions of the liquor after acid and
alkaline MW preteatment suggest a breakdown of hemicelluloses fistanthus

where xylose is the major component. The second major constituent is arabinose, with
small amourg of glucose and galactos&.minor amount of mannose is also detected.
Therefore, water, alkabnd acidpretreatment extragtsoluble heritellulose fractios

which were composed mainly of glucuronoarabinoxylan @arabineD-xylans[27]

NaOH leads to a sugaemoval of 0.55emol/mg biomasswith xylose as major
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constituent By using 0.2 M HSQ, pretreatment, high xylose yield from available

carbohydrate (22%) is achieved, which is dnfol/mg biomass.
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Figure 31 Monosaccharides releaed to pretreatment media at 130C (Holding time: 20
Min ; each condition was repeated triplicates and average value was reported heegror

bar was reported as standard deviation)
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Figure 32 Monosaccharides released to pretreatent media at 16(°C (Holding time: 20
Min; each condition was repeated triplicates and average value was reported heegfor

bar was reported as standard deviation)

Figure 32 shows monosaccharides releasdwmtle temperature is 16W. The xylose
production from 0.2 M bBQii s decreased from 1 to O0. 4
temperature increases from 13D to 160°C, because it degrade into other chemicals
under high temperature acid condition such as furfuralendinic acid.As can be seen,

xylose is the major component in the monosaccharides mixture for wate¥asdid
pretreatments, suggesting hemicellulose is degraded under these conditions. In contrast
in the presence of acid, a remarkable glucose yield Y2086 achieved. This glucose

could be a result of botlucanand cellulose degradation.
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Sugar release amount form miscanthus (umol/mg of biomass)

H,0 0.2 M H,30, 0.2 M NaOH

Figure 33 Monosaccharides released to pretreatment media at 18C (Holding time: 20
Min ; each condition was repeated in triplicates and aarage value was reported heregrror

bar was reported as standard deviation)

Similar results are observed when temperature is’C8@eeFigure 33). Xylose yields

from avail abl e car bohynd/agbomasswhenevatdrandc ed up
NaOH are used as pretreatment media, suggesting higher temperature can facilitate
hemicellulose breakdown..BQ; is able to give maximum glucose yield from available
carbohydrate (1.8 gemol ! dengmpdsiiioo of @edlutode, due t
under high temperature. This result highlighted the distinctive performanceSai H

and NaOH on biomasslemonstratinghat sugar can be selectively produced by using

H.SQ: or NaOH at a controlled conditioRigure34 shows very low amount of reducing

sugar present in the pretreatment media when temperature € 260e to the further

degradation of sugar.
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Figure 34 Monosaccharides released to pretreatmenhedia at 200°C (Holding time: 20
Min ; each condition was repeated in triplicates and average value was reported heegror

bar was reported as standard deviatior))
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Conventional heating pretreatment method has been studied before. As can be seen from

Table12, various materials have been used under various conditionst @iaGuoet

al. and Funazukuri obtained promising sugar production. However, the corglitieg

usedinvolvedeither very long holding tinseor high temperatusaup to 543 KHu et al

used relatiely mild conditionsand the rducing sugar vield is very low. lesompaison

with these studieghe microwave assisted acid/alkali pretreatmprgsented herkeads

to much better sugar removal withower concentration opretreatment media and

shorter reaction time

Table 12 Conventional heating pretreatment has been reported

Author Pretreatment conditions Main results Reference

Giaet al. Miscanthus With the increasing severity factc [156]
1-3% HSO xylose yield was firstly improvec
Temperaturel21°C then gradually declined. Maximut
Time: 16180 Min xylose yield from available xylal

was 7075%.

Guoetal Bagasse 0.9 g xylose/g xylan and above w [157]
1%, 2%, 4% (w/w) HISQ: achieved when the 480,
Temperature: 138C concentration was increased frc
Time:15 Min 2% to 4% during pretreatmer

Glucose release also increased w
the increasig concentration o
H.SQ,

Hu et al. Switchgrass Total sugar release was about 8 [181]]
NaOH solustion: 0.125 100 g biomass The major suga
0.75 M component is xylose.

Temperature: 198C
Time: 30 Min
Funazukuri Cotton cellulose Yields of glucose form the thre [182

1% Formic acid
Temperature: 56343 K
Time: 060 Min

components increased wi
increasing time and temperatul
The maximum yield of 88 % fo
total sugar was obtained after
min at the highest temperature (5
K).

This study Miscanthus
0.2 M HSO,
0.2 M NaOH
Temperatire: 180°C
Time 530 Min

Ma x i mal sugar |y
biomass, by using 0.2 M 8Q; for

20 Min (yield from carbohydrate il
biomass: 75.3%). Selective produ
glucose (1.8 €
maximal yield: 47.6%) or xylas (1
emol / mg maxi may

using HSQ: or NaOH as
pretreatment media.
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Figure 35 Conventional pretreatment acid digestion vessel (Parr Instruments, Moline, IL)

In order to compare,oaventional heating pretreatment were performed in a high
pressure vessel and heated in thendgeeFigure35). As highlighted before, 18T is

the optimum temperature condition when microwave iglieg. Hence, temperature

here wa controlled at 180C and hold time w& 40 Min. Visually biomass sampse
chang colour differentlyafter pretreatmenand H.SQ, lead to adarker samplethan

others, which is similar to that of MW pretreatment when temperature is°@30
(compareFigure 36 with Figure 28). Figure 37 shows thanonosaccharides released in
pretreatment mediauring conventional heating pretreatment procd$s reducing

sugar production from water and NaOH pretreatment is @.2ld 0. 1/6éng € mo |
biomass respectively, with xylose and glucose as major sugar constitutigs@, H
contributst o bett er reduci ng s/ungaiomasgs), o dviaht i o n
xylose is the major constituent. @npareFigure 37 to Figure 31, it is noticed that the

sugar constituent percentage here is similar to that of MW pretreatment when
pretreatment temperature is 130. It suggests during both microwave heatid
conventional heating pretreatments, hemicellulose is degraded in preference to cellulose
and give xylose as major sugar constitudrdgss reducing sugars are released into
pretreatment media by using conventional heating methloel.reducing sugar relse

from MW pretreatment is 12.5 times more than that of conventional heating

pretreatment within half time.
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Figure 37 Reducing sugar release during conventional pretreatment at 18 for 40 Min
(each condition was repeated in triplicates and average value was reported heegfor bar

was reported as standard deviation)

More sugar released into pretreatment media $IgguMW pretreatment, because the
polar part of biomass is significantly involved in the alignment with oscillating
microwave field, resulting in more efficient biomass degradatidrioreover, with
microwave assistance, 18Q is the optimal temperature &fficiently remove sugars
from biomass during pretreatment proceBse possible explanation is that cellulose
phase transition occurs, leading tsafer cellulose(less crystalline celluloseBelow
180°C the polar groups in cellulose have less freettnotate easily, resulting in a less
effective interaction. Above 18, the number of groups capable of rotating increases
particularly, leading to a more effective interaction between cellulose and
microwavg183. Hence, they can act as Omol ecul ar
transfer of microwave energy to their surrounding environifisd.

2.5.2 Lignin amount
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Lignin is a complex and large molecule, composing clioged polymers of phenolic
monomers. After their biosynthesis, monoligraistransported to the cell wall to form

a complex three dimensional molecular architecture that contains g \@riminds with
typical |y -@4aherdinkag€a$ ifcarbbe seen from Chapteirigure 10).
Although it has multiple potential to use as a product feedstock or as a fuel on their own,
it is also generdl considered asa barrier for efficient enzyme hydrolysis of
biomasd.184] Hence, the presence of lignin is considered one of the most important
factors limiting the hydrolysis of lignocellulog&2] Alkaline and oxidation treatments,
such as alkaline peroxide and lime and oxygen, have been utilized to removélgnin.

80, 116

OMe ONa OH

OH

Scheme3 Cleavageo f  t-Qr4deborfdl and formation of syringyl derivatives

It was suggested that undalkaline conditionc | e a v a g eO-4ather bohdetakes

place heterolytically through a slmembered transition state, in which the sodium cation

and hydroxide ion padipate (see&scheme3). The sodium cations catalyse the reaction

by forming cation adducts with lignin and polarizing the ether bond, resulting in an

increased negative partial charge on the oxygen atom and reelvesyy required for

heterolytic bond cleava@e85. The acidcatalyzed depolymerization also focused on

the <cl| eaOvdagheonodf obf the | ignin. Thether i gni n mi
elimination reactions resulting in benzylic carbonium intermediate products, which

quickly rearrange into other chemisailr undergo repolymerization (s8ehemet).[186
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Figure 38 Lignin amount after pretreatment under different temperature (Holding time: 20
Min ; each @ndition was repeated in triplicates and average value was reported heregror

bar was reported as standard deviatioh

In untreatedMiscanthus lignin represents 304 mfg biomass Figure 38). NaOH
removed ligninmore efficiently than water at lower pretreatment temperatures. All
pretreatments remove thiendar amount of lignin at 200C. The lignin removal is up to
221 mg/g of biomass when the temperature was’20 all pretreatments. At 18T,

the lignin cantent of biomass pretreated wtaSQy wasconsiderably higher. This could
be explained by lignin extraction from the inner regions of the cell amalsubsequent
condensations and -oeeposition on the surface as reported for wood samfl&s]

Schemed shows that unddd.SCQ: conditon,carbonium ionsvas produced and can lead
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to repolymerisation. This would explain the higher lignin content afte5QH
pretreatmentAt the same time, it probably changed in to other componkntst al
reported that epolymerisation and subsequenprdymerization of lignin occurs, with
increasing severity of steam pretreatment of aspen wd@&J] Acetic acid assisted

pretreatment cspen woodalso lead to similar resulf487]

Xu et al studed conventional NaOhpretreatment for Swehgrassand the results
showed that with the increasing termgere of pretreatment (821 °C) or NaOH
cocentration, increasing amount of ligrwas removed from biomass. Optimally, 85.5%
lignin was reduced by 2%laOH when temperature was 12C within 1 hour.In
contrast, lhe results irthe currentstudy are more efficient with lower concentration of
NaOH and faster[18§ At higher temperature (16220 °C), increasg severity of
NaOH pretreatment also leads to better lignin oai, which is in good agreement with
the results in this study189 Gomezet al studied conventional therrahemical
pretreatmentor Miscanthus(180 °C, 40 Min) andsimilar amount of lignin is removed
by 0.2 M NaOH pretreatménwhereas more lignin (21240 mg/ g biomass) is

presented in the biomass after water and 0.2.8kpretreatmen{d.9Q.

Table 13 shows the lignin amount of pretreated biomass by using conventional heating
pretreatment. In terms of water pretreatment, conventioaahbh i ng met hod rem
similar amount of l'ignin, compared with tha
temperatur e i s 130 «C. Wi t h hi gher temper a
removed more lignin. With NaOH and.$0, pretreatments, microwave heatimgthod

is more efficient than conventional heating method (lower temperature and shorter

reaction time). Due to its chemical structure, lignin is much less polar than
polysaccharides and significant poorer microwave absorber than cellulose and
hemicellubse[34] However, in our study, microwave assigta promotes lignin

removal. The explanation could be the ester linkages between polysaccharides and lignin

are influenced by microwave effect, which leads to its cleavage and removal of lignin.

Table 13 Lignin mount present in 1g bomass residue after conventional heating

pretreatment

H.0 NaOH HoSO

Lignin amount (mg) 119.48 £ 6.76 50.61 £ 4.756 117.8+9.06

2.5.3 Hemicellulose analysis

77



Untreated Miscanthushas 42% of hemicellulosecomprising arabinose, galactose,
glucose, xylose, mannosegalacturonic acid and glucuronic acid, with xylose and
glucose as major componeriigure 39 shows the hemicellulose percentage in the
biomass residue after various microwave assisted pretreatments. The resulisaslio
suffers different degrees of removal depending on the pretreatment conditions. When the
temperature is 130C, hemicellulose percentages slightly decrease after water and
NaOH pretreatment, whereas, &0, reduces hemicellulose percentagethe bomass
residue to 21% (seeFigure 39%). When temperature increases to 1®D the
hemicellulose percentages are 32% and 31.5% respectively by using water and sodium
hydroxide pretreatment (séegure 39b). It is significantly reduced to 14.7% by 0.2 M
using BSQ,.

. Xy . Xyl |
60 - N Glu 60 - I Glu

I Gal I Gal

3 ElAa 2 . Ara

@ 504 2 %1

2

© @©

£ £

S S

2 S 40

= £

® ®

. 1)

g £ 30+

S @

g S 204

el el

3 g 104

£ £

$ T

I 04

0.2 M NaOH 0.2MH,SO, 0.2 M NaOH 02MH,SO,
. Xy I GalA
60 - . Glu 60~ . Xy

. Gal N Glu

g EAa 2 I Gal

» 50 9 504 . Ara

172 1]

© @©

: .

8 404 S 404

£ £

[} [}

(=] o

8 S 30

g H

e e

(3 o

Q Q

(] o

1723 173

S k=l

El e}

3 2

2 S

= £

Qo o

I £ i -

H0 0.2 M NaOH 0.2 MH,SO, H,0 0.2 M NaOH 0.2 MH,SO,

Figure 39 Hemicellulose percentages after different temperature pretreatments. a.13C; b.
160 °C; c. 180°C; d. 200 °C; Holding time: 20 Min (each condition was repeated in
triplicates and average value was reported hereprror bar was reported as standard

deviation)

When temperate is further increased to 18CQ, more hemicellulose is removed from
biomassandthe hemicellulose percemga is only 8.8% by using43Qu (seeFigure39c).

When temperature is further increased up to ZD0all the hemicellulose is removed
completely from biomass by bSO, (see Figure 39d). Therefore, the increasing

temperature promotes hemicellulose removal process. WatelNaD#i pretreatments
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remove similar amount of hemicellulose from biomass, which is in agreement with the
previous results of monosaccharides analysis irrgathent media (seleigure 31 to

Figure 34). H,SO, more efficiently removed hemicellulose into pretreatment media.
Figure40 presatsthe hemicellulose percentages after conventional heating pretreatment
(180°C, 40 Min). As can be seen, hemicellulose is effectively removed from biomass.
Under the HSQ; conditions, almost all the hemicellulogeremoved from biomass.
Compare to corventional pretreatment, less hemicellulose is removed by MW
pretreatment at 18C°C. When MW pretreatment temperature is 200, the
hemicellulose percentage presented in biomass is similar to that of conventional heating
pretreatment (temperature: 18D). The reason could bimat holding time has a more
important influence on hemicellulose removal than temperature and heating methods.
However, it would be interesting to pretrédiscanthusunder conventional heating
method for shorter holding time (e.g18 Min).

