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Abstract

Abstract

This projecthasinvestigate the production of bioethanol from duckwe@agmna minoy
biomass. The project includes four main sections: firstly, aisalgé the chemical
characteristics of duckweed, pattiarly the polysaccharides of the cell wall; secondly,
explomation of suitable commercial enzymes for degrading duckweed biomass to
fermentable sugars; thirdlpptimisation ofpretreatments and enzymatic saccharification;

finally, fermentation and optireation ofthe ethanol yield.

Pondgrown L. minor contained51.2 % carbohydratéwv/w dry matter)of which 77 %

(including glucose, galactose and xylpsgfermentable.

A series of enzymatic hydrolysesas used to evaluat¢he commercial enzymes and
optimise conditionsfor their use in the saccharification dfickweed biomass. Celluclast
1.5L (CE) andNovozyme 188BG) wereidentified as suitabldor hydrolysingduckweed
cell walls (prepared aalcotol insoluble residues). The additional use of thermolaysi
pretreatment (steam explosior@sults in a dramatic decrease in #maount of enzyme
required for quantitative saccharificatioh.more advanced commercial cellulase cocktail

(Cellic® CTec 2 CTec 3 is likely to further reduce the enzyme cost.

Methods for the simultaneous saccharification, using CXaad BG, and fermentation of
steam exploded duckweed were developed. These resulted in an 80 % ethanol yield at
diluted substrate concentration @ w/v). However the ethanol yield decreased
dramati@ally at higher substrate concentrations (to ¥ at 20 % w/v substrate
concentration, which is a highly viscous suspension). Further studies involved the
development of approaches to address this: (i) increasing the yeast titre in the inoculum o
(i) growing the inoculum on steaeXploded duckweed. These approaches facilitated an
ethanol yield of up to 70 % (w/w) at a substrate concentration of 20 % (w/v). Maximising

the final ethanol yield is of great importance in reducing the costs of production.

The @timized ethanol production processdicatesthe technical potential for industrial
ethanol production from duckweed. Operating costs have also been estimated and ar

discussed in relation to the potential exploitation of protein aspaczhuct.
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Abbreviations

ABS absorbance

AIR alcohol insoluble residue

Ara arabinose

BG betaglucosidase

CDTA cyclohexandrans1,2-diaminetetraacetate
CE Celluclas?

Conc. concentration

CTec 2 Cellic® CTec 2

CWM cell wall material

DCM dichloromethane

DE Depol E 740

DM dry matter

DMSO dimethyl sulphoxide

DNS dinitrosalicylic acid

Fuc fucose

FDM freeze dry and freeze mill

FWM untreated fresh material

Gal galactose

GalA galacturonic acid

Glc glucose

GOPOD glucose oxidasperoxidaset-aminoantipyrine
Man mannose

oD optical density

Rha rhammose

SE steam explosion

SSF simultaneousaccharification and fermentation
WIAIR waterinsoluble alcohol insoluble residue
WIM water insoluble materials

WSM water soluble materials

Vol. volume
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1 Introduction

Biofuels are derived from receyliving biological feedstock predominantly plants.
Biofuel production has increased significantly in recent years, driven by a number of
factors.The rapid develpment of the global economy has triggered a dramatic increase in
fossil fuel demand and shortages, especiallgiige, rapidlydeveloping countries, such as
China, India, Brazil and Russia. These countries represent not onlyandggrowing
commercialmakets, but are also expected to have large and increasing fuel deifsaeds
Figure 1) (U.S. Energy Information Administration., 2013uel demanchas increased
significantlyin recent yearand this trend is likely to continu&he price of crude oil has
increasednearly 7-fold in the last20 years, from $15 perbarrel in 194 to $ 109.2 per
barrel in 2013 and the highest price touchedl187.7 in July 2008 Rloomberg,2013
InvestmentMine, 2013 This has had a profound effean ¢the price of oHderived fuels
(seeFigure?2). For instance,he price of unleaded petrol in UK has increased frobi’s

in 2000 to £1.30 in November2013, a rise 0f73.3% (Delaitte, 2013. Increasing costs of
oil-derived fués is a significant driver for the adoption of biofuels that can replace their
oil-derived counterpart8iofuels is likely to bedesiredby those counies in which fuels

are predominantly relied on the impotiecausethe biofuel production enables these
countriesto becomeenergyindependentAnother major driver ighe increasing concern
over greenhouse gas emissiamssociated with fossil fuel§lobal greenhouse ga&sHG,
including CQ, NH4, N.O and fluorinated g&s) concentrations have increasg?i% from
1990to 2012, with CO, contributing 80% (IPCC, 2013. The increasén GHG emission

is mainly attributedo energy supply (26 %), industry (19 %) and transport (13 & (
Figure3). Biofuel potentiallycould reduce GHG eimssiors through the avoidance of fossil
fuels For instance, ethanol from corn could reduce GHG emidsjoR0 % relative to
gasoline excluding GHG change of land usge@rchinger et al, 20DP8rhe exhaustion of
fossil fuel has been considered #ee thid driver since peak oilappeared at 7#nillion
barrels per dayngb/d in 2008. Although the peak of theproduction of crude oiis
expected tde delayed to 2042 and it could attainl&D mb/d, the rate of production will

enter the terminal declireventally (Kaufmann and Shier20@8).
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Figure 1. Fuel consumption in USA, China and Indi&.%. Energy Information
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These factors have drivemincreased adoption of biofues replace fossil fuels in recent
years. For instance bitteanol production has increased globally from 19,000 million litres
in 2001 to 85.2 hillion litres in 2012 (RFA, 2013. Biofuels have beenincreasingly
exploited as alternatigeto fossil fues for their significant advantages: sustainable
production and the reduction of C@ emissios. Currently, biofued contribute
approximately 1.5 % of global transport fuelche United States andhe developing
countries of Brazil, China and Thailand are the bigdpestuel producers (International
Energy Agency, 2010)Much legislation has been announced worldwide to encourage
biofuel developmentEU Energy Policy establishe@sgoal of reaching minimum 10 % of
renewable biofuel in every member country by 2020 (European Commission, Z8&3).
legislation provides ablueprint of biofuel in the coming two decades, reg@dt®mass
feedstock and reduséhe taxon biofuel industrial profits (Megan, 2011; Global Subsidies
Initiative, 2013).

1.1 Types of biofuels

Bioethanol, biodiesel and biogasethree major biofual Bioethanol asageneral transport
fuel has beerdeveloped for over 30 years since it wagatural extensionof brewing

technology The combustion value of bioethanol has been measureghdgline gallon
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equivalency (GGE) valyen which 1.5 gallons of bioetim®l generate the equivalent
energy of one gallon of gasoline (UXepartment ofEnergy, 2013). Biodiesek the
product of thdransesterificationof plant oils (Sims et al, 2008). Tiparticulateemissions

from biodiesel are less harmful than converdiodiesel(Lapuerta et al, 2008)Biogas
(methane) is generated from the anaerobic digestion of organic wastes, such as animz
manure and sewage. This mature technology is applied on a small domestic scale in Indi
and China (Sims et al, 2008). It has alsen systematically developed for industrial
production in Germany and Denmark (Sims et al, 26@8)more recently ithe UK.

The feedstockfor biofuel covera range of biomassourcesfrom food crops €.g. corn,
sugarcane) to energy crops (lignoclkatic biomass), trees and grass to algae, waste,paper
cardboardand municipal waste(Sims et al, 2008Waldron, 201D Biofuels havebeen
classified into differengenerationsThe £' generation biofuels are produced from grains,
sugarcane and oil seetbpsand havebeen already extensiveproducedn the USA and
Brazil (seeFigure4). USA is the largest producer of generation ethangbroduced from
corn, and Brazil is the second largest producebioéthano] producedrom sugarcaneBy
2011, US and Brazilproduction accounts for 87.% of global bioethanol production
(Renewable Fuels AssociatipR012). Biodieselis extensivelyproduced from oilseed rape

in Germany and palm oil in Malaysf&ims et al, 2008 However biofuel from food crops

has increasingly become a controversial issinee it competes with human beings and
animak for food, particularly in those countries with large populatidfe:. instance e
generation biofuels provide over 1.5 % of globahgort fuels bubccupy2 % of wor
arable land for biomass feedstock (World Watch Institute, 2008gries of consequent
issues have been also brougbtlight by developing le T' generation biofuelsFood
prices will predictably rise if grains arextensivelyused for biofuel production, anore
land, such as rainforest, peatland, savannas and grassland, weljbeed tocreateas
arable land(Sims et al, 2008) GHG emissioa might increaseconspicuously as a
consequencef the increase of aguttural waste and the decrease of the GHG emission
uptakeby rainforesi(Fargione et al, 200&ndbiodiversity will potentially decline.

More recently 2" generation biofuels have beamnsidered as replacememf 1%
generation biofuel2" generaibn biofuels aim to utilise lignocellulosic biomasstead of
food cropsto produce biofueSims et al, 2008)which enable feedstock resource to
broaden tovoody crops, agricultural residues (stemesve and husks) and industrial and
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municipalwaste.Only 1.25 % of the entire land biomass is hared$br grains which are

still shared by food and®generation biofueindustry, the rest of biomass is unusedd
recycled inglobal systens (Naik et al, 201Q) The production of ¥ generation biofusl

might besignificantlyincreased by using the unused biomass fractidoad crops They

also potentially reduce landse change and GHG emiss®wr{Fargione et al, 2008)
However, the production of biofuel from lignocellulosic biomass requires more advanced
technologies and higher energy input. The price Bfg2neration biofuels is therefore
above the current market pricesing current techniques, the cost of bioethanol from
lignocellulosic cropss $ 2.65 per gallonas compared tthe ethanol from corat $ 1.65

per gallon (Kumar et al, 200p With the development of advanced techniques, second
generation biofuels are expected to become economically viabk Tablel). Algal
biofuelsarereferedto as3" generation biofueland4™ generation biofuelaredefined as
produ@d by using petroleurtike hydropra@essingandadvanced biochemistiemirbas,
2009). Currently, corn, sugarcane oilseed and lignocellulosic biomass are still considered
as the most feasible feedstedar biofuel and R&D is orgoingto decrease the production

cost of biofuel.
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Figure4. The T' generation Infuel production of world main producer countries in 2004

and 2009 data collected fronmternationaEnergyAgency 2010.

22|Page



1 Introduction |

's191s9 |Ayrew pioe Aney = JAVseO wnsjonad payanbil = 9d49pb [einjeu passaidwod = OND,

Alpuauy Ajreluswiuolinug
UOISIBAUOD JO 1S092 8y} A111N23s [e100s pue KBOJoULDa) aIMep  SaBeIURADY
aonpaJ 0§fbojouyoa)l 92URAPY JIWOUO0I3 ‘Ajpuali) AjreluswuoliAug
pooy yum Bunadwod 10N

[any
Juswalinbal pue| abie [eumiaAuo9 yium Apred papualg o mm_\%_momom_ ﬂm_m_momwa swa|qoid
(19n4 SA pood) yooispasy paywy  #O PHIUIRER /UORRIERd
AsoD [ea1wou023 [eaiwouod3  Abojouyoa ]
loyoare ‘loueyiaolq ‘[@salpoiq 3 pue BuUaS0Jd _E_ME S10NpoJ
paXIL pue [oueLIaolg ‘[10-01q |[oueylaolq ‘|ssalpolq JNVd 18C P . ! I _ 19d 1onpo.d
$s91Q ' Pd1 ©OND
isewolq a1sem jue|d Juepunge 5 . 6 q
pue deau ‘pooj SUON 219 s1ebns uio) ‘|10 a|qelabop wnajonald apni)  X001Spas-
|anjoiq uonelauab , 2 |]anjoiq uonesauab T Alauljoy wnajonad

(0TOZ ‘e 1@ MreNs|enjoiq uonelauab g pue BN |1Sso} Jo uostedwod syl ‘Ta|qel

23|Page



1 Introduction

1.2 Cell wall structure of lignocellulosic feedstock

The plantcell wall comprises of three layers: primary wall, secondary wall and middle
lamella. Primary wall forms along with the daughter eeldl it isgenerally thin0.1- 1.0

um (Brett & Waldron, 1996) The secondary wall fms internako theprimary wall after

the daughter cell growth ceases. The secondary wall is variable in its chemical and
morphological structurgBrett & Waldron, 1996) The mddle lamella layerns locatel
outside primary wall and between two adjacentscéBrett & Waldron, 1996) The
predominant composition of cell wall is carbohydratieat is potentially converted to
biofuels The cell wall carbohydrateonsist of threelassef polysaccharides: cellulose,
hemicellulose, pectic polysaccharides Br& Waldron, 1996). AsFigure 5 describes,
cellulose forms the main structural component of the cell. Wallulosemicrofibrils area
relatively homogenousl4lioked glucasd (Brieth & Werom,| y me
1996); the norerystalline phase of the cell wall is called the wall matrix and consists of a
variety of polysaccharides, proteins and phenolic compounds (Brett & Waldron, 1996).
The hemicellulose and pectic polysaccharides are heterogenous maraduromprise of a
number of monosaccharides including rhamnose, fucose, arabinose, apiose, Xxylose
mannose, gatdose, glucose and galacturonicgiucuronicacids Thesemonosaccharides

can beassignedo thegroups ofpectc and hemicellulas polysacbarides because some

of monosaccharides are uniquelylargdy present in one specific polysacchargi®up
e.g.galacturonichlucuronic acid and apiose are unique compouwrfigctinwhile xylose

is mainly in hemicellulose(Brett & Waldron, 1996)Lignin, comprised of a number of
phenolic acidsplays an important role hornificationand preventingnicrobialinfection.

As a significant componemtf lignocellulosic materialits quantity varies frona traceto

38 % among plant@rett & Waldron, 1996)
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Figure5. Micro structure of plant cell wall (Tomme et al, 1995).

1.3 The conversion of biomass to ethanol

The production of bioethanol frorignocellulosic biomassnvolves four main steps:
pretreatment, enzymatic saccharifioat fermentation and distillationFigure6 is a brief
overview of how duckweed might be converted to bioethdnaierms oflignocellulosic
biomass,the ethanol productions mainly limited by enzymatic sacchéication because
the degradatiorof lignocelluloseto fermentable sugargquiresmassiveenergy input and
large amount ofspecific enzymes (Mussatto and Roberto, 2007). These problems are
attributed to the nature of biomasscluding: porosity of mateasis, cellulose fibre
crystallinity and lignin and hemicellulose levels (Sun and Cheng, 20DR)erse
pretreatments are therefore applied prior to enzymatic saccharification in onderetse
the easeof biomass hydrolysis. Effective pretreatmanatn efficiently loosen cellulose
crystal structure anthakebiomass more accessible to enzyrtesundawat et al, 2010)
Due tothe low lignin content in duckweed, the gtadationof duckweed biomass might
not require intensive pretreatmsrand thereforeresearh hastended to concentrate on
enzymatic saccharificationincluding investigating the synergy of enzyme mixtures,
optimising enzyme dosage an economic range oreducing enzyme casby creating
novel commercial enzymes. Fermentation and distillatiore Heeenhistorically used in
alcohol brewingand the proces the bioethanol productioolosdy resembés alcohol
brewing However, it is likely that the specific yeast strain@nd the fermentation

technology both neet be enhanced.
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Figure6. The conversion of duckweed biomass to ethanol.

1.4 Pretreatments

An effective pretreatment is characterized by several critersoldavoid the need for
reducing the size of biomass particlsbpuldpreserve the hemicellulose framts;should
reduce formation of inhibitorshat hinder growth of fermentative microorganisyand
minimize energy demands and lingibst (Mosier et al, 2005). Various pretreatments are
being investigatedfor their effectivenessn subsequent enzymatic saecification. The
material treated byeffective single or combined pretreatmens more accessible and
susceptible teenzymatic saccharificatioand more fermentable sugars axbtaired for
subsequent fermentatiofChundawat et al, 2010)However, the aggation of
pretreatments likely to vary from material to material’hus, utilization of an appropriate
pretreatment isan important prerequisite of enzymatic saccharification and fermentation.
Acid, alkaline, thermal and combination approaches may pkedpand these can differ
with respect to pH, temperature, retention time and material type (Pedersen and Meyer
2010).
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1.4.1 Physical pretreatment

Physical pretreatments aim to degrade the cellulose crystallinity to improve biomass
digestibility by changing the physical character of materialssing pyrolysis and
mechanical comminutiomcluding dry, wet and/ibratory ball mills (Millet et al, 1976)
Mechanical comminution is a combination procesgolving chipping, grinding and
milling which reduceghe maerial size down to 0.22 mm Sun and Cheng, 2002pry

and wetmill procesgs are economically effectivavhen applied in starcito-ethanol
production.Vibratory ball milling has beensedto effectively generate smaller particles
than othermechanical comminution methods (Millet et al, 1976&pyrolysisis a thermal
physical pretreatment associatedith higher temperature and pressure and the
decomposition of polysaccharidas results in over 80 % conversion to reducing sugars
(Fan et al, 1987; Sun anchéng, 2002)However,to achieve a conspicuous enhancement
of enzymatic saccharification for lignocellulosic materials, the particle size is necessarily
reduced to less than 0.05 m(Datta, 1981). fie energydemandsof pure physical
pretreatmerst are fairly uneconomicfor lignocellulosic material{Cadoche and Lopez,
1989 and their utilization is consequently restricted noust beassociatedwvith other
chemical or thermgdretreatmentéWaldron, 201{.

1.4.2 Chemical pretreatment
Chemical pretreatments assist specifically removng unwanted compounds, such as
lignin or hemicelluloseompoundgFan et al, 1987Waldron, 201} andtheir application
is thereforechangedased orthe nature of thbiomass. Ozonolysisaneffectively remove
60 % lignin (e.gin wheat straw)and alscavoid the generation of toxic products at room
temperatureconditions (Vidal and Molinier, 1988Pilute acid hydrolysis ¢sing H,SO,,
HCI) has beersuccessfullydevelopedto achieve highsugar yieldand avoid the toxic,
corrosive issas trigger by concentrated acid hydrolysikugnar et al, 200P This acid
hydrolysis is also utilized to successfully convexylan to xylose under moderate
conditions (Hinman et al, 1992). Alkaline hydrolysis can also remove lignin by
saponification which causes biomass swelling, increasing the internal sueeese and
decreasing the extent of polymerization and crystallinity of cellulose (Fan et al, 1987; Sun
and Cheng, 2002). However, the neutralization of chemical hydrolytic products is
necessary prioto downstream enzymatic saccharification and fermentation. Although
chemical hydrolysis significantly improves the digestibility of materials, the cost is usually
higher than other pretreatments.
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1.4.3 Physicatchemical pretreatment

Physicalchemical pretreatentis an efficient process possessihg advantage®f both
individual physical and chemical pretreatments,which fine pretreated materiafsr
downstream proceswe obtained andhe cost and energyemandsare also dramatically
decreasedSteam exfosion i a recognized therat hydrolytic methodi is one typical
physicalchemical pretreatmerandis extensively applied tenhanceethanol production

for lignocellulosic biomasgGlasser and Wright, 1997). The process explodes biomass by
sudden decompssion following high pressu@ndtemperature conditions. Recent studies
tend to use lower temperatures combined with longer retention irightt, 1993. Steam
exploded cellulose is more accessible to cellulase (Schwald et al, 1989). Pedersen an
Meyer Q010) statedhatthe advantages of steam explosaethe high yield of glucose
and xylose attributed to the considerablelignin transformation and hemicellulose
degradation. However, disadvantages seenasthe high energydemand a consequence

of high pressure and temperature requiremeatsd the formation of fermentation
inhibitors. Addition ofH,SO, or CG; into steam explosiooouldimprove the degradation

of hemicellulose and enzymatic hydrolysis and decreasefaimeation of inhibitory
compoundgSun and Cheng, 2002Ammonia fibre explosion (AFEX) is another classic
physicalchemical pretreatmentt involves exposing lignocellulosic biomass to steam
explosion with additional liquid ammonia. AFEX does not effectively decompose lignin
and hemicdulose but generaseonly trace levels of inhibitors Sun and Cheng, 2002
Waldron, 201

1.4.4 Biological pretreatment

Microorganisns havebeen studied and used fdecompositiorof plantcell wall material.
Fung are employed in thelecomposition of lignockllosic materialsdue tothe many
saccharifying enzymethey produceDiverse fungi involving brows) white- and softrot
fungi have beemisedto target different compounds (Fan et al, 1987).iRstance brown

rot fungi mainly degradecellulose, while whe and soft rots can degrade both cellulose
and lignin (Fan et al, 1987)One novel approachfor biological degradationof
lignocellulosic biomass has been foundMglyon et al (201Q) the wood-boring marine
crustaceam.imnoria quadripunctataan digestrystallinecellulosedirectly tofermentable
glucose King et al (2010)showedthat these crustacespotentially possess afif the

enzymesfor lignocellulose digestiordue to the absence of the gut microb&khough
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biological pretreatment requires wo energy at moderate conditions, the extent of

decomposition is less (Sun and Cheng, 2002).

1.4.5 Pretreatmenofduckweed

In summary, the selection of pretreatment meshdepends on the characteristics of the
material, particularly the proportion of lignin drhemicellulose presenByrolysis, ball
milling, alkaline hydrolysis, steam explosion and AFEX potelytialatch the requirement
of the decomposition of duckweed biomadsow lignin content mightmean that
pretreatmentan be avoidedr simple pretreatmemequiringless energy inputould be

used.

1.5 Enzymatic saccharification

Enzymatic saccharification isthe process that decomposes polysaccharides to
monosaccharide by employing enzymes to cleave bonds. £agederation biofuel,
amylase and amyloglucaisise required for hydrolysing starch have been already improved
for the industrial ethanol production (Ghose, 198y Enzymatic saccharification of
lignocellulosic biomass is a moeemplexprocess in which diverssell wall saccharifying
enzymes are req@dto degrade cellulose, hemicellulose and pectin to fermentable sugars
Cellulolysis is certainly the primary pathway to obtain glucose from cellulose while the
enzymatic hydrolysis of other polysaccharides some extentimproves cellulolysis. A
numberof commercial enzymeare currently available for saccharification research and
these enzymes are generally cocktafle mixtureof enzymes (Forssell et al, 2009; Saha
et al , 2005) . F o r, usedxira thip s$tuelyis a Denerad tatbohytiase
containing cellulase, xylase and ferulic acid esterase (Forssell et al, 2009:/8dyioA,

2011). The synergy of enzynmaixturesis being studied in order to maximise sugar yields.