I Xly
50 - I Glu
B Gal
H Ara

Hemicellulose percentage (%)

0.2 M NaOH 0.2MH;S0,

Figure 40 Hemicellulose percentages after conventional heating pretreatment (180, 40
Min; each condition was repeated in triplicates and average value was reported heegror

bar was reported as standard deviatioh

2.5.4 Crystalline cellulose percentage

Crystalline cellulose percentage is a vital property for bioraaggrovides mechanical
rigidity and toughness farompositematerial. It also influences wall extensibility, which

is an important determinant of plant grovghd differentiatiorj191] Pretreéament for
biomass is an important step to make cellulose more amenable and accessible to
cellulose enzymes, thereby enhancing glucose production in the following digestion
procesg17] Completely dsordered or amorphous cellulose is able to be hydrolysed at a

much faster rate than partially crystalline cellulfB4g.
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Crystalline cellulose percentage in untreatéidcanthusis 36%.Figure41 presents the

crystalline cellulose percentages in microwave pretreated biomass residue. As can be
seen, water pretreatment has little effect on crystalline cellulose percentage when the
pretreatment temperature i80°C. It increases to 44% and 45% when the pretreatment

temperature is 160C and 180°C respectively, because lignin and hemicellulose are

slightly removed. When rptreatment temperature is 200, the crystalline cellulose

percentage is further broughip to 53%. By using $6Q: pretreatment, crystalline

cellulose percentages in solid fraction are similarly enhanced when temperature is

between 130C to 180°C, but it remarkably drops to 9% when pretreatment temperature

is 200°C. When biomass is pretredtunder 130C to 180°C, similar amount of lignin

and hemicellulose are removed. With the more severe acid condition °200

crystalline cellulose is significantly degraded and carbonized (biomass morphological

characteristics can be found Figure 47 and Figure 48). In the case of NaOH

pretreatment, the crystalline cellulose percentage in solid fraction is greatly enhanced to

67% when the retreatment temperature isQL®&, which is in good agreement withe

earlierdi scussi on

pretreat ment

t hat h e mi

cel |

temperature is

ul ose
200

i s

-C,

and increase amorphous celluloseteat in the biomass, making it more disorddted.
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Figure 41 Crystalline cellulose percentage after various pretreatmerfeach condition was

repeated in triplicates andaverage value was reported heregrror bar was reported as

Table 14 shows crystalline cellulose percentage of biomass residue by using

standard deviation)

effectiv

t

conventional heating pretreatment. Compared with microvemsisted pretreatment,

conventional pretreatment leads to loveeystalline percentage of preated biomass

residue. The reason could be they have different heating mechanisms. Under
conventional heating, biomass structure is disrupted by heat penetratronutside to

inside and under this condition cellulose probably changes from crystalline to
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amorphous structure. However, under microwave condition the heat is generated by the
interaction between polar part of biomass and oscillating microwave Tiedédcellulose

fibres could be representeds ionic conducting (crystalline) and naonducting
(amorphous)183 A very ordered hydrogen bonded network is contained in the
crystalline cellulose which ctd lead to a proton transport network under an
electromagnetic fielfl183 Therefore, the crystalline cellulose kept the structure at the
beginning and is able to act as an active microwave absgtoenoting the biomass
decomposition. Therefore, along with the process of lignin/nemicellulose removal,
crystalline cellulose percentage goes up, enhancing the microwave absorbing effect,
leading to better reducing sugar release than conventional heatrepgment.

Table 14 Crystalline cellulose percentage after conventional heating pretreatment

H20 HoSOy NaOH

Crystalline cellulose  24.72 + 0.32 19.12+1.2 24.58 £ 0.86
percentage (%)

2.5.5 Digestibility analysis

As we know, lignocellulosic biomass is widely considered as a promising feedstock to
reduce the worl dos reliance on petroleum f
chemicals, due to its cheap price, abundance and energy rich polysaccharides that make
up approximately75% of its mass. Theoreticallthese polysaccharides can be broken
down to produce sugars (saccharification) from which a range of useful products, such
as biofuels, bioplastics, fine and bulk chemicals, food and feed ingreditn®ver,

one of the greatest barriers to realize the potential of lignocellulose is its digestibility.
Hence in this section, the saccharification of biomass was investigated by using a high
throughput saccharification assay which is based on a robotic platfdroathaarry out

the enzymatic digestion and quantification of the released sugars inwvall9plate

format. The total hydrolysis time used is 4 hours and the values showkiguie 64 is

based on the amount ofugose released from per gram of Upretreated biomass

during one hour of enzymatic digestion.

After the pretreatment and removal of the soluble fractions, the insoluble biomass
residue were subjected to digestibility analysis using a protocol refpriédmezet al.

[192. Figure42 shows that Miscanthugdigestibility is increased after all the microwave
assisted pretreatments, albeit to widely differing extents. For untrisisednthus the
digestibility of Miscanthusis 10.25 nmol/mg biomas$our, meaning 10.25 nmol

glucose is produced from 1 mg biomass during each hour of enzymatic hydrolysis (the
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total enzymatic hydrolysis is 4 hourgprwater pretreatment, the digestibility is slightly
increased whe temperature is 136C. It is further enhanced to 4BD nmol/ mg
biomasshour whentemperature increases from 18Dto 200°C. In the case of 1$Q;,
the digestibility is marginally increadevhen hold temperature is 130 andthereafter

it declines. NaOH pretreatment remarkably ioyg Miscanthusdigestibility, due to
hemicellulose and lignirbeing efficiently removed from biomass. Acid and alkali
pretreatments lead to rather different biomass digestibility. As we know, lignin @lays
synergistic and negative rdier sugar productin by the enzymic hydrolys[4.1] Due to
the delignification effect of NaOH, alkaline pretreat®liscanthuswith low lignin
percentage and higher cellulose percentaggdcproduce more sugar in the hydrolysis
process.

sted - nmol sugar/mg miscanthus hour digestion

Adju

0]
Miscanthus 130°°C 160 °C 200°C
Pre(un)treatment

Figure 42 Digestibility of biomass after variouspretreatments (each condition was repeated
in triplicates and average value was reported here; error bar was reporteds standard

deviation)

As has been mentioned previously, there is a signifisahible sugar yield during
H.SQy assisted pretreatment procesheTelease of sugar during the acid pretreatment
limits the availability of substrates faubsequenenzyme hydrolysisOtherwise, hot

acid treatment can contribute to the formation of inhibitors of enzyme hydrolysis and
therefore reduce sugar releaft0( In this work, the subsites are rinsed after
pretreatment prior to enzyme saccharificatiéqfence, the later explanation seems
unlikely. Therefore, less sugar is produced fron58k pretreatedMiscanthusduring
sacccharification process, because it has relatively high ligmeempiage and lower
cellulose percentage. Several factors affecting the absolute enzymatic hydrolysis rate
were outside the scope of the present study and were not optimised. These include: (1)
solids loading; (2) enzyme loading; (3) the effect of variodditaves; (4) the enzyme

cocktail used; and (5) the temperature and duration of digestion.
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Table15 shows digestibility oMiscanthugpretreated with conventional heating method.
When water is used as pretreatmemtdia, better digestibility is obtained by using
microwave assisted pretreatment in comparison with conventional heating pretreatment.
However, when NaOH is used as pretreatment media, conventional heating gives rise to
better digestibility. The result isxpected, due to the fact that more digestible sugar are
released during the microwave assisted pretreatment process, meaning less reducing
sugar remained in the biomass. However, whg®4lis used as pretreatmtemedium,

the biomass digestibility ismilarly low. As discussed before, with conventional heating
pretreatmenta small amount of reducing sugars is released into the pretreatment media
and there is a significant drop of crystalline cellulose percentage Wi8 I4 used as
pretreatment medid heoretically, in this case, the digestibility of biomass pretreated by
conventional heating method should be higher than that of microwave heating method.
However, the fact is both heating methods lead to sityilaw digestibility by using

H>SQs. As nentioned before, the inhibitor effect on enzymeurdikely, due to the
washingup step. Hence, the only explanatiomhathemicellulose and cellulose astl
decomposed by using conventional heating methoat, they are absent from
monosaccharides dgais due totheir beingdecomposed during the long holding time
pretreatmentTherefore, the analysis of decomposition production from conventional
heating pretreatment and inhibitors in the biomass residue would be watiidian

the future.

Table 15 Digestibility of biomass pretreated by using conventional heating

H-0 NaOH H.SOy

Digestibility (nmol/ mg 20.17+1.89 150.37£185 32.90+1.6
biomass.hour)

2.5.6 SEM analysis

Scanning electron microscope is applied to study thghotogial characteristics of un
| pretreatedMiscanthus Figure 43 shows micrographs of the surface of rsliscanthus

particles, which present a flat and smooth surface under both magnifications.
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Figure 43 Surface images of the untreatedMiscanthusobtained by SEM. Flat surface of a

fibre showing, a. bar scale: 3ym; b. bar scale: 1nm.

Images from Miscanthus samples préreated with 0.2 M NaOH under various
temperatures are presenfiadrigure44. Comparegrigure 44a andFigure43a, it can be
found that when getreatment temperature is 13D, parallel strips andmall particles

appear on the biomass surface. These particl

reported in previous studies on hydrothermal pretreatment of ligniocellulosic material,
both under acid or alkaline conditioig28, 193195 These lignin aggregates, formed by
lignin extraction from the inner regions of the cell wall, followed by condensatiernal

pH conditions and reeposition on the surface. Under differédtOH concentration

conditions, different amounts and appearances of ligmiplets are observed. At 130,

there is smal/l amount of 61l i gni nthatdtléisposi t s 6

temperature has a mild influence on the biomass structuré-ige® 45 for the image
under enhanced magnification). When temperature is increased to 180 the other

type of lignin deposits matriappeared on the biomass surface and they tend to combine
together, indicating NaOH has a stronger perfogeaon biomass structure at 18D

than that of 130C. In contrast, 180C has a rather distinctive performance on biomass.
Compare to rawMiscanthws, the biomass surface becomes rough, with more exposed
cellulose fibres, due to the removal of hemicellulose and lignin (conkiguee 39 to
Figure43a). When pretreatnmé temperature is enhanced to 2@ a different type of

6l ignin depositsd matrix is observed on
of lignin droplet compared to others (deigure44d). Under highemagnification (see
Figure 45d), lignin deposits are tend to combined together to fornetavark when
temperature is 160C, whereas they are more separated from eztbler when
temperature is 20TC.
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Figure 44 Surface images obtained by SEM oMiscanthustreated with 0.2M NaOH

pretreatment under various temperature; microwave power: 300 W; magnification scale
bar: 5¢ fC;b. 460°C;1c.3180°C; d. 200°C.

Figure 45 Surface images obtained by SEM oMiscanthustreated with 0.2M NaOH
pretreatment under various temperature; microwave power: 300 W; magnification scale
bar : 1e¢ C;b. 460°C;1c.3180°C; d. 200°C.

Therefore, despite the fact that thgniin content irthe solid fraction ofMiscanthusare
similarly low after various 0.2 M NaOH pretreatmentsder different temperature
(Figure 38), alkali performances on biomass surface are remarkably distinctoler u
different temperature. T may influence the sugar removal process during the
pretreatment, as the reducing sugar release firstly increases then -ddedigre the
temperature increaesf r om 1 3 0 andmatincum P2Quling suUgaesereleased
from biomass during pretreatmtewhen the temperature is 180(seeFigure29). Here

in SEM study when temperature is 18C, the lignin deposit isbsent from biomass
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surface, which could bene of the reasons contributing to a good sugar removal during

pretreatment.

Figure 46 Surface images obtained by SEM oMiscanthustreated with H20 and 0.2M

H2SOq4 pretreatments under 18 ~C:0, a bal s c alx®,: bsare ns c.ébM :H 1

HSOsbar scald®d2MiEBRSGhhar scal e: 1 &m.

Figure46 presend the biomass surface features whe®kind 0.2 M HSQO, are used as
pretreatmenimedia when temperature is 18D. Both water and 0.2 M43Q; has little
influence on biomass structure, as the surface keeps smooth and flatreested

Miscanthus without appearance of cracks or strips which appeared in NaGirepted

samples. Hengdhese conditions are too mild to bring any surface change of biomass.

€ m;

However, in lignin discussion, we preclude that the lignin probably redeposits back on

the biomass surface after$0; pretreatment at 18%C . There was no
d e p o s pearipgdon thepbiomass surfaBeliget al pretreated maze stem with 0.7%
H>SQOs under 170°C for 12.5 Min and they obseed the presence of spherical
formations on the surface of the residual biomd$ey proposed that upon melting,
lignin in biomass beomes fluid, coalesce andpotentially can move throughout the cell
wall matrix[196 Donohoeet d. obse& ved si mil ar 6l ignin
conditions (0.8% k5Q: under 150°C for 20 Min)and SEM, TEM, NMR and FTIR
were used to upport the hypothes[484 Under 180°C and HSQ: pretreatment
condition the lignin droplets vere not observed, but a higher lignin content was
measued in lignin quantification (see Figure 38) Therefore, the othe lignin
quantification methods(such as thioglycolate lignin method or Klason lignin
measuremerjtLl69) should be tryn the futureto check the lignin content in the biomass
as aceyl bromide lignin methodverestimats lignin content due to the presence of

furfural during préreatment[197]
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As can be seen fromigure 47, biomass presents different colour aftertigaments,

especially in the case of.BQ, pretreatment which leads to a carbonized degradation of

biomass sampleFigure 48 presents the biomass surface featuresMigcanthus

undergoing water pretreatment an@ @ H.SQ.pr et r eat ment , when t he
temper at ur e i Bigur24BdtoFiglre43aCibcanpba notdced that parallel

strips appear on the biomass surface, in amidib the appearance of the other form of

dropletss. When the magni fi c aRiguredfc), ibcambe ebseavede i s 1
that the size of these deposits are larger than that of 0.2 M NaOH pretreatoen200

°C (seeFigure45d) and they also el to separate from each other. These could be the

lignin deposits mentioned b$elig and Donohoe Overall, it can be observed that

mul ti pl e ligoihdioplst® sc am 16 e dbyin®rphological crikerfaesuch

as size, shapandsurface texture. This variability is not surprising, due to the complex

structure of lignin molecules and plant cell wall matrix.

However, sample treated with 0.2 M$0, is completly carbonized. Macroscopically,

the sample becomes a black powder like d&&ure 47) and under microscope, it
presents a degraded aspect, with spherical particles typical of burned saatalgsed
degradatiorof sugars to furans to hydrothermal carbon explains the very low amount of
sugar released from th@omasssamples treated with higher concentration gEidure
29).[19§

Raw
miscanthus

Figure 47 Biomass appearance after microwave assisted pretreatment. a2® b. NaOH; C.
H2SOs4 (temperature: 200°C; hold time: 20 Min)
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Figure 48 Surface images obtained by SEM oMiscanthustreated with water and 0.2 M

H2SO4 pretreatment at 200°C; microwave power: 300 W. a. Water pretreatment;

magni fication bar s$80gdretreaiment; Mageificgtion bar scéleiss M H
€ m c. Water pretreatment; magnification bar scale isle mgd. 0.2 M H2SO4 pretreatment;

magnification barscales 1 & m

Figure 49 Biomass appearance after conventional heating pretreatment. a.-8; b. NaOH;
C. H2SOu( temperature: 180°C; hold time: 40 Min)
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Figure 50 Surface images obtained by SEM orMiscanthus treated with conventional

heating methodat18®C; a. Water pretreat ment ; magni ficati ol
pretreat ment ; magni fication bar scale is 1 em c.
bar scale is5 ¢ dn0.2 M NaOH pretreatment; magnification bar scale is 1& me. 0.2 M

H2SOs pretreatment; magnification bar scale is 5¢ mf. 0.2 M H2SO4 pretreatment;

magnification bar scale is 1e m

Figure 49 shows biomass appearance after conventional heptgtgeatment and the
colour is slightly changed under each condition assayed here. The biomass pretreated
with H,SQ; turns into brown colour rather than total blaBkgure50 presens the SEM

images of biomass etreated under conventional heating condition. As can be seen,
water pretreatment has a mild influence on biomass surface, as the surface is smooth and
flat. However, under NaOH pretreatment condition, parallel strips appear and biomass
surface is coverewith lignin deposits, which is similar to that of microwave heating
pretreatment when temperature is 160. When HSQ, is used as the pretreatment

media, the biomass surface still keeps smooth and compact structure.