1.5.1 Essential @zymes requiretbr the hydrolysis of cellulose

Cellulas® is a term representing enzyme involved in cellulolysis including
endoglucanase gxoglucanasea n d-glu@osidase (Sulzenbacheret al, 1997) Their
synergisticfunction in the cellulolysis is illustrated iRigure 7A. Endoglucanase is also
named endocellulase, endglb-glucanase or carboxymethyl cellulase (CMCa#egan
randamly cleave internal bonds to produce new short ché¢budzenbacheet al, 1997)

Exoglucanase (exocelade) can cut disaccharides (obibse) from the ends of exposed
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chains (Bommarius et al, 2008) F i n egludosidase ellobiase) hydrolyses
disaccharides$o glucose Figure A). Commercial ellulaseis a combination othe above
three enzymesnd the activity profiles of eachvaries among the products suppliers
depending onhe sourcemicroorganismand production process@saulds et al, 200®ien

et al, 2008;Forssellet al, 2009) Currently, fungi are the microorganisrgenerally used
for industrial production of cellake (Bommarius et al, 2008fhe commercial enzymes
aregenerallystoredundermild conditiors (4 °C) to maintairtheir acivity. A summary of
diverse commercial cellulase qaucts from different supplierseveals that the best
reactionconditionof saccharificatiorior the highest cellulase activity is: temperature at 45
-55°C, pH at 4 5 (Ghose 1987;Faulds et al, 2008)

1.5.2 Supplementargnzymes

Other enzymesemployedinclude those required for hydrolysing lignin, hemicellulose,
pectin and proteinthe enzymesactvities are illustrated in Figure 7B. These enzymes
specifically target one polysacciae, for example, feruloyl esterase (ferulic acid esterase)
attacls phenolic acid (lignin),and xylanase and xylosidase degrade xylpséymersto
xylose (Aro et al, 2005)With the association of these relevant enzymes, lignin,
hemicellulose and pectin eaeffectively decomposed and detached from cellulloatis

consequentlexposed taellulase(Aro et al, 2005)

1.5.3 Enzyme activity and application

Several differentmeasures areised to express enzyme activity in literatuoef it is
extremelyconfusirg to readersvhen comparingenzymeeffectivenessn paralel. This is
generally caused byhe different measurement methods and description of enzyme
products varing in the product profiles (solid or liquorpr different suppliers. For
instance unitsof IU, U, FPU, CMC, EGU areftenused tomeasure theellulase activity

in different situationsFor the convenience of studying on enzymatic saccharification, the
author summarised thanits of enzymesnd tabulates their specific application instances
in Table 2(Ghose, 1987; Forssell et al, 2009; Sahaal, 2005; SigmaAldrich, 2011
Hendrickson et al, 2007)
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Figure7. Enzymesnvolved in the decompositioof plant cell wall (Aro et al, 2005).
Figure 7A illustrates the hudrolgsof cellulose by a groupe of cellulase. Figure 7B shows

the associated enzymes involved in the hydrolysis of cell wall and their functions.
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1.6 Fermentation

Ethanol fermentation hdseenused in brewing for thousands$ years Fermentatia is a
processin which microorganisms metabolise sugarsinder low oxygen conditionso
producehigh-energy compounds@enosine triphospha&TP) and reduced nicotinamide
adenine dinucleotide (NADH) and ethanol, acids and & produced as waste prothuc
(Edward 1922) Many types of sugars (glucose, fructose, sucrose, maltose, galactose and
xylose) are metabolised by various ysast ethanol fermentatiorfDonald and Judith

1995) However,different sugars resourcesay require optimisationof the yeast strains
employed For example, glucose is consumedSaccharomyces cerevisiaed xylose is

consumed byichia stipitisto produce ethangDelgenes et al, 1996

1.6.1 Yeassfor fermentation

The fermentation of glucose to ethanol usi®gccharomyces cernsiae has the same
principle and pathway as alcohol brewiagd its relatively mature tecblogy would save

cost on R&D.Nevertheless, thisadymadeprocessstill demandgechnicalenhancment

of yeast straig according to biomass profileEhe traditimal fermentation process mainly
involves three steps:1) disaccharidessuch as sucrose, are cleaved to monosaccharide
(glucose and fructose) liie enzyme invertaseEQquationl); 2) glycolysisi a crucial step

in the ethanol fermentation, glucose is converted to pyruvate aneehaylyy compounds
(ATP and NADH) under an anaerobic condisqiizquation2) (Lubert, 1975);3) yeast
converts pyruvate to ethanol associated witlzyenes of pyruvate decarboxylase and

alcohol dehydrogenasg&dquation3) (Strathern et al, 1981

# (| (/ ET OAOOCHQA/
Equationl. Breakdown of dsugar

#( |/ c.!$ ¢! $0 CcOE

©q# (/ ¢ . '$( ¢of ¢! 40 c(/
Equation2. Glycolysis
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i cOo NADH + H*
O\ /0 2 .
C TPP, o H NAD™ OH
I M92+2 \_/ I
C=0 < ‘ CH»
| pyruvate | alcohol |
CH3 decarboxylase CH3 dehydrogenase CH3
Pyruvate Acetaldehyde Ethanol

Equation3. The pathway of pyruvate to ethanol (Thomas, 2007)

The ethanol fermentation process was introduced and the theoretical ethanol yield could b
simply calculated from a combinatioBduation4) of Equation2 andEquation3.

#( I o c# (1 c#l
MW 180 2 x 46 2 x 44

Equation4. The mole weight relationship beten glucose and ethanol.

The molecular weight of glucose and ethanol implies that the theoretical ethanol yield is 51
% (w/w) of original glucose mass, which meahsg glucose coultheoreticallyconvert to

0.51 kg ethanolHowever, an inevitable loss of glucose mass caused by yegsbwth

would affect on the ethanol yield practice.ln addition,the theoretical weight of glucose

and xylose released are 1.11 and 1.13 times the weight of glucan and Xydgu ah the
addition of water during hydrolysiKoppram et al, 2013 Lee et al (2007) reported that

the practicalmaximumethanol fermentation efficiency is actually 46 % (w/w) of glucose

mass

1.6.2 Ethanol fermentation methodologies

Although ethanol fermentation has been applied in the brewing igdestthousand®of
years, novel fermentation methaal® still beingdevelopedSeparate enzymatic hydrolysis
and fermentation (SHF) i processn which enzymatic hydrolysis and fermentatiare
carried out independenttp maintainthe optimal conditios for both procességrdeiet al
2012) The significant disadvantage of SHF is thia¢ accumulation of sugar products
(cellobiose, glucose, xylos@) enzymatic saccharification procdssders the breakdown

of cellulose and subsequently reduces ethgieblis Stenberg et al, 2000Simultaneous
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saccharification and fermentation (SSH) a combinationof sacchariftaion and
fermentation potentiallyit decreasginhibition by sugars accumulation aggeaterethanol

yield and might result (ToméasPejé et al, 2008) TomasPejo et al also stated that SSF
could improve ethanol production from SHiRderthe same conditions. SHF has a high
initial ethanol yield in the first 3 hours, but SSF could achieve higher total ethanol yield
than SHF. Additionally, SSF ab requires less energy input than SHF as the process
duration is considerably reduced.

SSF has been expanded to ssmiultaneous saccharification and fermentation (SSSF),
simultaneous saccharification and -feomentation (SSCF) and simultaneous
sacchaffication and extractive fermentation (SSEF). SSSF is the process between SHF anc
SSF andncludesa prehydrolysis prior to SSF to provide the optimal conditions for both
enzymes and yeast in SSF (Shen and Agblevor, 2011). 8&8@Bnvert both hexose and
pentose to ethanol hysingmultiple microorganism@Koppram et al, 2003 SSEF aims to
reduce the influence of alcohol accumulatimm yeast by periodically removingthanol
from thereaction chamber arghablingyeastto remain in aighly active stat¢Moritz and
Duff, 1996. However, all these methods encounter the inhibippooblem at higher
substrate concentrations which decreases the activity of yeasbatddfermentatioan
reduce inhibition and achieve high ethanol yselt very highsubstra¢ concentration
(65.5% wi/v) (Elliston et al, 2013).

Direct microbial conversion (DMC) which is al&@mown as ficonsolidated bioprocessing
(CBP), has been developed by Lynd et al (2002; 2005). DMC/CBP refemsitiegrated
process where enzymatic hytisis of polysaccharides and hexose/pentose fermentation
are all carried out in one bioreactor using selected batkarisecree cellulase enzymes.
The cost of this fermentation method is very low for industriatipction with reasonable
profit margirs, butthe ethanol yield of DMC is generally lower than SHF and SSF (Lynd
et al, 2005).

1.6.3 Inhibitors

Fermentation isa fairly dynamic process not onlyecauseyeastgrowth is sensitive to

physical and chemical conditions, but alsrause its restricted bynhibition that limits

the ethanol yieldAImeida et al 2007) Furan, wek acidsandphenolicsare three major

groups of inhibitorsthey aregeneratedrom lignin, hemicellulose and cellulose in the
35|Page



1 Introduction

pretreatment and enzymatic saccharificajpirases(see Figure 8, Pedersen and Meyer,
2010. 5-hydroxymethy2-furaldehyde (8HMF) and 2furaldehyde (ZA), which play a
significantly inhibitory role in fermentatiorare formed by dehydration of hexosesd
pentosesespectively(Dunlop, 1948) As intermediate breakdown productise uantities
of 5-HMF and 2FA vary with different pretreatmenttypesand conditions. Foinstance
in aqueousconditiors, 5 HMF and 2FA could eventually convert to levulinic acid and
formic acid (seeFigure 8) (Pedersen and Meyer, 2010Neak acids including acetic,
formic and levulinic acid argreversible inhibitos (Sedrigure8). Acetic acid isaresidual
compoundfrom deacetylation of hemicellulose, while levulinic and formic acidstlaee
terminal products of cellulose decompositidimrmic acid carbe additionally produced
from furfural in the hydrolyss of hemicellulose under acid condition8lifieida et al,
2007). Phenolics are another common inhibitor grotiey areformedin the process of
hydrolysing lignocellulosic materials andhdr level and typeschangewith different
biomass sourse(Kumar et al, 2009) It is possible thatow levels ofphenolics may be

generatedrom duckweeddue to itdow lignin content

Ash Sugars Inhibitors

(0-2%) Furans Weak acids

H o oHo

H »
H ﬂ I—[MF
Levu hnlc acid
Glucose
CH O H /
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OH HO
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Formlc acid

. Galacto se Mannose Rhamnose R4
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Figure8. The hydrolysates derived from degrading lignocellulosic bionrssse{da et al,
2007).
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The inhibibry effecton ethanolfermentation usiné.cerevisiaés tabultedin Table3. For
instancejn the fermentation ofvheat straw (106 w/w), the highest inhibirry effect was
exhibitedby formic acid and FA when their concentratigrattained to 2.7 and 4 g/The
inhibition by 5-HMF, 2-FA, formic, levulinic and acetic acidsay be considerecklevant

to thefermentation of duckweed.

Table 3. The inhibitory effect of common inhibitoren the fermentation of wheat straw
(substrate concentration is 10WAw).

Inhibition Concentration
Inhibitors
(%)? Ivolume (g/L} /substrate (mglg

HMF 50 8 80
2-FA 79 4 40
Acetic acid 74 6 60
Formic acid 80 2.7 27
Levulinic acid 50 40 400
Vanillic acid 50 1 10
Vanillin 25 1 10
4-Hydroxybenzaldehyde 72 1 10
4-Hydroxybenzoic acid 30 1 10

%rom Pienkos and Zhang (200%omMaiorella et al (204).

1.6.4 Detoxification

Due to the potential inhibition generated from pretreatment and enzymatic hydrolysis of
lignocellulosic biomass, dexification (reduction in inhilitor concentrationneeds to be
considered.Taherzadehet al (2000) stated that four approaches can be applied to
minimizing the presece of inhibitors: (1) reducing the production of inhibitors in
pretreatments; (2emoving or decomposintipe inhibitors;(3) conversion oinhibitors to
compounds that can be tolerated by ye@tdevelopingnovel yeast strains tenhance
their tolerability of inhibitors A number of detoxification methods have been developed
and reported including physical, chemical apidlogical methods. The detoxification
methods and their profiles atebulatedin Table 4(Chandel et al, 2011j6nssoret al,
2013) The application of detoxificationaries accordingto the nature of inhibitors but

sugar lossnay alsoneed tdbe consideed.
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Table4. The advantages and disadvantages of detoxifications.

Detoxification Advantages (% of removal)  Disadvantages

~ Removal of volatile acids Increasing the concentrations of ror
Vacuum evaporatior , _ I
(acetic acid 540) volatile inhibitors

Removal of all inhibitors _ _ o _
High cost in commerciad industrial

lon exchange Furan 63.46, phenolics 75.8 o
_ , application
%, acetic acid 96.%
Ethyl acetate solven Removal of all inhibitors Except acetic acid

_ A sugar loss, acetic acid remains,
Removal of pheolic and other S _
CaOH),/ NaOH precipitation of toxic compounds
compounds _ _
increasing

Peroxidase, Laccast Removal of acid and phenolic Searching suitable enzymes and

Mutant yeast compounds yeasts

1.6.5 Co-products

Several attractivey-products are produced during the ethanol fermentation process. In the
anaerobic conditis) methaneandCO, areproducedrom degrading organic acsqformic

and acetic acids). GOrom fermentation can be extracted and reused as an industrial
source for dryde, carbonahg beverages, et(Pierantozzi, 2001)Moreover, the residual
biomass contains a number dtentialnutrients, such as protein, minerals andmites,

which could be extracted for animal feed.

1.7 Distillation

The concentration of ethanol prambd by fermentatioms far too lowfor direct use as
transportation fuel and distillation is required to generate concentrated and purified
ethanolfrom the mixed fermentatioproducts. Distillation has been appli@drewing and
separating fossil fuelrpductsfor many yearsThe principle of distillationdepends upon
the boiling points otomponents in the mixture (Hengstebeck et al, 196dyer boiling
components preferentially vaporiset lower temperaturesin bioethanol distillation,
ethanol vaposes before wateas it has a lower boiling poigf8.5 °C). The ethanol vapour
passes to the condenser a condensed liquid is eventually collected anclean

container.
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Simple distillation requires components which have a large difference ingopiimts in

order to achieve high purities of the separated compoiiPotserty and Perkins, 197.8)
However, simple distillation could ngiurify ethanol with 100 % effectiveneg®cause
vapour is enriched in ethanbut moisture always remain3his situgion is calledan
azeotrope. Azeotrope means the components of mixture at certain proportion have similal
boiling point whichleads the expected componémibeno longer separated by distillation
(Uragamiet al 2004) The azeotrope of ethanol is 95.6 %v]. To make matters worse, if

the ethanol distillation proceeds over time, the purified ethanol will collect more water,

which negatively affects final ethanol concentratjonagamiet al 2004)

Fractional distillation is a techniquaeveloped fromsimple distillation that enables a
number of components possessing similar boiling points to be sepdkated and
Scarsdale, 19. The presence azeotropen ethanol distillation limits the pusitof final
distilled ethanol les than 9% %. However,the use of fractional distillation can obtai
higher pure ethanol than 93%. The principle of fractional distillation is according to an
temperature gradieiitoolest in the top and hottest at the bottgemerated by the distance
from the heat sourcéneil and Scarsdale, 195 When the mixed vapour (ethanol and
water) ascends through the temperature gradient, etfemalns in the vapour and water
condenses back to refluxing liqudkfter several cycles ofapaisation andcondensation,
ethanol is pufied and relatively water free (Kneil and Scarsdale, 185 Industrial
distillation is the process okpeatedvaporisation and conderstion in a huge refluxing

distillation column (se&igure9) (Packing et al1987).

While distillationis not part ofthe projectdescribed belowfrom a holistic point of view, it

IS necessary to take this into consideration for improving the overall economic efficiency
of bioethanol production. A higher ethanol yield from fertaéon would requireless
energyinput for distillation. With respect tothis point, the substrate concentratidior
fermentationwill be considered in an attempt to ensure that ethanol concentration reaches

an economic level
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Figure9. The schematic of industrial distillation column (Packing et al, 1987).

1.8 Aquatic plantsi A special group of 2 generation feedstock

Aquatic plants are considered as a potentially ideal biofuel feedstock due to their
significanty commonadvantaes: (1) aguatic plants are generally lowlignin but with a

high proportion of carbohydrate; (l) aquatic plants do not compete with fagus dor
arable land; (lll) theycommonly havehigher productivity because oftheir fast
proliferation; (IV) manytypes of aquatic plants could be cultured in waste water system for
decontamination(V) in addition, abundant nutrients such as proteinmiitaand minerals
generated fronbiofuel productionare potentially useful ageed for animals Wolverton

and McDorld, 1979 Landolt and Kandeler, 198Benner et al, 19843heng and Stomp,
2009. Below several aquatic plants are introduced.
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1.8.1 Duckweed

The Lemnaceadamily, members ofwhich are commonly named uckweed, hasfour
generd Lemna, Wolffia, SpirodeJaand Wolffiella (See Figure 10) (Cabrera, 2008).
Duckweed is one of t he waontaidsGle snmalestighera b u
plants having tiny leaflike fronds, flat growth habit(see Figure 11), and vegetative
reproduction(Landolt 1986. Two types ofLemnacea&an be definedl) the plans have

one root Lemng or more roots §pirodelg and two lateral reproductive pouch&3;the

plant has no rooMolffiaandWolffiella) and a single reproductive pouch (Landolt, 1986).

Wolffia arrhiza

3
Wolffia cylindracea AN
Wolffia columblana ca e
Wolffia elongata “o
Wolffia

Wolffia angusta Wolffia (11 spp.)
Wolffia .
Wollla microscopica Wolffia
Wolffia australiana i
Wolffia borealis
Wolffia br;sﬂhastl:
Wolffiella ul
Wolffiella omooa
Wolffiella gladiata X
Wolffiella neotropica :
—| | Moltfielle wehwicschi Wolffiella (10 spp.) =
Wolffiella caudata Wolffiella
Wolffiella repanda \ =~
Wolffiella hyalina . =
Wolffiella rotunda -

Lemna ecuadoriensis
- _E Lemna obscura

Lemna turionifera
Lemna japonica
Lemna minor
Lemna Uisu

" amne Ssperme Lemna (14 spp.)
Lemna minuta
—-E Lemna valdiviana
Lemna yungensis
Lemna aequinoctialis
—E lL.omna fnrpuslllo
mna tenera
e Landoltia pimctats Landoltia (1 sp.)

___ge= Spirodela polyrhiza

L= Spirodela intermedia spirOde|a (2 Spp.) Spirodela

Figure10. Duckweed genera and represented plants. The plant3\atifia < Wolffiella

< Lemna < Spirodela
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Figurell Sizes of three spec®f duckweedl(emna minutac Lemna minoK Spirodela
polyrhizg. White bar = 10 mm.

Their simple structure and morphologibaracterenable duckweeds to proliferatgore
rapidly thanmostother plants. Duckweed appears to obey Kleiber'sp8ider rule(GP
M** G means annualised rates of growth and M means body (hNikks and Enquist,
2001)andthey exhibit much highespecificgrowth rates than othgarger aquatic plants,
exhibitingdoubling times of between 2 to 8 days (Fujita et al, 1999). Thblhg time of
Lemna minutacan be as short a8 hours, andn the larga Spirodela polyrhizéas 6 - 8
days(Fujita et al, 1999). As a result, an expected higher biomass vyield, in which a large
proportion offermentable suga@e contained, is potentiglachieable Oren et al (1985)
notedthat theproliferationrates é duckweed are among 0-D.5 gf per dayCheng et el
(2002) reported that a growth rate of 0.2 kgfrer week DM was achievdal culturing
Spirodela polyrhizain a low nitrogerconcentation wastewater systemAlso, in
greenhouse conditisnproduction of 1kg fresh weight/rh per week was achieved. Dry
weight increase of up to 20 t/ha per yiathe norm based on results obtained from 25 m
lagoons receiving dairy cattle manure (Culktyal, 1981).The ktest researchuggested
that 105.9 t/ha per year of dry mass can be harvestadvastewater system (Xu et al,
2012). These vyields compare favourably with those of curreotigidered potential
energy crops, e.gniscanthus (10 t/hper year), willow (10 t/ha per year), poplar (9 t/ha
per year), switchgrass (12 t/ha per ygaprld Watch Institute, 2007).
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1.8.2 Water hyacinth

Water hyacinth Eichhornia crassipgs another aquatic plant familgxhibiting rapid
vegetative growth, is nativef the Amazon basin (Barrett and Forno, 1982; Bolenz et al,
1990). Water hyacintfFigure1?2) is a freefloating plant and grows as much as 1 metre in
height, with broad, thick, glossy, ovate leaves and violet flowers (BhattachadyKumar,
2010). Water hyacinth has becomeontroversiaplantdue to its invasiveness since it was
introduced toEurope,Asia, Australia, North America and Afric&he habitat of water
hyacinth can range from tropical to subtropical or warm temperatesert to rainforest
zones and it toleratesrange of warmemperatures2(l.1- 27.2 °Q and pH value (5.0
7.5) Bolenz et al, 1990 Under appropriate conditiong exhibits afast growth ratelts
ability to remove nitrogen, phosphorus and iranfrwaste water system has been noted
(Jayaweeraand Kasturiarachchi 2004: Jayaweeraet al, 2008). This plant is therefore
considered for the decontamination of waste watey. iDatter of 60110 tonnes/ha per
year has been harvested in wastewater systeamip@cht, 1993). Alsoa weekly dry
weight yield (71 % w/\W was harvestedat alagoonwith a nutrient increas€9 % w/w
DM) through May to OctobgWolverton and McDonald, 1979).

Figurel2. Water hyacinth plant.
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1.8.3 Algae

Algaearea group of simple, autotrophic eukaryotic organisms that includes unicellular and
multicellular organismsRarfreyet al 2006). Their habitats range from small ponds to the
sea and they exhibitrmumber ofreproductive kineticRarfreyetal, 2006). For unicellular
algae, they appear wmbey Kleiber's 3/4ower ruleand a very high dry matter yield
thereforepotentially achieved from these very small organigNiklas, 2006) Green algae

also parasitically live in other aquatic plantbere they normally stay under cuticles or
sometimes under epidermis of the host pldlgon, 2008 In addition, the ability of
diverse biofuel (bioethanol and biodiesel) production has been demonstrated. Each alga
cell has been compared to a small etthgomoduction plant (seError! Reference source

not found.) (Institute for Livestock the Environment, 2013Jhe essential elements
including water, sunlight, COand nutrientscan beconverted to ethanol through the
metabolism cgles (photosynthesis, pyruvate, and ethanol synthesis) in algae plant
Biodiesel production from algae has also been studied and reported as having some
conspicuous advantages: rapid growth rate, surprising space efficiency, high yield, sulphur
free fuel, nontoxicity and high biodegradabilityRout et al, 2011). However, biofuel
production from algae is more costly than using other energy crops due to the requiremen
for artificial addition of light, CQ, water and inorganic salts (Chisti, 2007). Biofuel

production from algae is commonly considered as thgeheratiorbiofuel.
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Figure13. The pattern of alga cell as ethanol production plerstitute for Livestock the
Environment, 2013)

1.8.4 The chemical characteristics of agigaplants

The botanic and structural characteristafsaquatic plantsas distinctfrom terrestrial
plants, can be potentially advantages for biofuel production Some research has
investigatedhe chemical compounds present in duckweed and water hy#saghable

5). Both may havehigh proportions of proteirand carbohydrate (Landolt & Kandeler,
1987; Gnansounou et al, 2005; Rajb and Balen, 2004). The high proportion of ash (15.9
19 %) in duckweed is attribudeto the large storage of calcium oxalate (Landolt &
Kandeler, 1987). In addition, starchn be a very significant component of duckweed; the
level is variable3 - 75 % by DM (Cheng and Stomp, 200@hd it has been used for
ethanol productio(Cheng andStomp, 2009).The relatively high proportion of protein
suggests use amimal feed and duckweed is used for this purpgkeng et al 1995).
Water hyacinth as another classic aquatic plant which is larger than duckweed comprise:
of 5.27 10.3 % of DM. @ this dry matter, carbohydrate accounts for over 62 % (w/w),

protein varies from 12.620 % (w/w) and a small of proportion of lipid (3.5 %) is reported
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(Abdelhamid and Gabr, 1991; Nigam, 2002; Gunnarsson and Peterseh,Q0§74.1 %
starch has beereported (Mishima et al, 2008Lell walls of water hyacinth consists of
cellulose (17.8 19.5 % by DM) and hemicelluloses (33:449.2 % by DM), plus a
variablelignin content(3.5- 26.4 % by DM) (Abdelhaid and Gabr, 1991; Nigam, 2002

Table5. The chemical compounds of duckweed and water hyacinth.