Hence, similar to that of microwave dteng condition, water and .BQs have amild

effect on biomass surda when the temperature is 18D Carbonization of biomass at
200°C could be a consequence of the temperature achieved with the microwave, since in
under conventional heating conditioritlwlonger time (40 Min), carbonization was not
observefil2]. The hold time must play an important role, as Cheral also used
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microwave to facilitate biomasggireatmentndtheir results showed no carbonization
at 130-190°C for 10 Min by using 0.2 M kEQ..

2.6 Sugar degradation study

As was shown ifrigure29 andFigure 33, H,SQy pretreatment led to promising yield of
reducing sugars and selectively produced glucose, when holding time is 20 Min.
However, it is known that sugar dehydration also is facilitated 383Ck leading to the
formation of furfural, formic acid, hydroxymettiyrfural (HMF) and levulinic acid,
which are classified as inhibitors for fermentat[d®9. Hence, the sugar dehydration
products during microwave assisted pretreatment were studliéstanthus was
pretreated in 0.2 and 0.4 M8, for 20 Min. After the pretreatment, the liquor fraction
was separated from biomass solid fractoilthen it was extracted with ethyl acetate (3

x 15 ml). It is worth mentioning that the liquor fraction smell veryfedént, which
probably due to the production of acetaldehyde. When ethyl acetate was removed by
rotary evaporation, the final product wasviscous dark brown substance. It was
analysed by GC and NMR.

Figure 51 and Figure 52 show the GC spectra of the sugar degradation substance by
using 0.2 and 0.4 M 1$Q, respectively as pretreatment media. From GC analysis,
levulinic acid (LA) was suggested as the predominant sugardgra product during

the microwave assisted acid pretreatmemd very small amount of furfural was also
obtained. There are negligible amasiof other chemicals as well. The yield of LA was
quantified by using anisole as an external standard chemamlT&ble 4, about 681

mg organic products are obtained from 400 mg biomass, in which LA34 25g. The
conversion of LA from biomass is betweer8% under 0.2 M or 0.4 M 13O

conditions.
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Figure 51 GC spectrum of sugar degradtion product analysis (0.2 M HSOs, 20 Min,
microwave assisted pretreatment)
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Figure 52 GC spectrum of sugar degradation product analysis (@. M H2SQOs, 20 Min,
microwave assisted pretreatment)
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In order to confirm levulinic acidsithe major product. The sugar degradation products
obtained from 0.4 M bSOy pretreatment was analysed by NMR, $égure 53. The
chemical shifts from the spectrum are listedTable 17. From NMR, we can confirm

that levulinic acid was the predominant degradation product, with small amount of
furfural. Because ethyl acetate was used for extraction, it also presents in the NMR
spectra. It is noticed that there is a gap afsmbalance here, possibly because of the
residue of ethyl acetate solvent. Secondly, during the step-aitselving organic
products with ethyl acetate to make NMR samplashlack insoluble substance
presented, which could be humins. Overall, thera igotential of using microwave
technology to selectively produce LA from hexose or biomass under dilute@ H
conditions, which would bef great interest of biorefinery concept.

Table 16 Organic products during microwave assistedH2SOs pretreatment

Conditions Organic LA (mg) Furfural (mg) LA/ biomass
(H2SQy, 20 Min) products (mg) (%)

0.2M 71+8 31+10 5+3 8+3

0.4 M 68 +0.4 25+5 1+0.2 6+1

*Each condition was done in triplicates and the results shown here vezegawith
standard deviation

Table 17 Assignments of'H NMR spectrum

Proton positions Chemical shifts (ppm)
Furfural
1 8.00 (d), J=2.38 HAH
2 6.566, 6.575, 6.575, 6.579, (dd),
J=2.382.1 Hz 1H
3 7.23,724) , 2 =¢
4 9616 , 1¢
Levulinic acid
5 2.166) , 3¢
6 2.56,258,25%),J= 6.z072¢
7 2.70,2.72,2.73),J= 6 .z828l
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Ethyl acetate

8 2.00(s), 3H

9 4.05, 4.07, 4.08, 4.10q),
J=7Hz, 2H

10 1.19, 1.21, 1.23t), J= 7 Hz, 3H

Levulinic acidis produced from biomass through the pathway of HMF Gdeemeb).

It is widely accepted that 2dioxohex3-enal (DHE) is transformed from HMF,
although no intermediates were identified. Through this pathwamidoacid is also
generated20q
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Schemeb Pathway of converting glucose into levulinic acid under acid conditiofi200]

2.7 Conclusions andfuture work
Miscanthusis one of the most promising energy crops in Europe and processing
alternatives for second generation biofuel production. In order to produce bioethanol
more efficienly, pretreatment of biomass is necessary. Several factors Wikitie the
pretreatment process, such as pretreatment methods, temperatuieg tiold and
catalysts.In this chapter,Miscanthuswas pretreated with NaOH or 8Os under
microwave conditiorandthe influence of temperature (1380 to 200°C) was studied.
Firstly, the sugar yield frofMiscanthusduring pretreatment process was studiedit
firstly rosethen declined with thencreasing of temperature. 18C is the optimal
temperature to efficiently remove sugars from biomass during our pretreatmesgsproc
In general, HSOQ: contributed to better sugar yield than water and NaOH under each
same temperature condition. NaOH amdter pretreatments only brokdown

hemicellulosein the biomass, giving rise to xylose as major sugar cowpt in the
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Figure 53 NMR spectrum of sugar degradation product analysis
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biomass, giving rise to xylose as major sugar component in the pretreatment media,
whereas BESQ: not only degraded hemicellulose but also had a strong influence on
crystaline cellulose. The maximum sugar yield from available carbohydrate (73%) was
obtained by using 0.2 M43QOy at 180°C. Meanwhile, maximum production of glucose
from available carbohydrate (47%) was achieved. Maximally, the reducing sugar release
from microvave assisted pretreatment is 12.5 times more than that of conventional
heating pretreatment. Secondbhemical compositions before and after pretreatment
were studied. Hemicellulose was efficiently removed b$®. Crystalline cellulose
percentage is tgely influenced by pretreatment media, holding temperature and
pretreatment heating method. Temperature had a strong influence on the lignin content,
as different form of lignin deposits were observed from SEM images of biomass surface.
NaOH has a strondelignification effect. Last but not least, digestibility was strongly
influenced by pretreatment conditions as well. Compare to water as{xH
pretreatment, NaOH pretreatment significantly enhahisdanthusdigestibility, which

was maximallyl0 times ligher than that of untreatddiscanthus due to effectively
removal of lignin and hemicellulose. With the increasing temperature, the digestibility of

NaOH pretreated biomass firstly increased then declined slightly.

In comparison with classic conventidimeating pretreatment, the reducing sugar release
from MW pretreatment is 12.5 times more than that of conventional heating
pretreatment, probably due to the unique microwave effects on biomass and the
temperature condition achieved by microwave. In catiseal heating process,
temperature of subject is increased because of convectinductionandradiation of

heat In contrast, under microwave condition, subject is heated because of dipole rotation
and ionic conduction. As one of the major compaosenhtbiomass, crystalline cellulose
plays an important role in the microwave assisted pretreatment peoaisss able to

act as an active microwave absorber, promoting the overall biomass decomposition.
Lignin removal process is strongly influenced bycroivave effect, it could be due to
ester linkages between lignin and hemicellulose are broken. It was highlighted that
microwave is able to effectively degrade biomass and breakdown polysaccharides into
their monomers under much lower temperature (30within shorter time showing

the great potential of using microwave assisted thecmamical pretreatment for

biomass in bioethanol process.

Sugar degradation of microwaeassisted biomass pretreatment was studied. The results
showed that levulinic acidas selectively produced during the pretreatment, as well as a

small amount of furfural. The about8% biomass was converted into levulknacid,
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under the influence or diluted.8Q:.. Hence, in the future, it would be interesting to
optimize the productio of LA from biomass by using microwave technologhe
results from this chaptenad a brode temperature range study and provideshlalu
information for chose temperature for other biomass as well. By varying pretreatment
conditions, selectively produon of xylose, glucose and levulinic acid vieabeen
achieved here, which has not been mentioned in other study before, showing promising
application of MW assisted pretreatment.

Regarding to fact that a promising amount of reducing sugars are released into
pretreatment media, it is of great interests to investigatefeiraentability of the
pretreatment media. Energy save of bioethanol derived from different feedstock was
assumed due to previous research has been done by[68jdisi a detailed energy
balance assessment is necessary to ensure microwave processing of biomass offering
improved energy efficiency over conventional process. Meanwhile, life cycle assessment
of the sustainability and toxic release inventory of bioethanol derived Ntmranthus

with microwave assistance should be investigated.
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Chapter 3: Microwave assisted acid and alkaline pretreatment
for using Miscanthusbiomass

Aspectof work describled in this chapter has bgeblishedn:
Microwaveenhanced formation of glucose from cellulosic waste

Jiajun Fan, Mario De bruyn, Zongyuan Zhu, Vitaliy Budarin, Mark Gronnow, Leonardo
D. Gomez, Duncan Macquarrie, James Cl@tkemical Enmeering and Processing:
Process Intensificatiqr2013,71, 31-42

Microwave assisted acid and alkali pretreatment of Miscanthus biomass for biorefineries

Zongyuan ZhuRachael SimisteiSusannah BirdSimon J. McQueeiMason Leonardo
D. GomezDuncan J. Macquarrj@IMS Bioengineering, , 2015, 2(4): 84168.
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3.1 Introduction

The resultsin the previous chapteshowed that 180C is the optimal temperature to
achievemaximum sugar yield fronMiscanthusduring the pretreament process under
all the experimenrt conditions assayed. In this chapter, the ¢ftétreatmentime from

5- 30 Min, using a fixed temperature of 180, is examinedln addition the use of
H.SQ: or NaOH isalso examinedising varied concentratioa from 0.2- 1 M. The
following discussions illustrate the effects obld time and preteatment media
concentation on the pretreatment process.

3.1.1 Effect of catalyst andhold time on sugar release

Hold time and catalyst concentration can have a strong effect on the release of sugars
from Miscanthusduring pretreament. Figure 54 shows that, when # is used as
pretreament mediumusing a hold time of 5 minutes, a small amount of sugars are
released into the pretreatment medizréasing the hold time increases the yield of
reducing suga from the ava#dble carbohydrate. Thmaximum sugaremoval was
achieved with a hold time of 20 Mjproducingup to1.25 umol of reducing sugarger

mg of biomass corresponding ta sugar yield 0f28.7% (the vyield in this study
corresponds to total carbohydrate in bigs)a

= HO
35— @ 0.2 M NaOH
T —A— 0.4 M NaOH
—v—02MH,S0,

3.0 P 4 04MH,SO,

2.5+

2.0

1.5

1.0

0.54

0.0 ; : ' . r . r ; , . :
5 10 15 20 25 30

Total reducing sugar amount in pretreatment media ( umol/ mg biomass)

Holding time ( minutes)

Figure 54 Total reducing sugar amounts present in the pretreatment liquors(each
condition was repeated in triplicates and average value was reported here; errdrar was
reported as standard deviation)

Funazukuri studied #h conventional hydrothermal degradation of different cellulosic

materials including cotton cellulose, filter paper and cellulose powdar higher
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temperature (543 K182 His results showed that with increasihgld time from 060

Min, increasing total sugar yields (maximum-@f&) were obtained and all of the
cellulose vascompletelydegradeddy the end ofthe reaction. High temperate water

can liberate acid components frm biomass, predominantly acetcid and promote

the dissociaibn of acety linkages between thesugar rings in biomass during
hydrolysis[20]] The pH of liquid hot watepretreagéd biomass is generally within in the
range of 4 to 5 without any addition of base or buffer solution, due to thkustdfing

of biomasq101] Therefore the hydronium ions generated from both water and
generated acigan promote hemicellulose depolymerization to oligosaccharides and
monosaccharidg202, 203

The amount of reducing sugar released into the pretreatment medium using alkaline or
acid solutions was alsmeasuredwith a hold time of between30 Min (Figure54). A

similar pattern is observed for all pretreatment conditions. Increasing the holding time
from 5 to 10 Min increased the reducing sugar yield sharpith @ further slight
increase at 20 Min, followed by a reduction when the holding time is increased to 30
Min. This could be explained by the further degradation of the produced sugars (major
components, such as xylose or glucose) under extended preméawnditionswhich

has been discussed it&pter 2. Also, Let al. studied liquid hot water pretreatment for
Miscanthusand reported that the initially produced hexose and xylose can be further
degraded to hydroxylmethylfurfural (HMF) and furfural, tfields of which increased

as the pretreatment severity increagi® In our study, the biomass is carbonized
under severe acid conditions (see the following SE$tussionFigure 70), showing
typical spheres characteristic of biomass carboniz§li®f. At the same time, as was
discussed in chapter 2, levulinic acid was produced as Hjer mugar degradation
product. HSQO, produces a higher sugar release than NaOH. When the acid
concentration is increased from 0.2 M to 0.4 M, the total sugar production declined, due
to the stronger acid condition facilitating further degradation of pineduced
sugard204 The maximum sugarproduction is up to3 pmol/mg of biomass
corresponding to a yield of 75.3% from available carbohydrate wWhisnanthusis
pretreated with 0.2 M $5Q;, for 20 min. Increasing the concentration of NaOH from 0.2

M to 0.4 M does not significantliypcrease the amount of sugar released. When the hold
time was 5 min, both concentrations of NaOH produced very low sugar yields, 0.35 and
0.48 umol/mg of biomassespectively (yields from the available carbohydrates of 7.8%
and 10.6%) for 0.2 M and 0.4 MlaOH pretreatments. The sugar yield reaches a
maximum of 1.32 and 1.7@mol /mg of biomasggiving yields from the available
carbohydrates of 43% and 50.7%) when 0.2 M NaOH and 0.4 M NaOH are applied for
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20 Min. Overall, 0.2 M HSQ; is the most efficientandition at all the concerations of
H.SQJ/NaOHtested As 0.2 M HSQ, leads to optimum reducing sugar release, it can be
predicted that maybe a milder condition can have better reducing sugar release. Hence,
shorter hold time (2 Min) and 0.1 M,BO, aretested in this case.