Parameters Duckweed Water hyacinth

Dry Matter (% of wet mass) 45-4.7 5.2-10.3
Crude fibre (% of DM) 11.0-18.1 18.9

Crude protein (% of DM) 29.1-45 12.6- 20
Ether extrac{% of DM) 3.2 3.5
Ash (% of DM) 15.9-19 25.9
Carbohydrate (% of DM) 14.1- 43.6 62.3
Starch (% of DM) 3-75 4.1

Cellulose (% of DM) NA 33.4-48.7

Hemicellulose (% of DM) NA 17.7-19.5

Lignin (% of DM) NA 3.5-26.4

NA means not reportefLandolt & Kandeler, 1987; Gnansounou &t 2005; Rajb and
Balen, 2004Abdelhamid and Gabr, 1991; Nigam, 2002; Gunnarsson and Petersen, 2007
Mishima et al, 2008

1.8.5 The decontamination of wastewater using aquatic plants
Significant environmental pollution dndiseases has arisen fromastewater generated
from livestock effluentsand municipal and industrial sewage and this is$zes rapidly
become a global concergshuval, 2003) Decontamination of wastewater is therefore
urgently requiredo preventenvirormental deterioratignparticularly in those countries
possessing large food industri#astewateproducedrom food processing, fermentation
and pharmaceuticals, includes organic and inorganic nutribatsnay be toxic in the
environment but an excelte nutrient resource for aquatic plants (Tripathia et al, 1991).
This ability to removetoxic nutrients from wastewater, e.g. iron, mercury, magnesium,
cadmium,has been extensively reported using duckweed and atdheir optimal plant
growth rate (Tripthia et al, 1991; Jayaweera et al, 2008 mo et al, 208). The organic
nutrients of wastewater can be reduced @rgdathi (1991)reportedthat nitiate (42.0-
96.2 %) and phosphate (36-30.2 %) in wastewater could be removeddugckweed.
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Another study notedthat the uptake of nitrogen and phosphorus for duckwkethrfa

gibba was conspicuous at a moderai@ncentration of nutrientand a lower nutrient
condition provides more suitable environment for aquatic plant gro¢Rlan et al, 2004).

Oren etal (1988) reported that an optimal growth rate was achieved in a municipal
wastewater containing 20 ppm nitrogengfowth rate of 0.2 kg /MDM per week was
obtained at low nitrogen level (10 ppm) (Cheng and Stomp, 2009). Similar results were
observedin a water hyacinthstudy Tripathi et al (1991) compared the capability of
nitrogen and phosphorus removal of water hyacinth and duckweed, and higher uptake o
nitrogen and phosphorugas observed fovater hyacinth (Tripathia et al, 199B8)Ithough

iron is vital metal element for the water hyacirtie uptake ofron is atrelativelylow iron

concentrations (Jayaweera et al, 2008).

1.8.6 Duckweed cell wall

Table 5 also tabulates theett wall components, but few detaitsf duckweedcell wall
composition have been reported. The pectic polysaccharides of duckweed have beel
studied and 30 % pectin (w/w of CWM) was recorded by Kindel et al {1996
Apiogaklctuonanandgalactuonanwere identified as the main pectic polysaccharides and
galacturonic acidorms the back bonef L. minorgalactuonan(Golovchenko et a002;

Cheng and Kindell997).0Only a lov proportion of ligninis present in duckweed cell wall
(Landolt & Kandeler, 1987)lo the best of our knowledge, no research has beleirsped

giving a comprehensive understanding of duckweed cell wall individual proportions

of cellulose, hemicellulose and pectin andetailed investigation dheir polysaccharides
groups For bioethanol production from duckweed biomass includitagch and CWM,
information on duckweed cell wall is fundamental and crucial background for the
subsequent pretreatments and enzymatic saccharification. Although the conversion of
duckweed starch to bioethanol has been reported (Cheng and Stomp, 2008t, R0E2),

the investigation of duckweed cell walls will enable further improvements in ethanol

productivity and the exploitation of duckweed as a feedstock for biofuel production.

1.8.7 The exploitation of duckweed afeedstocKor biofuel and other prodzts

Duckweed as an aquatic plant with a rapid growth rate and the ability to decontaminate
wastewater is being researched as a feedstock for biofuel production and other potentially
high-value products. A scheme for the exploitation of duckwiseshown inFigure 14.
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The use of duckweed in biofuel production has been demonstrated and in these studie
involved converting starch content to ethafoheng and Stomp, 2009; Xu et al, 2012)
Cheng and Stomp (200@pservedthat the ethaml yield from L. minor starchis much
higher thanfor maize because of its higher starch productivity (28 ton/ha per year dry
weight) than maize starch (5 ton/ha per year dry weigHowever, the significant
proportion of cellulose ought also to be coesatl for improving bioethanol production
from duckweed. Currently, there is little information relevant to the conversion of
duckweed CWM to ethanol and addressing this is the primary purpose of this project.
Ethanol is notthe only possibléiofuel produt from duckweed, other biofuel products,
such as gas, oil and biocharay be obtainethrough the pyrolysis (Muradov et al, 2010)
and thermolysis (Campanella et al, 201Ahimal feed is another potential product. A
number of research papers have repoiteat duckweedbiomass is a good protein
supplementor fish, pigs, poultry and ruminast(Hillman and Culley, 1978; Haustein et al,
1992; Leng, 1990)Furthermore, high commercial value nutrients and medicinal extracts
might be considered as other potahtproducts of a duckweed biorefinergpirodela
polyrhizahas been used as a Chinese Herthundreds of yearand Chineseresearchers

are developingmediciral products from duckweed (Zhu, 2004here is commercial
interest in using duckweed to produgé antibodes (following genetic transformatign

(Cox et al, 2006)Finally, the decontamination of wastewater could spread duckweed

biorefinery to a broader argagographically

There is no available pattern for the systematic biorefining of duckwaebidfuel and
other products. This project will mainly concentrate on making ethanol from starch and
cellulose. The studies of pretreatment, enzymatic saccharification and fermentation of
duckweed biomass hopefully will provide useful information forititegrated biorefining

of duckweed.
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Figurel4. The exploitation of duckweed.

1.9 Aims of the study

The bioethanol producticinom duckweeds onepromising researchecause itvould play

an important role as the supplementaltgrnativeof the fues demandsindmight be also

a frontier research for other aquatic plantBhe overall purposes of this projeate
summarised as: (I) to clearly understand the carbohydrate and cell wall structute; (Il)
evaluate one appropriate siagbr combined pretreatmernhbat will be an effective
association of enzymatic saccharification; (lit) investigate the process of enzymatic
saccharification on duckwegdparticularly identify the enzyme preparations using
commercial enzymeglV) to esthlish the ethanol yield of fermentation on pretreated
duckweed.This project willmainly focus on researching the feasibility of the conversion
of duckweed biomass to ethan(@ee Figure 15), in light of the high productivity of

duckweed and its multipurpose role in industry.

1.9.1 Target AAssessment of duckweed chemical composition
The study on chemical compositiontie prerequisite of how duckweed biomass might be
converted to ethanol. According to a number of previous reseahasyeed is starch
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rich materialwith low levels of lignin However, more details of cell wall structure such as,
proportions of cellulose, hemicellulose and pectic polysaccharide, were not found in the
literature. This information couldemonstrate théypes and quantities dermentable
sugarsn duckweedand theappropriateapproacheso convert these sugais ethanol.

1.9.2 Target BEstablishment of a suitable pretreatment approach

The importance of pretreatment has been explained previously {séeRresh duckweed
as a typicatkiny, low lignified plant requires less energy input apkcific pretreatment
methodswhich significantly differeniate to other lignocellulosic biomasg&ven if the
same pretreatmeidg used for duckweed, it still might require different conditions which
reflect on temperate, pH value (acid or alkaline) ardtention time. Thus, a specific
pretreatment adapted to duckweshemical nature is a necessaghgliminary step which

can damatically increase the accessibility of duckweed biomass to enzymes.

1.9.3 Target Cinvestigation of enzymatic saccharificaion on model plant

Investigation of enzymatic saccharification on duckweed biomass is one of the main
targets of this project. Enzymeseanormally very specific targeted and expensive catalysts
which therefore require a large amount of research to screen the suitable enzymes fo
duckweed. Thus, we will investigate essentially the process of enzymatic saccharification
on laboratory (Hoagladd &€-Medium) cultured plants. Details involve: identification of
enzymes, understanding the synergy of cellulase products, establishing incubation time, th

optimal conditions of enzyme, substrate concentrations.

1.9.4 Target DOptimisation of enzyme prepaiat

Based on the preliminary research of enzymatic saccharification, the enzyme preparatior
will be further optimised on pretreated materials by reducing enzyme dosages and
improving the synergy between each commercial enzyme. This optimisation could reduc

the cost of the process.

1.9.5 Target EOptimisation of ethanol yield

Ethanol fermentation on starch and sucrose has been applied in the brewing industry

However, ethanol fermentation on cell wall rich materials is relatively different from starch
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and suapse rich materials. Fermentation on duckweed biomass is certainly different from
other energy feedstock. Thus, searching for the optimal approach for ethanol fermentatior
from duckweed biomass and maximising the resultant ethanol yield is another crucial

target of this project.

» Characterise chemical composition of
duckweed

* Investigation of Enzymatic saccharification at modelling
system

\
» Steam explosion for increasing fermentable sugars
J/
\'
+ Simultaneous saccharification and fermentation (SSF)
steam exploded duckweed
J/

()

Figurel5. Demonstration of the process of the project investigation.
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2 General materias and methods

2.1 General materials and chemicals

211 Ho a g | a-WeatliGnsto cllture Lemna minor

L. minor plants were ctécted from the surface of the River Yare located close to
University of East Anglia, Norfolk, UK (52.61682 N, 1.243815 E) and were sterilised by
immersing in diluted sodium hypochlorite (4 % v/v) for 1 min and rinsed with autoclaved
distilled water to remve residual bleach. In a sterile containment cabinet, sterilised L.
mi nor (10 plants) were tr anMedienw (10OmL; pHNnt o
5.8) (Cowgill andMilazzo, 1989)in 250mL Erlenmeyer flasks stoppered with a sponge.
Ho a gl a-Medidrs is &e of the most popular solutions for +smil growing plant
which could provide every necessary nutrient for a number of plants. The preparation of

Ho a g | amadionsis dgiven imable 6.

Table6. The reci pemadimHoagl andds E

Stock . Vol in final anc. n
: Molecular | Conc. in . final
Solution mass stock (mol) medium medium
(g/200mL) mL/L
(mmol)
1. MgSQ.7H,0O 24.6 246.5 1.0 1.0 1.0
2. Ca(NQ),.4H,0 23.6 236.2 1.0 2.3 2.3
3. KHoPOy 13.6 136.0 1.0 0.5 0.5
4. KNOs 10.1 109.1 1.0 2.5 2.5
. _ Micronutrien
5. Micronutrient8§ . / / 0.5 /
t Solution
Fe EDTA
6. Fe EDTA e / / 20.0 /
Solution

®The recipes of micronutrients and Fe EDTA are explainddibie20and 2L in §8.1
Fe EDTA Solution is added just before use.

The inoculated flasks were placed in a gtowoom §igure 16) under controlled
conditions: room temperature (22 °C); five fluorescent light tubes (amount of
photosynthetically ac?%F®2%7 W dansisting ofnthree ~ 1 2
conventional tubes (GE F58w 33) and two Sylvania GRIX tubes (F58w/GRO T8

were controlled automatically under long day conditions (16 h light and 8 h dark). The
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mature plants were harvested at between 6 and 8 weeks aftaulsuing. No
contamination with algae was observed. Fresh plants were used immediately after
harvestirg, or frozen at 20 °C until required.

Figurel16. The plant culture room.

2.1.2 Plants materials collected from John Innes Centre

L.minor plants were collected from a pond located at the John Innes Centre, Norwich, UK
(52.622295 N1.221894 E), then cleaned by tap water and rinsed by distilled water. The
cleaned fresh wet biomass was packed with aluminium foil in longhilatpackages (1

kg, 7 packages)The batches of fresh ponds samf(®® kg) were collected in different
year. The packed samples were preserved in a cold room (4 °C). The original fresh

material was treated by various approaches for different research purposes.
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John Innes Centre

Figurel7. The location from wherpond samplesverecollected.

2.1.3 Freeze dy and Freeze mill materials preparation

The original fresh duckweed was dried by freezeingdyyprocess (Freeze Dryer 3.5,
Birchover Instruments Ltd., UK) to only remove moisture content. The freeze dried
materials was ground by nitrogen freemdling (Spex FreezeiMill 6700, Spex Industries

Inc., USA) to physically decompose plant to powders. The freeze dried and Freeze milled

(FDM) duckweed was used for general chemical analysis.

2.1.4 Materials and chemicals

A bulk of materials, chemicals and enzymes werdal uisehis project, which are given in
Table7. The chemical and reagents used were of analytical grade and provided by Sigma
Aldrich Ltd (UK) unless otherwise stated.
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Table7. List of equipmentmaterials and suppliers.

Material

Supplier

96 deep well plate

96 well micratitre reader plate

96 well PCR plate

Acroprep 96 filter plate 0.2 um GHP
Centrifuge tube 15, 501L with

Centristar E cap
Chromacol 30QuL glass vials

Difco YM Media

Enzymes:

Celluclas?

CTec 2 Celli€
Depol E 740L
Novozyme 188 (BG)

GF/C filter paper

Micro screwcap tube 2nL

Micro safeseal tuber@L

Pyrex’ culture tubes

Sterilin universal containers
Syringes and needle

Thiomersal

Whatman 0.2 um PVDF syringe filter
Whatman No.1 filter paper

Yeast Nitrogen Base

Fisher Scientific UK Ltd, Loughborough, UK
Fisher Scientific UK Ltd, Loughborough, UK
Fisher Scientific UK Ltd, LoughboroughlK
VWR International Ltd, Lutterworth, UK

Corning Incorporated, Monterrey, N.L, Mexico

Essex  Scientific Laboratory Supplies Li
Hadleigh UK
Fisher Scientific UK Ltd, Loughborough, UK

Novozymes Corp, Bagsvaerd, Denmark
Novozymes Corp, Bagsvaerd, Denmark
Biocatalysts Ltd, Cardiff, UK

Novozymes Corp, Bayaerd, Denmark

Fisher Scientific UK Ltd, Loughborough, UK
SARSTEDT AG & Co. Niumbrecht, Germany
SARSTEDT AG & Co. Niumbrecht, Germany
SigmaAldrich, Gillingham UK

Fisher Scientific UK Ltd, Loughborough, UK
Thermo UK Ltd, surrey, UK

SigmaAldrich, Gillingham, UK

Fisher Scientific UK Ltd, Loughborough, UK
Fisher Scientific UK Ltd, Loughborough, UK

Formedium, Hunstanton, UK

2.2 Dry matter assessment

Duckweed contains a high and varied moisture content ovés @@/w) which was stated

above.Thus, aprecise dry mattevalue isrequiredprior to all the other treatmentsr the

different material batche3.o minimise any potential degradation at high temperatares,
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small aliquot of the materials wadried underl05 °Cuntil the moisture was completely
evaporatedThere ae two approaches which were used in this experiment to measure the
percentage of dry matter. Firstly, the percentage of dry matter of biomass (in triplicates)
was determined by using a Mettler Toledo LP16 Infrared Dryer balance (Mettler Toledo
Ltd, BeaumohLeys, Leicester, UK). Thpercentage oDM was given by the equipment.
Secondly, biomass (in triplicates) was weighed and placed into aluminium plate. The
aluminium plate is preveighed and recorded. The samples were drieah ioven at 105 °C
overnight. The resulting samples were weighed. The % DM was calculaedy the

following formula:

x 100%

Equation5. Percentage of dry matter (% w/w)

2.3 Alcohol Insoluble Residues (AIR) extraction
Many research studies (e.g. Yamazaki et al, 2008) have revealed that AIR is an ideal
material for the investigation on cell wall of plants cginthe cell wall material is
concentrated after AIR extraction. Duckweed biomass were extracted as AIR in order to
remove water, low molecular weight moieties (including moand oligesaccharides,
mono and oligepeptides, lipid soluble components, lvavmedium chain fats and oils,
chlorophyll and some salts). AIR materials therefore are cell wall rich and simply
physically pretreated material which is relatively ideal materials for researching on
enzymatic saccharification. The process (illustratefigure 18) involves: firstly, fresh (or
frozen) plants were ground in ethanol (70 %) using a pestle and mortar for 10 min to
physically break down the cell wall structure. The slurries were transferred to®Pyrex
culture tubes after which they were heated at 80 °C for 15 min. After cooling and recovery
by centrifugation (3000 x g, 10 min), the residue wasxteacted as before in ethanol (70
% v/v, 80 °C, 15 min) and then once at 80 °C in ethanol (100 % v/v). Fiha&lhAIRS
were extracted once in acetone at room temperature and dried°&t @Zernight. The
resulting AIR was continuously washed with 0.1 mol/L sodium acetic acid buffer (pH 5.0)
twice then oven dried at between 30 and 40°C to leave watemsolubleAIR (WIAIR).
The solid and liquor were mixed at a ratio oR1\Watersoluble components were further
removed from the AIR.
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Water
extracted |

ALs washed by Aretave.
i i
Figurel18. The process of AIR and WIAIR extraction.

Blender milled WIAIR

2.4 Steam explosion

Steam explosion is a simple thal pretreatment which enables biomass to become more
susceptible to cellulase for saccharification of cell wall materials. The steam explosion
plant (1 kg) is shown ifrigure 19 and its mechanism principle is ifitrated inFigure 20.

The maximum operating temperature of the plant is 230 °C. The fresh wet duckweed (1
kg) was introduced into the reaction chamber where biomass samples were exploded witt
steam at required terapature and pressure. The conditions (e.g. temperature, pressure,
retention time) were maintained by computer. The steam exploded samptes
depressurised into @clone quicklyto collectthe treated biomasshen steam was give

off after a charcoal liration and samples werecoveredrom the receptacle.
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Figure19. Steam explosion plant applied in this project.

Table8. The parameters for the steam explosion pretreatment of duckweed.

Severity Temperature Pressure Retention time
factor (°C) (MPa) (min)
1.9 130 0.17 10
2.5 150 0.37 10
3.1 170 0.69 10
3.7 190 1.15 10
4.2 210 1.81 10
4.8 230 2.7 10
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Figure20. The construction ahesteam explosion plant.

The fresh wet duckweed biomass was treated by steam explosion under different
conditions. The severity factor (Chornet and Overend, 1@§8gsenting the impact of SE
condition, was determined by process temperature and the retention titnedijon6:

3&,1 CPMAgRr prip§uU
Equation6. Severity factor of steam explosion.
where: SF = Severity factor, t = Remaining time (min), T = temperature (°C).
In this experiment, severity factor is strictly correlated to SE temperafariation (see
Table8) due to the constant time used throughout.

2.5 Enzymatic saccharification
Enzymatic saccharifation is the most importartteatment of biomass to ethanol, as

described in 8.5. The enzyme mixture was carefully prepared because enzyme activity is
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extensivelyexpressed many different units. Enzymes concentrations in reaction solution
were generally calculated based on substrate mass exprasgitig substrate. However, a
concentrated enzyme stock solution was preliminarily prepared by using unimaf, U/
which was given from enzyme companies. Thus, the total amount of enzyme (U) is the

crucial parameter for adding the correct enzyme dosagee(gedion?).

%1 UUBIEOOA OO CBAMAO OO A BR U UATAO AsG A
%l UUBHA , Oi 1 Oif A
Equation7. The relationship between different enzyme activity units.

Sodium acetic acid (@ mol/L, pH 5.0) was used to adjust pH value of reaction solution to
the required range throughout this project. Incubation was carriedvidutcontinuous
agitation on a Thermoshaker at 120 rp@y(nter et al, 2008)Saccharification was
terminated by hating to 100 °C for 5 min after which the samples were centrifuged at
16,060 x g for 5 min. The supernatants were recovered by aspiration and frozen prior to
analysis. However, the quantification of the activities of commercial enzymes is a crucial

step pior to enzyme preparation.

2.5.1 Filter paper Unit (FPU) assessment method

The activity of thecellulase enzyme products was determined by using filter paper assay
(Ghose, 198 Whatman No.1 filter paper (6 mm, 50mg) was prepared in micro tubes then
mixed with diluted enzyme solution and buffered with sodium acetic acid (0.1 mol/L, pH
5.0). A range of dilutions of enzyme were measured for correcting enzyme dosage
enabling the releasef 2.0 mg glucose in 60 mirin the meantime, the reagent, substrate
and enzyme blank were prepared. Samples and blanks were incubated for 1h at 50 °C.
Hydrolysis was teninated by boiling for 5 minto inactive enzyme and tubes were
centrifuged. The resultant supernatants from the samples were measured by using DN:!
method (describenh §2.9.1).

The sample data were plotted against the glucose standard curve with enzyme subtracted
guantify the released glucose. The logarithm of the enzyme dilution factor was plotted
against the glucoskeom standard curve. The FPU activity was then calculated following

Equation8:

&05 X %l UUAR OBIET 1
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Equation8. Format of FPU calculation.
The factor of 0.37 is the amount BPU required to releasepimol glucose per minute,
expressed iEquation9:
¢i ccl OAT OA
e @ T ¢l OAT @i , 011 Oi drd ET
Equation9. The FPU factor of 0.37.