Figure 55 shows the reducing sugar amount released into pretreatment media. Firstly,
0.2 M HLSQ; pretreatment still gives better sugar release than 0.1 M and 0.46& H
andglucose is the maj product with all three concentrat®assayed here. Interestingly,
highest xylose yield is achieved when 0.2 M5By was used, indicating hemicellulose

is effectively broken dowrno xyloseby using 0.2 M HSQ,, but0.4 M HSQ; led to

xylose degradatiorfrigure 56 shows reducing sugar release when 0.1 8® is used

as pretreatment media. As can be seen, 5 Min gives rise to highest amount of reducing
sugar releasandincreasing hold time decreases the reducugnsyield. Interestingly,

5 Min is the best at 0.1 M 430, condition. Nevertheless, from the previous discussion
we know that at higher concentrations;2MMin is the best. The reason could be the
sugar decomposition rate is higher than the biomasdyeedsation rate when 0.1 M
H.SQv is applied. When higher concentration acid is used, the biomass depolymerisation
rate is higher than sugar decomposition rate. Overall, compared to the results above,
milder conditions lead to less reducing sugar relddsace the following analysis will

be focussed on the conditions listedrigure54.

I Xy
1.2 4 I Glu
I Gal
I Ara

Reducing sugar release
(wmol/ mg biomass)

0.1H,S0, 0.2H,80, 0.4 H,S0,

Figure 55 Reducing sugar release wén hold time is2 Min (each condition was repeated in
triplicates and average value was reported here; errobar was reported as standard
deviation)
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1.2+ I Xy

Reducing sugar release
(umol/ mg biomass)

5 Min 10 Min 20 Min 30 Min

Figure 56 Reducing sugar release when 0.1 M #$0x is used as pretreatment medigeach
condition was repeated in triplicates and average value waeported here; error bar was
reported as standard deviatior)

3.1.2 Effect of catalyst andhold time on monosaccharides ipretreatment media

The holdtime and catalysts hawestrong influence on the monosaccharide composition
of the sugars released. In thase of water and alkalingretreament, xylose is the
major monosacharide released, showing that hemicelluloses are broken dogure

57 to Figure 60). Arabinose $ the second major sugar constituent, followed by
glucose and galactoseith minor quantites of mannose detected. These results indicate
that the water andNaOH pretreahent extracted hemicelluloses fractionhe
proportion of each monosaccharide does change significantly across the conditions
assayed.

Using a 5Min hold time, a very small amount of sugar is released by watasiog a

low concentration of NaOldnd1 M NaOH produces higher sugar amounts (sugar yield
is 24% fiom available carbohydm} (Figure57). However, under acid conditions, 0.2

M H2SQO; results in ahigherlevel of observedugar than 0.4 M and 1 M,BQO;, with
glucoseand xylosebeing the major sugar compongntiue to effective degrailan of
crystalline cellulose and hemicellulose (see following discussion of hemicellulose and
crystalline celluloseFigure 62 and Figure 63). More concentrated acid givese to a
lower level of sugar production, due to the further degradation of the produced sugar
under acidic conditionsWhen the hold time was 10 min( Figure 58), the sugar
productionwas greatly enhanced compdrto that of SGmin. Almost equal amounts of
glucose and xylose are produced by using 0.2J8(x However, when 0.4 M #$0Q; is

appliedas thepretreatment mediunxylose yield is significantly reduced and glucose
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becomes th@nly major product, indicatinghat xylose is degraded under severe acid
condition andcellulose starts to be broken down into glucose. In our waskwas
discused in Qapter2 (page 90, Sugar degradation studysignificant amounts of
levulinic acidand small amount of furfural were identified in the pretreatment liquor
fraction when the biomass was pretreated Wt80O, under microwave conditions at

180°C. Hence, it suggested xylose was degraded into furfor@lr study.

I Man |
3.5 Xy |
I Glu
I Gal |

3.0
I Ara |

0.5

0.0

Sugar release amout in pretreatment media
( umol/ mg biomass )
o
1

H,0 0.2M NaOH 0.4 MNaOH 1M NaOH 02MH,80, 04MH,SO, 1MHSO,

Figure 57 Monosaccharide amount after various pretreatments using a hold time of Blin
(each condition was repeated in triplicates and average value was reported here; ertoar
was reported as standard deviatioh
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Sugar release amout in pretreatment media

H,0 02MNaOH 0.4 MNaOH 1MNaOH 0.2MH,SO, 0.4MHSO, 1MHSO,

Figure 58 Monosaccharide amount after various pretreatments using a hold time of 1@ in
(each condition was repeated in triplicates and average value was reported here; eritar
was reported as standard deviatioh
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2.5

2.0 4

0.5

Sugar release amount in pretreatment media
( pmol/ mg biomass)

0.0
HO  02MNaOH 04MNaOH 02MHSO, 04MHSO,

Figure 59 Monosaccharide amount after various pretreatments using a hold time of 2din

(each condition was repeated in triplicates and average value was reported here; eritar
was reported as standard deviatioh
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0.2MNaOH 04MNaOH 02MHSO, 04MHSO,

Figure 60 Monosaccharide amount after various pretreatments when hold time is 3@ in
(each condition was repeated in triplicates and average value was reported here; eritar
was reported as standard deviatioh

In Figure59 it can be observethat a 20Min hold timein combination with 0.2M
H.SQu producesmaximum sugarvyield. 0 € mol / mg5.3%). Whea G2 ;
M and 0.4 M HSQ, are applied, glucose, derived from both cellulosegindansis the
major monosaccharide. The glucose vyield is 47.6% and 50% respegtiveh0.2 M
and 0.4 M HSQ, are used as a pretreatment melidose yield decreasewhich could
bedue to its further degradation under &cicbnditions. In contrast, 0.4 M NaQtives
rise to the maximunproduction of xylose (.3 umol/mg of biomassyield: 28%).
Similar results can be observed whenhbéd time is 30Min ( Figure60). In the case
of water andNaOH media xylose prodation also declines, but it is still the major

component.

From the results here, it can be seen th&wa H.SQO, concentrations, both xylose and
glucose can be produced the breakdown ohemicelluloseand cellulose iMiscanthus
biomass. However, xyles quickly decomposeinto furfural under severe adu
conditions, thus glucose becomes the major component préfireament medid 205
On the other hand, alkaline and watpretreaments tend to break down just
hemicelluloses and give rise ligh yields of xylose, which is more stable undezutral

or higher pH condions.

Various pretreatments has been studied/stanthuspreviously,Brosseet al. usal an
H.SQr assisted ethanol organosolv systenptetreatMiscanthus The results showed
0.149.08% glucan removal under similar temperat{i&0-180 °C) withalonger hold

time (60 Min).[15]] Yu et al pretreatd Miscanthusby usingan aqueous ammonia/
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hydrogen peroxide systeatlower temperatuie(90-150°C) with longeholdtimes (14

h), with lower cellulosedegradation occurrinduring thepretreament (2.419.1%)[206
Havertyet al studied peroxide/formic acid assisted pretremtof Miscanthuswith the
results shoing 0.3-4.37% cellulose removal acrodge conditions assayg@07] In our
study, highly efficient cellulose and hemicellulose removal frbfiscanthus are
achieved by using microwave acid or alkalipetreaments and the optimal sugar
yield from carbohydrate is 75.3% within shorter tin@verall, compared to other
pretreament methods, microwave assisted goidtreament canlead to b#er sugar
releaseduring preteatment In the future, the extraction of sugar can be tuned by
varying the pretreatment conditions. For example, a sequential treatment involving e.g.
15 Min pretreatment by using water to extract xylose and the other 5 Min by using
H>SQO; to extract glucose could be very interesting to study.

3.1.3 Lignin content

Lignin has been considered as one of the main factors behind biomass recal@b8nce
Alkaline and oxidative treatments, such as alkaline peroxide andalichexygen, have
been utilized to remove lignii8, 80, 11§ Figure 61 shows the amount of lignin
remainingin the biomass solid fation after variougpretreatents.The lignin content in
theinitial 400 mgof untreatedVliscanthuswas 112 mg83% of total lignin amount in
biomass materialBy using water as pretreatment media; 315 mg £8.5 46% lignin

was removedAfter NaOH preteatment the amount of lignin in the samples decreased
sharply, in good agreement with previous studies showing\&@H conditions have a
significant delignification effect[12, 21, 80] 0.2 M NaOH can remove 84 mg lignin
after 20Min pretreatment. When theold time wasincreased to 3®in, up to 93 mg
lignin wereremoved. 0.4 M NaOH is more effective than 0.2 M Na&id 105.5 mg
(94.2%) lignin is removed after 2din hold time. The lgnin contentalso decreased
during H.SOy pretreatments, however, not as effectively as NaOH pretreatment. When
0.4 M H,SQ, was usedfor pretreatmenta hold time of10 Min resulted in a greater
lignin removal (79 mg presented in the biomabkanfor 5 Min (90 mg presented in the
biomass) However, when the hold time was increased from 10 Min to 20 Min, less
lignin is removed (89 mg psented in the biomasshich is 79% of total lignin amount

As it has been mentioned in the previous chaptecould beexplained by lignin
extraction from the inner regions of the cell watldsubsequent condensations and re
deposition on the surfacéi et al reported that depolymerisation and subsequent re
polymerization of lignin occurs, with increasing severity of steam pretreatment of aspen
wood[187 Acetic acid assisted pretreatment of aspen wood alses keadimilar

results[187] Overall, NaOH had better and more efficient lignin removal ability.
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Increasing concentrations of NaOH os3d, had little influence on the lignin removal.
However, changing did time influenced the lignin removal or lignin redistribution
process in the case of,$, pretreatment. The chemical structure of the biomass is
studied by FHIR (Figure66) andthe results show that the lignétructure is modified by

the pretreatment methods. Liragal studied conventional pretreatment for biomaisd

the results showed that&Q; pretreatment has little influence on lignin removal during
pretreatment when the temperature ranged from 50@8Q8In contrast, the results in

this study show lignin removal was improved undeS@&; condition and microwave
assistance has a positive impact on lignin rem@8 Due to the nature of microwave
heating, compared to polysaccharides, lignin is less polar and is therefore expected to
have less interaction with microwave energy. Therefore, microwave performance on
lignin is not as direct as it is on cellulose or hegtiulose. However, it is worth noting

that the ester linkages between lignin and hemicellulose could be largely influenced by
microwave (see FIR discussior.1.7), which may further lead to a lignin removal or

redistribution on the biomass.
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Untreated H, 02MNaOH 04 MNaOH 02MHSO, 0.4MHSO,

miscanthus

Figure 61 Lignin content changes after varied pretreatmentgeach condition was repeated
in triplicates and average value was reported here;reor bar was reported as standard
deviation)

3.1.4 Hemicellulose composition

Hemicellulose was measured using a protodescribel by Fosteret al[16§ The
hemicellulose is hydrolysed into its monomers by using 2 M TH#Hl{ oroacetic aciyl
treatment, then the monosaccharides are measured by using HPAEC (Di@®@30)C
ona Dionex Carbogac PA20 column with integratedmperometry detectio herefore,

by measuring the hydrolysed monosaccharides we can calculate back and quantify the
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hemicellulose content in the biomass samplee hemicellulose present Miscanthus
underges different degrees of removal depending on gretreament conditions
UntreatedMiscanthuscontains 42% hemicellulose, comprising arabinose, galactose,
glucose, xylose, mannose, galacturonic acid and glucuronic acid, with xylose and
glucose ashe major componerg Figure 62 showsthe hemicellulose percentages in the
biomass material before and aftgretreament using ahold time of 5 Min. Water
pretreament decreased the hemicellulastentto 39%. Usinga NaOH pretreament,

the hemicellulose decreased further in a concentration dependent fashion. By using 1 M
NaOH, the hemicellulose percentage in the biomass decreased to 22.5%. In contrast,
H2.SQOy pretreamment is effective in removing hemicellulose frdhe biomass with it
droppingsharply to 5% by using 0.2 M or 0.4 M$u. Almost all of the hemicellulose

is removed when 1 M $50Q; is applied forpretreament

50 — N GluA
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|- X y!
| Glu
1S3
| Ara

B
o
1
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10 4

Hemicellulose percentage in biomass (%)

o
|

Untreated H,0 02MNaOH 04MNaOH 1MNaOH 02MH_SO, 04MHSO, 1MHSO,
Miscanthus

Figure 62 Hemicellulose percentage changes after varied pretreatmenfisold time is 5 Min;
each condition was repeated in triplicates and average value was reported here; ertwer
was reported as standard deviatioh

Combining the results of monosaccharides analysis in pretreatment, mediean
conclude thahemicellulosewas efficiently broken down under mild acid conditions
which contribute to a promising sugar releasen a holdtime is only 5 Min, (see
Figure57). Lima et al pretreated various biomass at 1°8Dfor 40 Mn anda similar
level of hemicellulose removal was obtained by using NaOH,80H 209 In contrast,
microwave assisted pretreatment in this study is 8 times faster in irgmov

hemicellulose.

3.1.5 Crystalline cellulose analysis
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Crystalline cellulose percentage is a vital property for bionzssgprovides mechanical
rigidity and toughness for the composite material. It also influences wall extensibility,
which is an important e@erminant of plant growth and differentiatidi®1] As was
mentioned inChapter 2 crystalline cellulose percentage of biomass sample is of great
importanceduring pretreatment process. In this study, crystalline cellulose percentage is
measured not only for the purpose of measuring how crystallized the biomass is, but also
how much crystalline cellulose is available for enzyme to break down. The results from
this part would be related to the results from saccharification diittmass (se€igure

64), because the crystallinity of biomass has a significant influence on biomass
digestibility. Highly crystallised biomashas lower digestibility.

As can be seen froffigure63, in general,lie microwave assisted alkalipestreament
was less effective than water and gaidtreament in terms of decreasitige crystalline
cellulose percentage.8B0O, can reduce cellulose crystallinity, whidaOH reacts with
biomass derived acids such as formic acid, acetic aetglycolic acid, leading to
partial neutralisation and less reduction of crystalline cellJlb8g However, NaOH
canalsoalterthe cellulose structure and increabe amorphous cellulose content in the
biomass, making it more disorderddittal et al studied NaOH pretreatment dui
cellulose, cotton linters and corn stover at %5 and the results showed that the

amorphous content increased as much as twd f@ld
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Figure 63 Crystalline cellulosepercentage changes after varied pretreatment&ach
condition was repeated in triplicates and average value was reported here; errbar was
reported as standard deviatior)

In this study,crystalline cellulose percentages in biomass before and afterusario
microwave assistefretreamentsare investigatedThe crystalline cellulose percentage

in untreatedMiscanthusis 34%. In comparisonwith untreated biomass, pretreatment
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generally increased crystalline cellulose percentages in the biomass samptesompar

0.4 M H:SQ, pretreatmentUsing short retention times in acid and waiegtreatents,

there is little change when it is compared with that of untreated biokasgver, when
NaOH is used, crystalline cellulose percentage goes up, especiallydasief 0.4 M
NaOH, due to the efficient removal of hemicellulogéhenhold times are increased to

10 Min, the crystalline cellulose percentagee allincreasedo different extentsdue to

lignin and hemicellulose being removed and the selgidue lBcoming more crystalline.