& X

2.6 Starch assessment

Starch assessment is generally grouped into acid hydrolysis and enzymatic hydrolysis
procedures. Total Starch Assay (Megazyme, 2012) is the standard enzymatic hydrolysis
method to assess the starch contents, and includes following treapsd starch
gelatinisation, liquefaction and dextrinisation and enzymatic hydrolysis of dextrins to
glucose. Dimethyl sulphoxide (DMSO) is required to completesthech gelatinisation
(Englystand Cummings, 1988). Today, most methods tend to employ theraidylase

and amyloglucosidase to hydrolyse completely starch to glucose immediately following the
starch gelatinisation step (Batey, 1982). The glucose released from starch was measure
by using colourimetric assay GOPOD test (this method is descdbm the following
paragraph). Chemical reagents and enzyme are from total starch assay kit produced b

Megazyme. The starch was calculadéedording to the followingquation:

! I QAT R ART AT E

5T OAI0O p TR
Equationl10. Percentage of Starch (% w/w)
Where is O6A6 stands for the gradient anc

from glucose standard curve.

The procedure was described as: the aliquot of SE products and untreated sampl
(triplicates)were transferred to Pyr&xculture tubes and frozen with liquid nitrogen. Then,

the frozen samples were freeze dried and freeze milled. The FDM duckweed (30 mg x
triplicates) was dispersed in 80 (v/v) ethanol (20QuL). After boiling for 5min with 2

mLof di met hyl sul phoxi de ( DMS-@)ylase EaLp300 e s
U) by boiling for a further @Gmin. Then, hydrolysed samples were added with sodium
acetate buffer (4nL, 200mmol L, pH 4.5) at 50C following by a continuous hydrolysis

with amyloglucosidase (0.inL, 20U, 50°C) for 0.5 h. The resulting sample (10D) was
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assessed by GOPOD reagentn{B). Absorbance was measured by using a Microplate
Spectrophotometer (Benchmark Plus, BioRad, CA, USA) ansi0

2.7 Gas chromatograph (GC) analyss for measurement sugars and fatty acids

2.7.1 GC principle

Cell wall polysaccharides are generally composed of aldoses in the furanose and pyranos
forms and uronic acids in pyranose forms. An analysis of the monosaccharides could
provide a clear understandin§the features and structure of cell wall polysaccharides. GC
method allows that all neutral sugars (aldoses) are measured in a gas form. The mechanis
of the GC methodHRigure21) is that the analytes are injedtand immediately volatilised

at high temperature (250 °C), before passing onto a capillary column (stationary phase) an
eluting with a carrier gas flow, typically Nitrogen or Helium. The analytes are separated
according to their relative affinity for tio stationary and mobile phases and therefore the
retention time of compounds differs when detected by a given method. Prior to the analytes
injection, specimens were treated with a series of pretreatments, such as suga
solubilisation, sulphonation, neatisation, reduction and acetylation, to enable analytes to
be volatilised, or were transformed into a volatilisable form. Uronic acids were analysed by
using a standard uronic acid analysis (s&883. Detals of setting up the facility were

explained in 8.2

Flame lonisation Detector (FID) is a commonly appliedection methodor carbohydrate
assessment by GC. The analytes were pyrolysed to carbon idnglingen flame. The
resulting carbon ions then were collected by electrode in opposite charge and produce :

current signal which was amplified and reflected as peaks in data for analysis.
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é_f
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Figure21. GC schematic

2.7.2 GCanalysis foralditol acetates sugars

The method was according to Blakeney et al (1983). Dried solid specimeng (3
triplicates) were placed in Pyr&xculture tubes and were hydrolysed with 200 72 %
H.SO, (w/w) at room temperature for 3 h, following by the tidn samples to Inol/L
H.SO, by adding 2.2nL distilled water. The Inol/L H,SO, hydrolysis proceeded for 2.5
h at 100 °C. Polysaccharides were consequently degraded to monosaccharides (Saeman
al, 1954). Samples were taken for the colourimetric detertion of galacturonic acid
after 1 h of Imol/L hydrolysis, see 28.3 Samples were cooled on ice and 200 2-
deoxyglucose (DOG) was added as an internal standard. The homogenised samipje (1
were transfaed into clean Pyrékculture tubes and neutralised with 300 25 % (w/w)
NH3 to pH 8- 9. 100uL 3mol/L NH; containing 150 mghL NaBH, was added for the
reduction of sugars with 1h incubation at 30 °C. Acetic acid (00was added over ice
to destroy he excess NaBH 300 uL samples were transferred to another clean Byrex

culture tubes and directly added with 4pQ 1-methylimidazole and 3mL acetic
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anhydride over ice, then homogenised samples were incubatedn3it 30 °C for the
acetylation. The sapbes were cooled on ice after incubation, and meantimemB.5
ultrapure water and dichloromethane (DCM) were added to extract the analytes into
solvent. The homogenised samples were centrifuged to separate organic layer which wa
subsequently transferred clean PyreX culture tubes. The remaining nonorganic layer
was rewashed by 2L DCM and the organic layer was separated upon centrifugation.
The nonorganic layer was aspirated and two organic layers were combined which were
subsequently washed by alpure water twice. The nonorganic layer was aspirated each
time. The resulting samples were evaporated in a concentrator (Bibby Scientific Ltd.,
Stone, UK) under a stream of nitrogen. Acetomal(lwas added to dissolve analytes and
transferred into a g&s vial for a GC analysis by using a PerEimer Autosystem XL
(Perkin Elmer Ltd, Seer Green, UK) containing a RA26 (Restek, Bellefonte, USA)
column. This GC method also allow that rmellulosic carbohydrates are measured by
only using 1 mol/L HSO, to hydrolyse samples (Saeman et al, 1954)his s$tudy, the
alternative sulphonation can give an approximate determination of starch content since
noncellulosic glucose predominantly comes from starch. The standard sugars (including
anhydride Rha, Fudra, Xyl, Man, Gal, Glc) were prepared and internal standeddg5

was added.

2.7.3 GCanalysis forFatty acid methyl esters (FAME)

GC method is also used for the assessment of FAME. Duckweed materials were treate
with Soxhlet extractionto obtain concentratedipid samples.The lipid samples (in
triplicates) were purified with 0.5mL dry toluene containing 0.1 mdputylated
hydroxytoluene(BHT) with vortex mixing. Methylation reagent (thol/L of methanol
containing 2 %v/v H,SOy) was added and the samples weaydex mixed again. The tubes
were tightly capped and heated at°®0overnight with occasional mixing. After heating,
the samples were cooled down to room temperature and neutralisedrihy Mixed
solution of 0.25mol/L KHCO3; and0.5 mol/L K,CQOs;. The resliing solutions were mixed
with 1 mL hexane and centrifuged to separate FAMEs thwupper phase which were
transferred to cleaRyrexX’ culturetubes 200puL of prepared @lution was transferred into
vial and evaluated by Hewlett Packard 5890 GC systelewlettPackard Limited,
Bracknell, England, UK)containing Rtx-225° column {Thames Restek UK Ltd,
Saunderton, UK)Methyl heptadecanoate (Sigmédrich, Gillingham, UK was added as
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the internal standard and the retention time of 31 FAME components éadjecifically
identified for BPX 70 column (sekigure 77 in § 8.3) by using a commercial standard
from SGE company (SGE Analytical Columns, New Addington, Croydon, UK).

2.8 High-performance liquid chromatography (HPLC) analysis

2.8.1 The analysis theory

HPLC is another commonly applied chromatographic technique, which has a very similar
principle to GC, for separating mixed components in biochemical analytes with the
purpose of identification, quantificatiaand purification of individual components. In this
research, HPLC was used for identifying and quantifying the phenolic acids, carbohydrates
and the ethanol products of the fermentation. The details are stated in the paragraphs belo
(seeFigure22). Analytes are carried by pressurised liquid (mobile phase) to pass through
the column made up by silica sorbents granular (siz&@pum). In the column, analytes
were separated by their potsg and affinity to sorbets. HPLC possesses a superior
resolving power than traditional liquid chromatograjte toits smaller sorbent particles

(2 -5 um) in the column. This allows that smaller size analytes to be analysed and HPLC
technique is therefore extensively used fampositional aalysis. The separated analytes
were then identified by different detectors for different purposes, such as Refractive Index
(RI), Diode Array and Photo Diode Array.

Refractive Index (RI) detector (s€ggure23) is the only universal detector in HPLC. The
measurement by RI detector is according to the sensitivity of RI difference between sample
and mobile phase. The greater RI difference between sample and mobile phase, large
signal from analytes Wibe produced. In other words, a mixed sample might cover a range
of refractive index, some luminousness are close to mobile phase which produce smalle
RI, those possess significantly different luminousness from mobile phase can produce

larger RI.

Diode Array detector (DADFigure 24) and Photo Diode Array detector (PDA) are both
common ultraviolet (UV) detectors. This detector allows that precise absorbance can be
scanned when samples pass through the flow €e# quantification of sample by DAD

and PDA is due to a new dimension of analytical capability to liquid chromatography

which requires specific wavelength range.
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Figure22. HPLC schematic
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Figure23. RI detector principle.
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Figure24. DAD detector principle.
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2.8.2 The preparation for soluble sugars and ethanol

The aliquots (2nL) were transferred into micro tubwith screw cap and centrifuged at
12000 x g. The supernatant wdtltered with 0.2 um GHP filter plate into 9@ell reader

plate. The plate was sealed with Adhesive PCR foil seal (Thermo UK Ltd, UK) and read in
HPLC. Samples were assessed by using Aminex-BAX carbohydrate analysis column
(Bio-Rad Laboratories Ltdiiemel Hempstead, UK) matched with RI detector. A guard
column was added to protect column. This method requires a mobile phase (ultrapure
water) at a flow rate of 0.61L/min under 65 °C. The more details were listed 8.5
However, the superimposition of monosaccharides peaks was caused inevitably by using
this method: glucose and20G are present at 12.5 minutes (retention time), rhamnose
and galactose at 14.4 minutes, as well as arabinose and fucosemainlies.

2.8.3 The preparation for solid sugars

The preparation also involves the hydrolysis by sulphuric acid. Dried solid specimens (3
mg in triplicates) were placed in Pyfegulture tubes and were hydrolysed with 20072

% H,SO, (w/w) at room temperaturier 3 h, following by the dilution samples tondol/L

H.SO, by adding 2.2nL ultrapure water. The thol/L H,SO, hydrolysis proceeded for 2.5

h at 100 °C. The method was according to Blakeney et al (1983) in which polysaccharides
were degraded to monosaecitles. An internal standardribose (100uL) was added to
samples and standards. After a vortex, samples were generally neutralised with 2 mol/L
CaCQ solution over ice. Aliquots (inL) were filtered with 0.2 um GHP filter plate upon
centrifuigation at 80 rpm for 10 mininto 96well plate which was then sealed with
Adhesive PCR foil seal. The method of HPLC is described2i7

2.8.4 The preparation for acid and inhibitors

Aliquots of sample were transferredarcentrifugation tubes for cenwijing at 3500 rpm

for 10 min The supernatant (hL) and standards in grade of-BMF, 2-FA, acetic acid,
formic acid were filtered with 0.2 um GHP filter plate upon cengidiion at 800 rpm for

10 mininto 96well platewhich was then sealed with Adhesive PCR foil seal. Values of
organic acids which might inhibit saccharification and fermentation were measured by
using HPLC containing an Aminex HP&7H organic acid column (BiRad Laboratories

Ltd, Hemel Hempstead, UK) drRI detector. This method requires a mobile phase (0.005
mol/L H,SO,) at a flow rate of 0.61L/min under 65 °C. Further details are listed 8.3
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2.8.5 The preparation for carbohydrate size

The preparation of sartgs is the same as the descriptior§8i2.7.2 In HPLC column,
samples were separatededp by molecular size instead of the interaction with sorbents.
This sizeexclusion chromatographysEQ separation alsonables smaller size particle
penetrate quickly, thus increases their elution time. A series of columns: TSK GEL G8000,
TSK GEL 3000 and TSK GEL 4000 columns (Tosoh Bioscience, Tokyo, Japan) were used
to separate samples into different molecular mass esofl detector was associated with

a Series 200 LC equipment to identifyetmolecular mass profile. HPLEEC method
requires a mobile phase (0.2 mol/L NajN&ntaining 0.05 % w/v Naj)l at a flow rate of

0.5 mL/min under 35 °C. The molecular mass standasks prepared by using a
polysaccharide calibration kit (Polymer Laboratories, Chi8tchtton, UK). 88.6 list the
details of HPLESEC method.