The highest crystalline cellulose percentage is 80% when 0.2 M Na@Qstdsfor 10

Min. Meanwhile, 0.4 M NaOH gives rise to a lower crystalline cellulose percentage,
which could be due to the higher NaOH concentration alteriagnystalline cellulose

and making it more amorphous. Using 0.4 M5By leads to lower crystalline cellulose
percentage than 0.2 M8Qs, which is expectedVhenhold times are further increased

to 20 Min crystalline cellulose percentages are still highean that of untreated
biomass. However, thegre lower than that of 10 Mjrdue to the crystalline cellulose
undergoing hydrolysis under acid or water conditiarschangng into the amorphous

form under alkaline conditionsLonger hold time (30 Min) keds to even lower
crystalline cellulose percentage. It is worth noting that neitbacentratiorof NaOH

brings a significant difference tothe content ofcrystalline cellulose It could be
explained bythe fact that maximum amount of lignin and hemicklke are removed at

this time condition Water and 0.2 M bSOy lead to similar crystalline cellulose
percentages and 0.4 MyB, gives least crystallexd biomass. In the future, it is worth
checking the performance of water and 0.2 pB&, on commercial grstalline cellulose,
because rather different glucose yields are released into pretreatment media by using
these two pretreatment media; at the same time, similar crystalline cellulose percentage
presented in the biomass samples. Hence, it can be pretlietediue to the acidic
condition of water pretreatment, crystalline cellulose is changed to a more amorphous
form, while 0.2 M HSQ: can complete degrade crystalline cellulose and release good
yield of glucose into pretreatment media.

3.1.6 Digestibility analysis

Digestibility of un/pretreated biomass was meadast was measured in ChapterAs

can be seenMiscanthus digestibility of solid fraction is increased after all the
pretreaments, albeit to widely differing extentsThe digestibility of untreate
Miscanthuss rather low, with only 10.25 nmol sugar per mg biomass per hour digestion.
This result is expected as due to the rigid structure of biomass the enzyme is not able to

hydrolyse the polysaccharides efficient. When water is used as the pnetreatedia,
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the biomass digestibility gradually increases with increasing hold time, reaching 48
nmol sugar per mg biomass after 1 h digestion vehpretreatment hold time of 20iM

had been usedNaOH remarkably enhansebiomass digestibility, with theugar
concentration produced remaining unaltefieeespective of changing pretreatment
conditions The highest digestibility (92 nmol/mg/h sugar) is obtained by using 0.4 M
NaOH for 30 Min.On the other hand, 23Q; only slightly improves Miscanthus
digestiblity. For 0.2 M HSQ, the hold time has negligible effect on digestibility
Whilst when 0.4 M HSQ, is used the digestibility is marginally increased usiadp

Min holdtime and thereafter declines.

/I 5 min
B 10 min
1204 /I 20 min
‘- 30 min

100 4

Adjusted - nmol sugar/mg biomass
per hour digestion

Untreated HO 02MNaOH 04MNaOH 0.2MHSO, 0.4MH,SO,
miscanthus ~ °

Figure 64 Miscanthusdigedibility after various pretreatments (each condition was repeated
in triplicates and average value was reported here; errobar was reported as standard
deviation)

As we know, lemicellulose has a positive and dominant effect on biomass
digestibility[11] Polysaccharides in plants are protected in the cell walls by lignin, due
to the fact that they are also the food source for microbes. Therétpre, plays
synergistic and negative roles in sugar production by enzymatic hydsolgfter
chemical pretreatmefll] An ideal pretreatment would satisfy a condition that
alongside low levls of removal of hemicellulose and cellulose whaliould not be
degradd (except some partial chain scisgi@s these are the sugar producing moigties
lignin is efficiently removedand biomass structure is more open for enzyme to break

down.

The higher saccharification after alkalinpretreament is consistent with the loss of
significant amounts of lignin duringretreament. As discussed before, NaOH has a

strongdelignification effect Meanwhile, abundargrystalline cellulosas presented in
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the bianass, which leads tpromisingglucose production, despite the fact that high
crystalline cellulose is not as easy to degrade as amorphous celliasmtrast, fairly
low digestibility is obtained using 43Q, pretreatment, whicltan be explained by the
fact that the easily hydrolysed sugars are released infarétreament liquor, reducing
the amount of sugars available for enzymatic digestBawveral factors affecting the
absolute enzymatic hydrolysis rate were outside the scope of the preserargtwigre
not optimised (solids loading; enzyme loading; the effect of various addlitiies
enzyme cocktail used; ¢ine temperature and duration of digestion).

It is worth mentioning that the total overall sugar available for fermentation is the sum
up of reducing sugar release during pretreatment and fermentable sugars available from
biomass residuéelable 18 showsthe potential optimal condition for NaOH andS@,
pretreatment. Howevedepending on whethéhe major sugar is xylose, two different
yeass mayneed to be used in the case of NaOH pretreatment, while only onevleast
beneeded in the case ob&0; pretreatment.

Table 18 potential total sugar available for fermentation

NaOH HSOu

Reducing sugar releas322 eg/ mg bi 393 e€g/ mg bi
during pretreatment (liquic

fraction) (xyl ose =195(glucose =
3.8 €©€g; arab= 9.89 ¢g;
eg )
Glucose from enzymati 1316 € g/ mg 1071 5. 2 ¢eg/ n
hydrolysis(solid fraction)  hour digestion per hour digestion

3.1.7 FT-IR analysis

Chemical changesn the surface ofhe samples wergualitatively analysed by ATR
FTIR (Attenuated total reflectance Fourier transforrrared) spectroscopytigure 65
shows sharp peaks at 897-tand 1159 cm in the spectra, which are attributed te C
O-C st r et c hiyoogidic inkaget bbtweerbthe sugar urif The absorbance at
897 cmt, 1033 cmt, 1065 cmt and 1108 cm can also be associated with cellulose
[210, 211] Strong peaks at 10657t and 103Znt! relate to GO stretching at €, GC

and GO stretching at 6.[210 When the concentration of NaOH was increasepeak

at 1065cnT! appearedThis indicates that removing hemicellulose and lignin enhances
celluloseassociatedsignals[208 211] According to previous research, crystalline

cellulose has a characteristieQvibration absorbance at 1088r*.[212-214] However,
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this peakis not observedhere. The peak at 110&nm?! appeared after NaOH
pretreaments and we corsider thatit relates to the crystalline cellulose, whose
appearance suggeghat the biomsas is more crystallin212 This resultis in good
correlation with previous crystalline cellulose gemtage discussionLignin has
absorbance around 14i2n7t, 1512cnT! and 16@ cmt.[211, 215 Figure65 shows that
lignin associated peaks appeared at similar positomsthey almost digppear after
NaOH pretreament. The absorption at 142471 could be related to methyl groups
present in ligniff157 However, it alsccould beattributedby CH, symmetric bending

of crystalline celluloseandits disgppearance during alkaline treatment can also because
of disruption of crystalline cellulog216 As discussed above, the percentage of
crystalline cellulose in NaOHhpretrea¢d Miscanthusis higher than that ofintreated
Miscanthusat this conditionand the peak at 1108 ctnis stronger(indicating the
biomass is more crystadiid). Here, the peak at 1424 disappeasin a similar manner

to the 151Zm?! and 1604cm?, it can be predietd thatthe peak at 1424 crhis related

to lignin. The absorption at 1512chis related to the phenolic ring vibrations of
lignin.[208§ The signal at 1604 ctris alsorelated tothe aromatic ring in lignin. The
peak at 123en71! (C-O stretchingpf acetyl groups fronmemicellulose) disappears after
pretreament [217] The peak at 173tnT! represents the ester bond (C=0) between
hemicelluloses and lignif25] After pretreatnent, thee twosignak become very weak,
indicatingthat the hemicellulose is successfullsacetylatedor the ester bonds between
hemicellulose and lignin are brokefhe peak at 1634n1? is attributed to the lmeling
mode of the absorbed wa{@7] C-H deformation in cellulose and hemicellulose at
1370 cm; [217 C-H vibration in cellulose and GO vibration in syringyl ring
derivatives at 1320 ctn[21§

The peak at 1038m* (associated withedlulose) is less pronounced after 0.2 V5
pretreament, whilst it becomes stronger after 0.4 M and 1 3® (Figure66). Two
peaks around 105%m! and 1103cn! appeared after 0.4 M and 1 M;$u
pretreament, which is contributed b¥-O vibrations of cellulose andlucose ring
stretch from cellulose[212] Similar to NaOH pretreatmenthe& hemicellulose peak
around 1239cm! disappeared after 0.2 M and 0.4 MS@, pretreament. Lignin
absorbancearound 1424cm?, 1512 cnt and 1604cm! barely show any changes,
suggestinghat HSQ; has little influence on lignistructure The peak around 173hr!
reduced in intensityand shiftedafter pretreament, suggesting that least the ester

linkages between hemicellulose and lignin are partially broken.
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Figure 65 FT-IR analysis of Miscanthus after microwave assisted NaOH pretreatments
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when hold time was 5 Min

Table 19 Chemical composition changes in biomass after pretreatments

peak position (cn¥)

Assignment

897

1033
1055
1065
1108
1159

b-glycosidic linkage between the sugar units
C-O stretching

Related to polysaccharides content appearanct
C-C stretching

Relate to crystalline cellulose

C-O-C st r et c hglyoogidic inkage h e

113



1239 Acetyl GO stretching of hemicellulose
1320 C-H vibration in cellulose and GO vibration in

syringyl ring derivatives

1370 C-H deformation

1424 Stretching of GCH3

1512 Phenolic ring vibrations of lignin
1604 Aromatic ring stretching of lignin
1634 Bending mode of thabsorbed water
1731 Acetyl groups on hemicellulose

3.1.8 SEM analysis

Scanning electron microscojgy a useful technique ttudy the morphologicalhanges
of biomass. Untreateliscanthuspresents vascular elements packed in bunéligsiie
67a andb) with relatiwely flat and clean surfaceri§ure 67c). Figure 68 to Figure 70
present biomasaugacecharacteristicproduced by microwave assistprktreament of

Miscanthusvhen thehold time was 2@Min.

Figure 67 Surface images of the untreatedliscanthusobtained by SEM. (a) general view of
a fibre surface, bar scale:10mm; (b) flat surface of a fibre showing, bar scale: Brm and (c)
amplification of the surface, bar scale: Inm

Figure 68 shows Miscanthuspretreated using water. When compared to untreated
Miscanthus water pretreatment causes few changes when observed under lower
resolution, however, a rough and striped surface is obsatv@aximum magnification
(Figure68c), indicating that water treatment has a mild effect on thenéss surface. In
contrast, NaOH has a pronounced effectt@biomasssurface structurerigure 69a-c
present the images from 0.2 M NaQ@ketreament. Firstly, the surface coating that can

be observed ifrigure 67 is damaged anthe biomass surface becomes rough with the
appearance of parallel strips. Additionally, some of biomass fibres start to become
exposed. With the application of 0.4 M NaOH, the effecthef alkalire treatment is
more obvious. fie biomass surface coating is totally removed and it is covered with

exposed biomass fibrefigure 69 d-f). The exposed fibre size is smaller after 0.4 M
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NaOH pretreament comparedd that of 0.2 M NaOHwhich could be due tthe higher
concentration NaOH having a stronger influence on biomass surface. The tightly packed
fibres in the rawMiscanthusstart to dismantle andre exposeé due to lignin removal

from the interstices betweehe fibres bundlewhich isin agreement with the great

decrease in lignisontent(Figure61).

Figure 68 Surface images obtained by SEM oMiscanthustreated with water pretreatment,
under a 300 W microwave power and three different magnifications with scale bars
between 10mm, 5mm and 1mm

Figure 69 Surface images obtained by SEM oMiscanthustreated with 0.2 M and 0.4 M
NaOH. Three different magnificationswith scale bars between 1@m, 5mm and 1 mm. a-c:
0.2 M NaOH pretreatments; df: 0.4 M NaOH pretreatments

The microwave assistgaietreaments under acid conditions using 0.2 and 0.4 J9®

result in distinct morphological changeshen compared to thefects of the NaOH
pretreament. Figure 70a-c andFigure 70d-f shows the surface oMiscanthustreated

with 0.2 M and 0.4 MH,SQ: respectively. The samples undergoing 0.2HYBQO,
pretreament show a very similar morphology to thatreatedMiscanthus indicating

that the acid treatment is too mild under these conditidshigher magnification,
samples treated with acid present a tight and compact structure of cellulostbnil
similar to the raw bagasse and very different from the alkali effect on the ultrastructure
of the cell wall. This seems strange as this material showed a high removal of
hemicellulosePossibly the biomass is degraded without breaking dowrutfecs.
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Samples gated with 0.4 M EBOQ: were carbonizedasthe samples become a black
powder macroscopically and under microscojiepresers a degraded aspect, with
spherical particles typical dfiydrothermally carbonisedsamples Eigure 70d-f) and
showing a carbonized structure that keeps the general aspect of the fibre conducting
bundles on the sample. Catalysed degradation of sugars to &mdesvulinic acidand
subsequently ttydrothermal carbon explarthe very low amount of sugpresent in
solution from the bagasse samples treated with higher concentratioj18€dA
similar type of structure was previously observed during to the formation of
hydrothermal arbon via acid catalysed conversion diiomass derivedsugars to
hydroxymethylfufural to its polymerat similar temperaturd498§ Yao et al. proposed
pathways to produce carbon sphere from fructose and glucose dehydhmnatimsed
system under different temperature without gsgkeSchemes), which could explain our

carbon sphere occurred in$x pretreatment oMiscanths.[219

Figure 70 Surface images obtained by SEM oMiscanthustreated with 0.2 M and 0.4 M
H2SO04. Three different magnifications with scale bars between Ifm and 1 mm are shown.
a-c: 0.2 M HzSOq pretreatments; d-f: 0.4 M H2SO4 pretreatments
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Scheme6 The dehydration and carbonization process of (a) Glucose and (b) Fructofz19

3.1.9 Simultaneous saccharification fermentation study (SSF)
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After pretreatment, the biomass residue can be converted into monomeric sugars via
enzymatic hydrolysis. The sugars are then fermented into ethanol by yeast. Three
enzymecatalysed procees have been investigated for the conversion of lignocellulosic
biomass into ethanol: separate hydrolysis and fermentation (SHF), simultaneous
saccharification and fermentation (SSBEhd direct microbial conversion (DMC).
Enzymatic hydrolysis and fermentat canbe performed sequentially, which is referred

to as separate hydrolysis and fermentation (SHF). However, these two steps can be
performed simultaneously, which is referred to as simultaneous saccharification and
fermentation (SSF). It was firstly deloped for lignocellulosic biomass by researchers

at Gulf Oil Company in 197220 The most important benefit of the SSF process is its
ability to convert sugars into ethanol rapidly. Glucose produced by the hydrolysis
process is immediately consumed by microorganisrhghweduces cellulose inhibition.
Hence, sugar production rate, concentrasindyields are increaseehdenzyme loading
requirement decreas¢a2( Overall, SSF requires less capital cast higher ethanol
concentration is achieved than SHF. It also eliminates thehgitgsof contamination

by unwanted organisms that are less ethanol tolerant than the microbes selected for
fermentation, which is favourable for continuous operations of commercial irft224kt.
Nevertheless, the yeast is difficult to reuse, as the lignin residue is mixed together with
the yeast. In addition, the optimal tempara for enzyme hydrolysis (5{C) and yeast
fermentation (30°C) is different, meang the conditions used in SSF cannot be
optimized for both process§g22 Direct microbial conversion is a method of
converting lignocellulosic biomass directly to ethanol, in which both ethanol fermenting
and all required saccharification enzymes are produced by a single microorganism.
Hence, it combines all three messes (cellulase production, cellulose hydrolgsid
fermentation) in one step. It is ceasffective, due to the reduced number of reactors.
However, the ethanol yields are very low, because of the production of metabolic by
productandthe organisms usilly have low ethanol toleranci22Q Therefore, in this

work, SSF were conducted to investigate the ethanol productionMiscanthuswith

microwave pretreatment.
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Figure 71 Ethanol production of untreated/ pretreated Miscanthus over 48 hours
incubation time; a. water pretreatment; b. 2SO pretreatment;c. NaOH pretreatment
(each condition was repeated in triplicates and average value was reported here; ertoar
was reported as standard deviatioh

For this work, microwave pretreatment was lsdaup, with CEM MARS 6. The
pretreatment temperature controlled at ¥8Qusing a hold time of 20 Min. Similar to
Chapter 2, liquid fraction and solid fraction were obtained by separating biomass and
liquid pretreatment media. The SSF was performed etithmass solid fractiofigure

71 shows the time course of ethanol production in SSF process of sugarcane bagasse
with or without microwave assisted pretreatment. As can be seenFigume 71a,
compared to untreatddiscanthus water pretreateiiscanthuggives rise to a very low
ethanol production, regardless of the increasing pretreatment time and incubation time.
In the case of bBQu pretreatment, distinctive differe@es can be observed when the hold

time is increased from 5 min to 20 min. Ethanol production was 143 mg/g biomass when
the pretreatment hold time was 5 min. Longer holding time reduced ethanol production
drastically. It could be due to the inhibitors proddauring the pretreatment process,
such as levulinic acid and furfurf@23 The other explanation is that the majority of
digestible sugars are released during the pretreatment process, meaning the remaining
biomass residue is less ditibke. The biomass was washed with ethanol in order to
remove possible inhibitors produced in the pretreatment process prior to the SSF process,

therefore, the first explanation is less probable. The result here is in agreement with the

118



previous results ofligestibility study that bBO, pretreated biomass material is less
digestible Figure64). However, NaOH has a completely different effect. As can be seen
from Figure 71c, when pretreatment time is 5 Min, a very small amount of ethanol is
produced, however, with longer pretreatment times significant amount of ethanol are
produced. The highest ethanol production (152 mg/g biomass) was achieved when the
pretreatment time wakb Min using an incubation time of 48 h. The results are in good
agreement with the previous digestibility study and the biomass morphological study
showing that biomass is more digestible due to the effect of NaOH on the biomass
structure Figure 69). Overall, promising ethanol yields are achieved by microwave
assisted pretreatmemind it can be optimized by changing pretreatment media and

pretreatment time.

3.1.10 Glucose decomposition study

As was presented in previoasction (sectio8.1.2), the sugar yields during severe acid
pretreatmentare rather low. Hence, the glucose decomposition under microwave

condition was briefly studied.

400 mg glucose was hydrolysed in 0.2 and 0.4 #8® solution for 10 or 20 Min with
microwave assistance. After hydrolysis, the pretreatment media anctadiithaceous
material were separated by filtration. Sigyamaining in the liquor wre quantified by
HPEAC andorganic product was extracted from ligwaith ethyl acetate (€16 ml) and
analysed.Under microwave condition, glucose was converted into mannose, organic
products andcarbonaceousnaterial Table 20 showsthe mass balance ofdlglucose
conversion procss. As can be seefrom Table 20, when the glucose was under the
condition of 0.2 M HSQy for 10 Min, about26% glucose waeft in the pretreatment
media Very small amount of mannose acarbonaceousaterial wa identified. The
organic product yield is about 38 mg, which was analysed by GC (anisole was used as
an external standard to quantifgvulinic acid (LA)) and NMR. Commercial LA sample

is used as a standard. As can be $e®n Figure 72, themajor peak around 11 Min is

the predominantpeak of the organic product GC spectrum, which is contributed by
levulinic acid. In order to confirm the resull-NMR was performed for the organic
product. As can be seémmom Figure73, thechemical shift at 2.1858pmis contributed

by CH; and chemical shifts around 2gpm are contributed by Ck(B) and chemical

shifts at 2.7ppm are contributed byCH, (C). The chemical shift of COOH deenot
present in the spectrum, because the H on COOH is exchanged with D in the solvent,
hence it was absent in the spectrum. LA is the major component in the organic,product

which is the sameesult as irChapter 2.
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When the acid condition is strongethe amount of remaining glucose in the

pretreatment media is less, whilst the yield of organic product is higher. For instance,
when the 0.4 M BEBQ, was used for 20 Min, the glucose is only about 3 mg, while 72

mg organic product yielded from glucose. Tihereasing of pretreatment severity leads

to the increasingarbonaceoumaterialandorganic product yieldOverall,a significant

amount of levulinic acid is obtained from this microwave assisted process and the yield

is between 80%. However,there isa great mass loss that is absiain the analysis

here, which possibly could l®ntributed by theelease of formic acid, acetaid and

other volatileproduct However, more study should be done to find out the mass loss.

Table 20 Mass balance of glucose hydrolysis

Hydrolysis Sugars in liquid(mg) Carbonace Organ LA from Mass
conditions ous ic organic loss

Glucose Mannose material produ product

(mg) ct (mg)
(mg)

0.2M H:SQ, 104.7 4.65 0.17 38.08 35 252.38
10min
0.2M H:SQ;  57.3 4.69 0.28 56.2 33 281.53
20min
0.4M H:SQ, 30.8 2.99 1.53 54.45 40 310.23
10min
0.4M H:SQy  2.77 3.14 2.52 72.1 42 319.47
20min
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Figure 72 Typical GC spectrum of organic products from glucose (0.2 M 504, 20Min);
Anisoleis used as an internal standard
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Figure 73 Typical *H-NMR spectrum of organic product (use CDdz as solvent); condition:
(0.2M, H2SOs, 20 Min)

Therefore, theglucosedecompositioried to the significant yield of levulinic acifue
to the limited amount of time, the decompositiorxgbseis not studied. In the future, it
would be interesting to study the decomposition products fydase as well.

3.1.11 Potential gel formation

As was meribned in experimental section l@pter 7),the liquid fraction was
neutralized by NaOH or HCI before the monosaccharides analysis by Dionex. During
the neutralization of NaOH samples by 1M HE&Igel product was formed (s€@ure

74A). This was found in most of the NaOlegtreatment samples and very stron$@,
pretreatment (se€igure 74B). Microwave assisted pretreatment lead to an effective
break down of hemicellulose, contributing to an abundansegdrsn the pretreatment
media. These idated heteropolysaccharides are able to form a dense macromolecular

network with low mobility, which can explain this gel product here.

Due to its gel propertieghere is an increasing interest on extracting hemicellulose and
forming film from it[224-226] Therefore, in order to find more information about this

gel product, 10 runs of microwave assisted pretreatment were performed under the
condition of 18C°C, 0.2 M NaOH for 10 Min in the CEM Discover microwave machine.
The liquor fraction was separated from biomass solid fraction by filtration and collected
together in order to get enough liquor to film casting. Two groups of experiments were
preparedFigure 75 showsthe result of the film casting from the gel product. As can be

seen, the film presents a yellow col@mndthe texture is soft, while it has a lajuctility.
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10min samples 20min samples
0.2M NaOH 22v 25x
23x 26x

24v 27v
0.4M NaOH 34v 37v
35v 38v
36x 39v
1M NaOH 55v 58V
56v 59v
57v 60V
0.2MH2504 67 x 70%
68 x 71x
69 x 72x%
0.2MH2504 82x 82x
83x 83x
84x 84x
97 x 103v
98x 104v
99 x 105V
A B

Figure 74 Gel product from neutralization procedure. The numbers are sample names
Tick means the gel product appeared. Cross means gel product being absent.

Conventional plastic packages create a significantly burden to the environment, for
instance, a plastic bottle carkéa450 years and plastic bag can take2QQ/eas to be
decompose{227] Moreover, wildlife habitat could be impacted by these abandoned
plastic items. Therefore, it is of great interest and necessity to form a new type of
biodgyradable plastic material. Our gel product during pretreatement process is a
promising candidate for bibasedplastic packing material. In the future, it would be
interesting to scale up the pretreatment by using other microwave machine e.g. CEM

Mars, imgove its mechanical propertiasd test its biodegradability

Figure 75 Film obtained from pretreatment media

3.1.12 Energy balance calculation and predication

Energy input and output webegiefly studied The experiments were done@EM Mars,

in which 12 samples can be pretreated at the same time under same energy input. There
experiments were done & groupsand the conditions are presented in Trable 21.
According to the results from SSWe get maximal ethanol production at the condition

of 0.2 M NaOH pretreatment, at 180 for 20 Min. The energy outpof sample Ais 13

kJ. The energy absorbed by water was measured by just adding water in the reactor and
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calculated from power profile. @assume all the energy was used. The energy absorbed
by water in this case is 20 kJ, which is the energy used to heat up and keep water
temperaute at 18 for 20 Min. When both biomass and water were put in reactor, the
energy consumption is 48 kJ. Théore,the energy absorbed by biomass iskd8(0.33

kJ/g biomass)So,the total energy balanceiisl5kJ per sample. Therefore, the biomass
loading was tested in order to improve the energy efficiencyTabke21. The higher
biomass loading can lead to a lower energy input on each gram of biomass without
changing/ little changing of pretreatment media volume. Therefore, 12 g biomass was
immersed in 70 ml solution and pretreated unde®C or NaOH condition. Te
biomass samples were well mixed in the pretreatment solution. Firstly, considering
H2>SQOy can break down biomass more efficiently than NaOH, so short holding time was
used (5 Min).Similarly, 70 ml water was used to test the energy absorbed only water.
When holding time is 5 Min, energy absorbed by water is 17lkd.results show that

less energy was absorbed by biomass, which is only 12 kJ per sample (1 kJ/ g biomass).
When NaOH was used for pretreatment, longer holding time (20 Min) was apiiied.
energy absorbed by water is 23 kJ, which was used to heat up the media®@® dr&D

keep it for 20 Min.The energy absorbed by each sample is 19 kJ (1.6 kJ/ g biomass).
Hence, in comparison with 3 g biomass loading, 12 g loading remarkably improved
energyefficiency, which is5.8 to 9.3 times higher under same conditioris.is worth
mentioning that in real situation, a substantial amount of heat would be extracted from
the hot biomass samples and resused (e.g. to heat water for the nest batch, which would

reduce the energy input of the microwave).

Table 21 Energy balance test

Conditions Loading Energy Energy Energy Energy
input per output biomass balance

sample (kJ) absorbed for
(kJ) (kJ) biomass
SampleA 0.2M 39 48 13 48-20=28 -15
for SSF NaOH Miscanthus
20 Min 60 ml
180°C
Energy H20 60 ml 20
absorbed 20 Min
by water 180°C
SampleB 0.2/04M 12¢g 24 - 247 -
for H2SOy Miscanthus 12=12
energy 5 Min 70 ml
input test  180°C
1
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Energy H.0 70 ml 12
absorbed 5 Min
by water 180°C

SampleC 0.2/04M 12g 42 - 42-23=19 --
for NaOH Miscanthus

energy 20 Min 70 ml

input test 180°C

2

Energy NaOH 70 ml 23

absorbed 20 Min
by water 180°C

Table 22 shows the biomasmass balance of the pretreatment. 0.4 M@ led to a

good weigh loss during pretreatment. Due to the limited amount of  tithe
fermentation of these conditions were not conducted. However, combining the SSF
results and these results indicate thatrowpd loading and using 0.2 M/0.4 M$

within a short period has good potential to give@psing energy balance.

Table 22 Sample weight loss during pretreatment

Samples Test 1 Test 1 Test 2 Test 2
0.2 M NaOH 04MNaOH 02MHSO: 0.4 M HSO

Mass loss 0.3g 05¢ l4g 5.2¢g

3.2 Conclusions and future work

Miscanthusis one of the most promising energy crops in Europe and improvements in
the processing of this species can contribute to realise second generation biofhigls. In
work, microwave assistegretreament ofMiscanthuswith water, HSG,(0.2 M, 0.4 M

or 1 M) and NaOH (0.2 M or 0.4 M or 1 M) was performed at varfmid times (5Min

to 30 Min) under 18C°C. Different analysis techniques have been used to assess th
efficiency of the pretreatment. Firstlyhd reducing sugar release was measured.
Increasing thdold time firstly increasednd therdecreased the reducing sugar yi€&d.

Min hold time can remove the largest amount of sugars using vapmisatment
media By varying the pretreatment media, xylose or glucose was selectively produced.
The maximum sugar yield from the available carbohydrates is 75.3% by using 0.2 M
H.SQu pretreament for 20Min andglucose yield from available carbohydrate is 46.7%
unde this condition. However, severe acid conditions can lead to the further degradation
of sugar products and biomass carbonizatWater and NaOH have a similar influence

on sugar release during thmetreatent, giving rise to xylose as the major sugar
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component because of hemicellulose degradation. Optimal xylose yield (28%)
achieved by using 0.4 M NaOptetreament for 20Min. Secondly, changes of biomass
major compositions (crystalline cellulose, hemicellulose and lignin) were evaluated and
compared The results showed that.$0, led to efficient decomposition of both
hemicellulose and cellulose, but ivgs lower digestibility afterwards, because most of

the digestible sugars are released duringptie¢reatment stefhese digestible sugars
areale to be converted into ethanol. Hence, a different approach of SSF needs to be
developed for the pretreatment liquid fraction, because the pretreatment media (where
the sugar presents) has either too low or too high pH condltignin was largely
removel from biomass with NaOH, 94.2% of whiglasremoved fromMiscanthusby

using 0.4 M NaOH for 20/in. NaOH has a stronganfluenceon the biomass surface,
leading to exposed biomass fibrétence, digestibility ofMiscanthuspretreated with

NaOH was8 to 9times higher than that of untreatbtiscanthus due to the efficient
removal of hemicellulose and lignin amdnore open biomass structurehirdly, SSF

was used to investigate the potential bioethanol production of pretreated biomass solid
fraction. Pronising ethanol production was obtained by using NaOH pretreated biomass,
which was about 7 times higher than that of untreated biomass material. Energy balance
was briefly studiecandthe result showed higher biomass loading potentially led to a

better enayy efficiency.

Overall, his chapterstudied microwave assistdd.SQs or NaOH pretreatment of
Miscanthusat 180°C. Compared to the previous study on pretreatment methods, the
results in this chapter shown great sugar yields and selective productidasasfegor
xylose during short reaction time At the same time, bibased film showing the
potential of bioderived plastic in the future, which showing great importance in the

concept of biorefinery.

The beneficial effect of microwave heating is thasivolumetric and selective towards

the polar partsof lignocelluloses, which eventually facilitates the disruption of their
recalcitrant structures. However, further work is needed to scale up the system (larger
batch or continuous process). Also, a caitisssessment of the cost and benefits of this
approach are needed because the initial capital investment and operation costs of
microwave heating are significarffrom the results of this chapter, there are several
potential improvements of pretreatmenhigh can be tested in the future. 1. The
pretreatment media can be tuned to selectively remove xylose or glucose, e.g. we can
use microwave assisted water pretreatment for 20 Min to extract xylose and the other 5

Min to extract glucose. 2. Water and 0.2HJSQ, give rise to rather different reducing
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sugar release, but they also lead to very similar crystalline cellulose percentage. Test
water pretreatment pH would be very useful to find more information Befehe gel
product for film casting could be @ed up by using other microwave machine e.g. CEM
Mars and more study should be done to improve its mechanical properties. 4. SSF of

energy balance test samples could be conducted.
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Chapter 4: Microwave assisted acid and alkaline pretreatment
for using Sugarcane bagasse
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4.1 Introduction

Sugarcane belongs tthe grass family and it is common in tropical asdbtropical
countries throughout the worltt. can be as tall as 8 to 20 festdis generally about 2
inches hick (Figure 76).[22§ It is cultivated in aboul95 countries and Brazil is the
worldé largest sugarcane produc&ugarcane is used for the production of sugar,
Falernum, molasses, soda and ethanofdel[229 As we all know, sugarcane is an
important bioenergy crop, where its juice has been successfully used for the production
of bioethanol. Brazil, India, China, Mexico, Thailand and Pakistan are major sugarcane
production countries. The reas@ thatthe warm weather condition is beneficial to

sugarcane growtf23Q

Figure 76 Sugarcane

Figure 77 Sugarcane bagasee

Sugar processing begins when the cane plants arrives at the sugahi# thguice is
extracted from cane by rotatingies, shredersand crushersThe fibrous residue of
cane stalk after crushing and extractionjua€e from the sugarcane is called bagasse

(see Figure). [23]] In this chapter, sugarcane bagasse was obtained from a farm in Sao
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Pado, Brazil andwas used as the feedstock for microwave assisted pretreatment study

here.

Sugarcane bagasse is able to be converted into bioetkiEnblotechnological route
without jeopardizing food need/arious pretreatment methodsvbeabeen done on
swgarcane bagasseor instanceChenet al. studied the effect of microwave assisted
H.SQu pretreatment for sugarcane bhageandrevealed that at 1T the fragmentation

of particles become very pronounced and almost all hemicellulose was removed and the
crystalline structure of cellulose disapped28d Vivekanand studied steam explosion
pretreatment of sugarcane bagaamsdthe results show that increasing severity led to an
accumulation of lignin in the pretreated samples, which is piiyneontributedto the
production of pseumlignin from xylan degradation productsleanwhile, increasing
severity of treatmentleads to increasing glucose yie[@33 Krishnanet al. reported

that AFEX (ammonia file expansion) pretreatment improved the accessibility of
cellulose and hemicellulose in sugarcane bagasse during enzymatic hydrolysis by
breaking down the estdinkages and other lignin carbohydrate complex bofte
maximum glucan conversion of the AFEX pretreated bagasse isa@®Pthe xylan
conversion is 998%.[234

Figure 78 Sugarcane bagasse sample

In this chapter, sugarcane bagasse sample used here was already knife milled into
powder (sed-igure 78) andis pretreated in CEM DiscoveMicrowave machinén the
presence of k8O, or NaOHandthe tempeature was controlled at 18C; as the study

on Miscanthussuggested 186C was the optimal temperature condition. Holding time
was in the range of 5 to 20 Miithe same analysis techniques which wesed for
Miscanthuswere used here as well, in order to compare whether biomass has an

influence on the pretreatment process and its subsequent digestibility.

129



4.2 Monosaccharides analysis

Figure 79to Figure81 show the reducing sugar release duringtpgatment proces#s

can be seen, in the case of water and alkalingrpa¢ment, xylose is the major
monosaccharide, suggesting that the hemicellulose is broken down in preference to
celluloseandthat there is a high proportion of xylan. Arabinose is the second major
sugar constituent. Perceptible amount of glucose and galactose and minor quantity of

mannose were detected.

When holding time is 5 Min (sdéigure 79), water and 0.2 M NaOH preatment give

rise to similar total sugar productiongshich is 0.95 and 1.8mol reducing sugar/ mg
biomass respectively (yield24% and 26%. The yields here all correspond to
carbohydrate mass in biomaskdowever, when NaOH concentration is increased to 0.4
M, the sugaproductiondeclinedconsideraly to 0.67eémol reducing suga mg biomass.

0.2 M and 0.4 M ESQ, can give similar total sugar yield, which(s63 and 0.68 mol
reducing sugar/ mg biomass(yield6% and 18% It is worth mentioning that instead

of xylose, glucose becomes the major product in the acid pretreatredid, indicating

that cellulose starts to be broken down into glucose. Compared to 0501, .4 M

H.SQ: is able to yield better glucose production, suggesting that higher concentration

H.SQr has stronger performance on breaking down cellulose.
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HO 02MNaOH 04MNaOH 02MHSO, 04MH;SO,

Figure 79 Monosaccharide amount after various pretreatments when holding time is 5 Min

(each condition was repeated in triplicates and average value was reported here; eritar
was reported as standard deviatioh

Figure 80 presents sugar production when holding timénseased to 10 Min, water

pretfreatment can give rise 77emol reducing sugar/ mg biomasgiéld: 20%9. With
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help of NaOH prigzeatment, total sugar release is remarkattyeasedandthe xylose
productiors are0.52 and 0.58mol /mg biomass (yieldst4% and15%). In the case of
H.SQ: prereatment, 0.2 M b8Q, can givebetter sugar yield than 0.4 M.8Qw. The
glucoseproduction is 0.5&mol / mg biomasgespectivelyand 026 emol/ mg biomass
respectively. As was mentioned inh&pter3, less sugar is produced when higher
concentration acid is applied, because seaeid conditions push further degradation of
produced sugars[174 Glucose was dehydrated intoHydromethyl2-furaldehyde
which further is converted into levulinic acid and formic acid; Xylose could be
dehydrated into furfural, These furanic products will react with sugars via condensation
reaction to form humic substances or humjas5

0.6
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0.2

Sugar release amount form bagasse
(umol/mg of biomass)

0.0

0 0.2MNaOH 0.4 MH,S0,

04 MNaOH 02MHSO,

Figure 80 Monosaccharide amount after various pretreatments when holding time is 10
Min (each condition was repeated in triplicates andverage value was reported here; error
bar was reported as standard deviatioh
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Figure 81 Monosaccharide amount after various pretreatments when holding time is 20
Min (each condition was repeated in triplicates and average vatuvas reported here; error
bar was reported as standard deviatioh
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From a previous study orMiscanthus(Chapter 2)it was known tha0 Min is the
optimum holding time to release the maximum amount of sugar inttrgatement
media. Hence, theotding time is further increased up to 20 Miere éeeFigure 81).

When water is applied as preatment media, the total sugatease is 0.98mol/ mg
biomass(yield from carbohydrate: 24%With significant amount of Xgse produced.
However, the sugar yield declines sharply when NaOH concentration is increased from
0.2 M to 0.4 M.By using 0.2 M and 0.4 M #$0Q,, total sugar productiendropped
significantly as well. The glucoseroductionis only 0.30 emol/mg biomass ah 0.07
emol/mg biomassespectively when 6Oy and0.2 M and 0.4 Mare used

Apart from catalyst, holding time also has a significant effect on sugar production.
ComparingFigure 79to Figure81, it can be found thavhen wateiand 0.2 M NaOFare

used as pretreatment medighanging holding time from 5 Min to 20 Min has
relatively milder influence on sugar production. In the case of 0.4 M NaOH pre
treatment, the sugar yeefrom available carbohydrate sharply drops from 25% to 6.2%
when holding time is increased from 10 Min to 20 Min. In contrast, holding time has a
significant impact on sugar production when sulphuric acid is used as pretreatment. It
can be obseed that otal sugar amounirktly increased and then dropped down when
0.2 M H:SQ; is appliedand10 Min is the optimal holding time. However, in the case of
0.4 M H:SQ, total sugar amount gradually decreases when holding time is increasing
from 5 Min to 20 Min.It is possibly because 0.4 M8, has a higher pH and it
effectively broke down cellulose and hemicellulose when holding time was as short as 5

Min. With longer holding time it contributed to further degradation of produced sugars.

According to previouseasults onMiscanthus H.SQ; generally released more reducing
sugars, such as arabinose, galactose, glucose, xylose and mannose, into pretreatent
media than NaOH within short hold time (5 to 20 Min). However, the results here show
that HSQy actually gaveise to lower yield of reducing sugars than NaOH or evgd. H

It would be interesting to shorten the time to 2 Min or 1 s see if higher reducing

sugar yields can be obtained. It could be preditted different biomass materials

would have differenbptimal holding time or even temperature condition to achieve best
sugar production from pretreatment procedure, because: 1. they have different ratios of
cellulose, hemicellulose and lignin; 2. their biomass architectural structure could be

different.
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Conventional heating pregatment under similar conditisn(180 °C for 40 Min) was

also investigatedFigure 82 shows the reducing sugar release from sugarcane bagasse
when a conventional heating method is used fetrpatment. As can be seenSky

gives better sugar production than water and Na@dtyjlucose is the major component
However, the reducing sugar release results are rather lower than that of microwave
assisted pretreatment. Maximally, the reducing sugeald of microwave heating
pretreatment is 5.4 times higher than that of conventional heating pretreatment within
less than halthe time. Therefore, better reducing sugar release is obtained within
shorter period by microwave assisted pretreatment.

0.40 4
0.35—-
0.30—_
0.25—_
0.20——

0.15

Reducing sugar release
pmol/mg of biomass

0.10

0.05

Figure 82 Reducing sugar release from conventional heating pretreatmerfeach condition
was repeated in triplicates and average value was reported here; errtvar was reported as
standard deviation)

4.3 Lignin analysis

When using ligocellulosic biomass as feedstock for second generation bioethanol,
lignin is one of main factors behind the biomass recalcitrg2@@. Therefore, it is very
important to remove lignin during pretreatment procedure and improve biomass
digestibility in the following hydrolysis step. The lignin percentage in sugarcane bagasse
is 31%. In this egeriment, 400 mg bagasse is used, so the untreated sugarcane bagasse
has about 124 mg lignin content after various pretreatments. As can be seé&igiren

83, all the lignin content after pretreatment decreasebdly. After water pretreatment,

the amount of lignin present in biomass is 61 to 71 mg. NaOH pretreatments remarkably

reduced lignin content, which is in good agreement with previous studies that alkaline
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conditions have a delignification effdd2, 21, 80] 0.2 M and 0.4 M NaOH
pretreatments have similar ligniemoval performance when holding time is 5 Min or

10 Min, during which 92- 97 mg lignin is removed from biomass. It is worthy to
mention that when bagasse is pretreated with 0.4 M NaOH for 20 Min, only 20 mg
lignin is left behind in thebiomass. However, 130, is lesseffective than NaOH
regardless the changing of concentration from 0.2 to 0.4 M. When the hold time is 5 Min
and 10 Min, 34 mg to 40 mg lignin presents in the biomass samples. However, when
holding time increased from to 20 Min, the lignin ambin biomass is higher than that

of 5 Min and 10 Min, which could be due to the released lignin particle redepositing
back onto biomass surface. Lignin is fluidized at temperature in the range %-220
°C.[208 Hence, a hypothesis was put forward that when high temperagiregiment

is applied, the fluidized lignin accumulatmto small particles, separate from cellulose
and migrate from native cell wall to the bulk liquid phase. Fluidized lignin will be
eventuallysolidified and redeposit on biomass surface, leadinghteraiched surface
lignin.[184, 196 Figure84 shows the scanninglectronic microscope image of bagasse
pretreated with 0.2 M O, f o r 20 Min. As can be noticed,
appeared on the biomass surface and they are sraatldess regulahan the typical
spherical particles which are due to biomeaagbonization. This observation is in good
agreement with ouinference.Li et al. reported that depolymerisation and subsequent
re-polymerisation of lignin occurs, with increasing severity of steam pretreatment of
aspen wood[187] Acetic acid assistk pretreatment odspen woodalso led to similar
increasing amount of lignin amount. In comparisorMigcanthus lignin in bagasse
proved easier to remove. Under water and NaOH pretreatment, a similar amount of
lignin is removed fromMiscanthusand bagass Under HSQ: condition 1052 mg

lignin is removed fronMiscanthuswhereas 689 mg lignin is removed from bagasse.
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Figure 83 Lignin amount in the sugarcane bagasse samples with microwave assisted
pretreatment (each conditionwas repeated in triplicates and average value was reported
here; error bar was reported as standard deviatioh

Figure 84 SEM image of (a) raw bagasse (b) 0.2 M 4304 pretreated bagasse (holding time
is 20 Min) at same magnificéions with scale bars of 5rm

Lignin amounts in the biomass samples pretreated by conventional heating method were
also measured (s@@ble23). As can be seen, NaOH still is more effective in removing
lignin from biomass samples. Under.® and HSQ. pretreatments, similar lignin
amounts present in the biomass samples. In comparison with conventional heating
pretreatment, microwave assisted pretreatment are more effective in removing lign
from biomass. Lignin is aighly branched thredimensional crodimked polymer,

which means it has poor ability to interact with microwave in a traditional nj2a#.

In other words, lignin is a poor microwave absorber. However, the linkages between
lignin and hemicellulose areofar groups, which could be largely influenced by
microwaveandfurther these linkages could be broken undg8®/ NaOH influence.
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Table 23 Lignin amount in 400mgbiomass samples pretreated by conventional heating
methods

H20 NaCH H2SOy

Lignin content (mg) 964 56 1.2 97+4.8

4.4 Hemicellulose analysis

The hemicellulose percentages in biomass were measured by using same method used in
previous chapters. Biomass samples measured here are samples pretreated for 5 Min. As
can be sen fromFigure 85 Hemicellulose comprises arabinose, galactose, glucose,
xylose, mannose, galactic acid and gluconic acid, with xylose and glucose as major
component. The hemicellulose percentage is 46%ritreded sugarcane bagassek, i
decreases variedly after different concentration of acid or alkaline pretreatment. Water
and NaOH pretreatments are able to remove similar amount hemicellulose from biomass.
When 0.4 M NaOH is used as pretreatment media, the bbuhse percentage in
biomass dropped to 25%. In contrastShy is significantly more efficient in removing
hemicellulose from biomass. The residual hemicellulose percentage is only 5% and 3%
respectively after 0.2 M #$Q, and 0.4 M HSQ: pretreatmentsTherefore, HSQ, is

more effective in extracting hemicellulose from biomass than NaOH and water. It is in
agreement with former results of monosaccharides analysis of pretreatment medium that
water and NaOHhave similar performance on reducing sugar relesith xylose as

major component (sedigure 79). In the case of (6Q,, due to the efficient
hemicellulose removal, cellulose is effectively broldwn, contributing to high yield

of glucose geeFigure 79). Compareé to Miscanthus more hemicellulose is removed

from sugarcane bagasse under same NaOH conditions. The hemicellulose percentage of
Miscanthusdecreased from 42% to 33% by using 0.4 M NaOH for 5 Min, but it
decreaes from 46% to 25% at the same condition for bagasse. Witls® as
pretreatment media, significant amount of hemicellulosensoved, regardless tie

acid concentration change and biomass type. In the future, it is worth to try shorter
holding time ormore dilute pretreatment media for bagasse pretreatamehteally to

achieve a more energy efficient pretreatment process.
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Figure 85 Hemicellulose percentages from biomass samples with microwave assisted
pretreatment (holding time: 5 Min; each condition was repeated in triplicates and average
value was reported here; errorbar was reported as standard deviatioh

Hemicellulose percentage of sugarcane bagasse pretreated with conventional heating
method is also measured. As carsben fronfigure86, almost all of the hemicellulose

is removed under this conventional condition (28040 Min). It is worth mentioning

that even when a significant amouwithemicellulose is depolymerised, thenount of
detectable sugars in the pretreatment media is relatively skigliré 82). Similar

results were obtained whétiscanthuswas used as the feedstock. The reason could be
thesehemicellulose wre depolymeized. However, the produced sugars cailein be
degraded into other chemicals. It would be interesting to check the pretreatment liquid
fraction to see ifliere is any degradation prodpcesent.
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Figure 86 Hemicellulose percatage of biomass samples pretreated with conventional

heating method(each condition was repeated in triplicates and average value was reported
here; error bar was reported as standard deviatioh
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4.5 Crystalline cellulose analysis

As has been mentioned in pieus chapters, completely disordered or amorphous
cellulose is able to be hydrolysed at a much faster rate than partially crystalline
cellulose[17] Therefore, crystalline cellulose percentageiofriass is a crucial property

in hydrolysis processing. With pretreatment, cellulose becomes more amenable and
accessible to cellulose enzymes, thereby enhancing glucose produe}idn. this
secton, the crystalline cellulose percentage of un/pretreated sugarcane bagasse is
measuredKigure 87). It is 25% in untreated sugarcane bagasse. As can be seen, water
and NaOH pretreatment can increase ¢hestalline cellulose percentage a varied
manner The residual biomass material rabkigher percentage of crystalline cellulose,
because hemicellulose is easter decomposehan cellulose. With the increasing
holding time, it gradually declines, because lorfgglding time has a stronger effect on
crystalline cellulose. In the case ob30y, when the holding time is 5 Min, the
crystalline cellulose percentage of 0.2 M and 0.4 MS® pretreatment is slightly
higher than that of untreated bagasse. However, Wwbkling time increased to 10 Min

the crystalline percentage frab2 M H:SCQu pretreatment is increased up to 36%, due to
the removal of hemicellulose and lignin. However, the crystalline cellulose percentage
of 0.4 M HSQy pretreatment is sharply droppédm 37% to 9% when holding time
increased from 5 Min to 10 Min, indicating sever pretreatment condition can effectively
breakdown crystalline cellulose structure. When the holding time is further increased to
20 Min, both 0.2 M and 0.4 M 13Q, can lead tooutstanding decomposition of
crystalline celluloseand their crystalline cellulose percentage is only 11% and 10%
respectively. Therefore, the results hare in good agreement with previous results,
NaOH is able to remove lignin and hemicellulose withmajor decomposition of
crystalline cellulose, whereas${, not only removes hemicellulose and lignin but also
decomposes crystalline cellulose efficiently when the condition is severe. When
Miscanthusis used as feedstock, the crystalline cellulpseentagestarts to increase
when the holding time was 10 Min, because hemicellulose and lignin were removed
effectively when holding time is about 10 Min. However, for sugarcane bagasse, the
crystalline cellulose becomes higher when the holding time isatsah 5 Min, which

again suggest that hemicellulose and lignin in sugarcane bagasse are easier to remove

thanMiscanthus

Conventional pretreated biomass underwent the same analysis for crystalline cellulose
(seeTable 24). For water and NaOH pretreatment, the biomass samples present higher
crystalline cellulose percentage than untreated biomass. Howex®D, Hive rise to

lower crystalline cellulose. The results here are similar to that of microwave assisted
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pretreatment, except microwave assisted pretreatment leads to higher crystalline
cellulose. The reason could tiatconvertional heating pretreatments hdeager times
than microwave assisted pretreatment, which may lead to more crystalline cellulose

changento amorphous cellulose.
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Figure 87 Crystalline cellulose percentage of un/pretreated biomass by using microwave
assisted pretreatment(each condition was repeated in triplicates and average value was
reported here; error bar was reported as standard deviatioh

Table 24 Crytalline cellulose percentage of biomass after using conventional heating
pretreatment (each condition was repeated in triplicates and average value was reported
here; error bar was reported as standard deviatior)

H-O H.SOQu NaOH
Crystalline 29.6+4.1 20.8+3.2 37.7£ 25
cellulose (%)

4.6 Digestibility of sugarcane bagasse after pretreament

As was mentioned before, digestibility is a crucial property to measure after the biomass
has been mtreated. The digestibility of untreat bagasse is 113 nmol glucaosg/
biomass hour (nmol glucose /m.b.h), meaning 113 nmol glucose can be derived from 1
mg biomass per hour (the total enzymatic hydrolysis is 4 hour in total). As can be seen
from Figure 88, bagasse digestibility varied after all the pretreatments. When holding
time is 5 Min, water pretreatment has little influence on digestibility. However, it is
significantly enhanced when holding time is ing@éto 10 Min and 20 Min, wtih are

175 and 177 nmol glucose/b.h respectively. With the NaOH pretreatments, the
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biomass digestibilities are similarly improved, regardless the changing of holding time
and alkaline concentration. NeverthelessS@E; leadsto very low biomass digestibility,
especially in the case of 0.4 Mx$Dy. It is only 19 nmol glucose/ m.b.h and 15 nmol
glucoseim.b.h when holding time are 10 Min and 20 Min respectively. Under the mild
saccharification condition, the release of sugar peed during the acid pretreatment
process limits the availability of substrates for subsequent enzyme hydrolysis. The
second possibility could béhat hot acid treatment contribute to the formation of
inhibitors of enzyme hydrolysis, furans such fasfuras, 5HMF and acetic acid,
carboxylic acid, formic acid, levulinic acidnd phenolic canpounds, and therefore
reduce sugar releafB00, 237 In this work, the substrates were rinsed after
pretreatment prior to enzyme saccharification. Hence, the later explanation seems
unlikely. Lignin plays a synergistic and negative rol@ sugar production by the
enzymatic hgrolysis after chemical pretreatmégfi] Due to the delignification effect

of NaOH, NaOH pretreated sugarcane bagasse with low lignin percentage and higher
crystalline cellulose percentage possesses higher digestibility. Nevertheless, because
acid pretreated bagasse has a relatively higher lignin content and lower crystalline
cellulose percentage (sBagure83 and Figure 5.b)less glucose is produced by enzyme
saccharification of biomass solid fraction after pretreatment. In comparison with
Miscanthus sugarcane bagasse has a remarkably higher digestibility without any
pretreatment (10.25 nmollugosem.b.h vs 113 nmol glucogalb.h). From previous
discussion, it was suggested that lignin and hemicellulose in sugarcane bagasse is easier
to remove, leading to a high crystalline cellulose percentage within a shorter holding
time. These results together suggest that @tlengh the chemical compositions of
Miscanthusand sugarcane bagasse are similar, their architectural structure must be
different and polysaccharides in sugarcane bagasse are easier to apanoadiegrade

than thosef Miscanthus
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Figure 88 Digestibility of un/pretreated sugarcane bagasse samples with microwave
assistancgeach condition was repeated in triplicates and average value was reported here;
error bar was reported as standard deviatioh

Digestibility of conventional pretreatedigarcane bagasse is also measured. As can be
seen froniTable 25, in comparison to kD pretreatment, biomass pretreated with NaOH
has higher digestibility, which is similar to that of microwave assisted pretreatment
Overall, microwave assisted pretreatment lead to higher digestibility of biomass samples
than conventional heating method.

Table 25 Digestibility of un/pretreated sugarcane bagasse samples under conventional

heating method(eachcondition was repeated in triplicates and average value was reported
here; error bar was reported as standard deviatioh

H.O NaOH H.SO,
Digestibility of 60.62 + 4.0 165.25+5.7 50.96+1.8
biomass

4.7 FT-IR analysis

Chemical changes in the surface of samplescamalitatively analysed by AFRTIR
spectroscopyUntreated, KO, NaOH and kBSQ, pretreated sugarcane bagasseealso
analysed b\ ATR-FTIR. Here are spectra of pretreated sugarcane bagasse when holding

time is 5 Min.

As was mentioned before, celluloses a homopol ysacchbari de cor
glucopyranose units linked together by>4)- glycosidic bonds.Figure89 shows sharp

peaks at 898 chand 1159 cm in the spectra, which arattributed to GO-C

st r et c h iglyapsida tinkagenbetwe®n the sugar ufilsThe absorbance at 1033

cntt and 1101cm can be associated witellulose[210, 211] Strong peaks at 1033

relates to @0 stretching at &[210 As can be seen fronkigure 89, water
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pretreament has very little impaaif the biomass chemical compositions, sinttehe

peaks are similar to thossf raw bagasset lis reported that lignin has absorbance
around 142Znrt, 1512cmt and 1600cm? [211, 215. As is depicted irFigure 89,

lignin has obvious absorbance at 142%', 1516cnT! and 1604&nT!. The peakslmost
disappear after NaOH pretreatment, which is consistent with former discussion that
NaOH has a strong delignificati@ffect. The absorption at 14251tis proposed to be
concerned with the methyl group presenting in ligdi7] The absorption at 15¢61*

is related to the phefic ring vibrations of lignif208 The absorption at 16841 is
contributed by aromaticompounds. At the same time, the peak at 1457 isnalso
related to ligninandit disappeared after NaOH pretreatmgitl] As we krow, acetate

can be easily broken down. The peak at 12Af (acetylation GO stretching of
hemicellulose) is diminished totally after NaOH pretreatment, suggesting that acetyl
groups are effectively removed from hemicellulose by pretreatf@émit.The peak at
1727cn! represents the ester bond (C=0) between hemicelluloses and Aghifter
pretreatment, the signal becomes very wedqinindicating that the linkages were
broken. GH deformation in cellulose and hemicelluldsepresentat 1371 crii [217);

C-H vibration in cellulose and GO vibration in syringyl ring derivativesan be seerat

1321 cm'.[21§|
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Figure 89 FT-IR analysis of sugarcane bagasse after water/ NaOH pretreatment when
holding time is 5 Min
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Figure 90 FT-IR analysis of sugarcane bagasse after water/ NaOH pretreaent when
holding time is 5 Min

Two peaks around 53 cml and 1104 cri appeared after 264 pretreament, which

are contributed by polysaccharides contgtfi] The hemicellulose acetyl group peak
around P41 cml disappeared after 0.2 M and 0.4 M$4 pretreatment. Lignin
absorbance around 1424 -dn 1457 cml, 1513 cml and 1604 cri show little
changes, indicating 2604 has little influence on lignin structure. The peak around
1730 cml disappeared adt pretreatment, suggesting that linkages between

hemicellulose and lignin are broken

Table 26 Chemical composition changes in biomass after pretreatments

peak position (crb) Assignment

897 b-glycosidic linkage between the sugar uni

1033 C-O stretching

1104 Related to  polysaccharides  conte
appearance

1108 Relate to crystalline cellulose

1159 C-O-C st r et c hiyoogidic bnkaget

1239 acetyl GO stretching of hemicellulose

1321 C-H vibration in cellulose and CO
vibration in syringyl ring derivatives

1371 C-H deformation

1457 Related to lignin

1424, 1425 Stretching of GCH;s

1513, 1516 Phenolic ring vibrations of lignin

1604 Aromatic ring stretching of lignin

1727,1730 Ester linkages between hemicellulose ¢
lignin

4.8 SEM analysis
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Knife milled bagasse samples present two main morphological features: fibres and pith
particles Figure 91). Fibres come from sugarcane conducting Jesséhile pith
particles are mainly from parenchyma tissue. The fibre surface is structured with parallel
stripes and is partially covered by residual material. Pith is a more fragile and
fragmented structure containing pits, which are small pores congewtighbouring

cells on the surface of the wallBigure 91 (B)). Both structures were imaged in this
work, but bagasse fibres are preferentially presented to simplify comparisons.

Figure 91 Surface images of the untreated sugarcane bagasse obtained by scanning electron
microscopy. (A). General view of the sample showing fibres and pith (a and b); (B) surface
of pith showing pits.

Figure 92 a, d and g show micrographs of the surfacaimfeatedbagasse particles
under variable magnificatiorlUntreatedbagasse presents a relatively flat and clean
surface, as shown iRigure 92 (a, d and g), with conducting fibre packed in bundles
(Figure92 (d)). Figure92 (b, e and h) are obtained from bagasse pretreated with water at
180°C for 5 Min. As can be noticed, the biomass fibre bundles are combined together
tightly. Under higher magnification, biomass surface is flat amboth. Therefore,
water treatments very mild and has little influence on biomass structure, which is in
good greement with previous IR analysis. Nevertheless, pretreatment signs are visible
when bagasse is pretreated with 0.2 M NaOH {&gare 92(c, f and i)). Under low
magnification, the biomass surface coating that lmarobserved inuntreatedbagasse
(Figure 92(a)) is removed and the fibre bundles which were tightly packed in the
untreatedbagasse start to dismantle under the NaOH action. This effect had been
previously obsernw for bagasse samples treated with NaOH without the microwave
actionandalkali concentrations 10 times higtj@?] Under medium magnification (see
Figure 92(f)), the neighbouring fibres bundles have lower adhesion between them. As
discussed previously (sectich5), water pretreatment and 0.2 M NaOH pretreated
bagasse have similar crystalline percentage when holding time is 5 Min. However, the

digestibility of NaOH pretreated biomass is higher than that of water pegtreamples
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(seeFigure88), which couldbedue to these two pretr@a¢nts havinglistinctive actions

on biomass. NaOH pretreatment not only removed more lignin from biomass than water
pretreatment (seleigure83), but also made cellulose fibres more exposed and accessible
for enzyme to attack. Higher magnification is applied in order to have a better
understanding of biomass surface characteristics changé-igge 92(i)). As can be
noticed, there is a significant amount of residual material deposited on the fibre surface.
These are probably lignin aggregates, formed by lignin extraction from the inner regions
of the cell wall, followed by condensations anddepositionon the surface. Lignin
redeposition has been observed in other lignocellulosic samples treated under alkaline
conditions[28, 196, 239

Untreated sugarcane bagass H20, 5 Min pretreatment 0.2 M NaOH, 5 Min
pretreatment

=

4 m > il 5pm
Figure 92 Surfaceimages obtained by JEOL on sugarcane bagasse samples. Raw bagasse
(a.x250; d.x1000; and g. x 5000), 40 pretreated bagasse (b. x250; e. x1000; h.x50G0)d
0.2 M NaOH pretreated bagasse(e. x250; f. x1000; i. xX5000); holding time is 5 Min.
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