2.8.6 The preparation for phenolic acids

The preparation of phenolic d@cianalysis is more complicated addtailedthan other
HPLC analysis. Aliquots (81g in triplicates) were weighed and placed into foil wrapped
PyreX’ culture tubes. Samples were added withL14 mol/L NaOH and immediately
flushed with nitrogen flow to dexygenate water). The homogenised samples were
incubated with an agitation at room temperature for 16 hours. Then, deoxygenated distilled
water (1.5mL), 0.5mL HCI (37 % w/w) and 50uL of 0.2 mg/mL transcinnamic acid
(internal standard) were added and edxsamples after each chemical added. pH value
was indicated into red colour. The solution volume was toped up tmB.by 450 pL
distilled water and then extracted by ethyl acetate (8L three times. Layers were
separated by centrifugation at 3000 rfon 3 min and the organic layer was transferred
and combined into clean tubes. Evaporation with a nitrogen flow at 40 °C was carried out
to remove ethyl acetate. Analytes were redissolved mL150 % (v/v) methanol and
filtered by using 0.2 um PVDF symge filters to 30QuL Chromacol glass vials, and capped
properly to stop evaporation. Standard calibration was made up by using protocatechuic
acid, chlorogenic acid, benzoic acid@tl-), phenyl acetic acid (@H-), vanillic acid,
vanillin, benzaldehyde ¢@H-), CA-truxillic acid, coumaric acid {p-) and ferulic acid ¢t

p-). Samples were assessed by usamd®henomenex HPLC column (Phenomenex,
Macclesfield, UK) matched with DAD detector. A guard column was added to protect
column. HPLGDAD phenolic acid métod requires 4 types mobile phase: A, 50 % (v/v)

methanol; B, 65 % (v/v) acetonitrile; C a mixed mobile phase of 40 % (v/v) methanol, 40
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% (v/v) acetonitrile and 154L Trifluoroacetic acid (TFA); D, 10 % (v/v) acetonitrile and
154 uL TFA. The mixed mobé phase pass through columradtow rate of 0.ImL/min
under 65 °CThe method details are illustrated i18.8.

2.9 Colourimetric assays

Colourimetric assays are simple and fast methods which can assess [enegisef
coloured analytes in solution by reading its absorbance in a specific wavelength of light.
General colourimetric assays used in my project include Dinitrosalicylic acid (DNS) assay,

Glucose oxidase/peroxidise (GOPOD) assay, Uronic Acid assay.

2.9.1 Dinitrosalicylic acid (DNS) assay

Dinitrosalicylic acid is an aromatic compound that can react with reducing sugars (see
Equationll) and cause a significant colour change (yellow to dark orange) (Miller, 1959).
The hgherthelevel of reducing sugars detected, the darker the colour present. Dilution of
sample was sometimes necessary to bring analytes into the right range for DNS reagen
Samples were read at a wavelength at a range of 480 nm. DNS assay provides
simply fast method to assess reducing sugars in samples than using GC and HPLC methc
with cumbersome preparation. However, as asmectific measurement, DNS assay is not
able to measure specific glucose concentration which was necessarily measuned in m

research.

s AN NN By A~
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Equationll. DNS reaction theory.

DNS solution was prepared as%d (w/v) 3,5dinitrosalicylic acid mixed with 306 (w/v)
sodium potassium tartratend 0.4 mol/L sodium hydroxide. The assay process was
optimised by Wood and Elliston (2011) to improve operation and standardise results. Thus,
there are two preparations which have been applied in this research. Traditional DNS assa
was following the mihod stated by Bailey et al (1992): 0.02% of original samples were
diluted 10fold in sodium acetic acid buffer (0.1 mol/L, pH 5.0), in Eppendorf micro
centrifuge tubes to which 0.8IL DNS reagent was added. After homogenization, the
samples were heated 100 °C for 5 min on a hotplate stirrer. The resulting solution (200
pL) was transferred to a 9@ell plate and absorbance measured in a Microplate
Spectrophotometer (Benchmark Plus, Bio Rad) at 580 nm. The new DNS assaydgiWood
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al, 20129 was describea s : 36 €L of original sampl es
sample : DNS reagent) were homogenised in tilimney 96well plates (Fisherbrarfd

UK) stoppered with TPE PCR sealing mats (BRAND, at Fisher, UK). The solutions were
heated in a BiometfaT-Gradient thermocycler (Biometra,06ttingen, Germany) at 100

AC for 3 min. A cool ed al i quel flat-pattdmed ¢ L
microtitre plate (Nunc, Roskilde, Denmark) and absorbance measured in a Microplate
Spectrophotometer (BenchrkaPlus, BioRad, CA, USA) at 580 nm. A glucose standard
calibration was prepared in either process. The concentration of reducing sugars was

calculated followingequation12:

! " @Al B! AAI AL E
Equationl2. The calculation of reducing sugars concentration.
Where: A is the gradient and B is the intercept from standard calibration.

2.9.2 Glucose oxidase/peroxidise (GOPOD) assay
Glucose was measured by using a specific meth&OPOD assay. The GOPOD kit
(Megazyme, Bray, Ireland) employs high level of pure glucose oxidase and peroxidase to

hydrolyse glucose to quinoeimine (pink colour). The reaction formats are given below:

$z' 1 OAT/IOA  wwwww $ CI OAT T(AOA
Equationl3. Step 1 reaction of GOPOD assay.
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Equationl4. Step 2 reaction of GOPOD assay.

The colouredsolution was measured using a plate reader at a wavelength at 490 nm.
GOPOD reagent was prepared by mixing bottle 1 and 2 in GOPOD kit and stored at 4 °C.
The measurable glucose range is limited bgn#noantipyrine. Thus, samples were
necessarily dilutethto the right concentration range and a glucose standard calibration (O
to 1.6 mgmL) was prepared. The procedure is: OBl of original sample was diluted

with 0.01 mL sodium acetic acid buffer (0.1 mol/L, pH 5.0) to which was addean@.3
GOPOD reagentAfter mixing by vortexing, the samples were incubated at 50 °C for 20
min after which the absorbance was measured in a Microplate Spectrophotometer
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(Benchmark Plus, BioRad, CA, USA) at 510 nm. The background absorbance from blank
enzyme preparations wasibtracted and the concentration of sugars calculated from
appropriate standard curves. The calculation of glucose concentration was similar to

reducing sugars and the format referencdéiqoation12.

2.9.3 Uronic Acd assay

Galacturonic acid (GalA) is the predominant compound in duckweed pectic polysaccharide
(Golovchenko et al, 2002) and it was measured by using uronic acid assay. GalA reacts
with concentrated O, at 100 °C to form SHormyl-2-furoic acid which is

colorimetrically determined by phenol (sEquationl5 andEquationl6).

i€ EBARQ Y w L BE T R 1 HRABQ

Equationl5. Step 1 reaction of uronic acid assay.
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Equationl6. Step 1 reaction of uronic acid assay.

The procedurevas improved according to Blumenkrantz (19733 sulphuric acid (98

% wi/w) including 25 mmol/L sodium tetraborate was added to acid washed test tubes over
ice. 0.5mL of samples and uronic acid standard were added and tubes were vortexed
strongly. Thertubes were covered with glass balls and heated in a water bath at 100 °C for
10 min. Tubes were cooled on ice. ThengOof 0.15% (w/v) 3-phenyl phenol in 0.86

(w/v) NaOH was added into three replicates angib®f 0.5% (w/v) NaOH was added to

the fouth tube as a reagent blank. After strong homogenization, the solutions were
incubated in the dark at room temperature for 0.5 h. . 206f samples were transferred to
micro-titration plate and absorbance was measured in a Microplate Spectrophotometer
(Berchmark Plus, BioRad, CA, USA) at 580 nm.

2.10 Microscopy

Microscopy can provide visible evidence for the structural variation of cell wall and starch
in micro scale. Thus, microscopy is not only a quick method for the identification of
substances, but also & complementary technique to the quantification methods for

assessing duckweed compositions. Foe demands of this research, a number of
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compounds of starch, lignin and lipid fractions were stained by different dye solution and
observed by microscopy (B, Olympus, Japan). Materials were stained with Lugols
solution (20 g/L KI containing iodine 0.2 g/L to highlight the presence of starch. In this
project, freeze dried and freeze milled duckweed powder was stained with phloroglucinol
HCI to detect the peence of lignin fractions according to Parker and Waldron (1995). The
cinnamaldehyde end group of lignin reacts with phlorogluei©l (saturated
phloroglucinol dissolved in 20 % (v/v) HCI) for 5 minutes at room temperature to present a
redviolet colour.In the meantime, wheat straw was also stained as positive control to
exhibit a pinkishred colour indicating the presence of lignin. Nile blue as a lbgtml
staining solution of biological detection is used to highlight the presence of lipid
equivales of duckweed. Lipids (e.g. fatty acids, chromolipids, phospholipids, steroids)
reacts with Nile blue solution could result in a yellowish colour (Wang et al, 2012). Fresh
wet duckweed, which was preliminarily immersed by cyclohexteaes1,2-diamineteta-
acetate (CDTA) for 2 days, was stained by Nile blue solution (@&04&/v, Raymond A
Lamb, UK) for 5 min at room temperature and was observed under blue light of

fluorescence microscope.
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3 Compositional investigation of duckweed biomass

The understandmof plant structure and its chemical compositions are the preconditions of
researching the conversion duckweed to bioethanol. Of duckweed chemical compounds
starch anctell wall polysaccharidare the main targets of enzymatic saccharification while
othe compounds, such as lipids and lignin, might have significantly negative influence on
the biological degradation. Thus, this chapter will individually analyse the chemical
compositions of.. minor, particularly the types and quantitiescedl wall polysaccharides.

In the next research stage, all of the chemical informatwdh be helpful to select
pretreatment approaches and specific commercial enzionetegradation of duckweed

biomass.

3.1 Materials and Methods

3.1.1 Cell wall materials preparation

L. minor fresh wet plants collected frothe pond inJohn Innes Centrgpond sample in
following context)were used for the sequential extraction of polysaccharides of duckweed
cell wall. The original fresh biomass was treated by a rotarynii#llprocess (ball milfar,
Capco Test Equipment Ltd., UK) to disrupt plant structure and remove starch content
(Tamaki et al1998). The blendefteshduckweed (200 g) was homogenised i#o3w/v)
sodium dodecyl sulphate (SDS) solution (10 mmol/L3@s) by blender milling (3nin),
before rinsing with 10 L of 10 mmol/L N&,0s solution through nylon mesh (25 um). The
resulting material was transferred to the 4maill jar andaddedwith ceramic beads (750 g

of 2.54 cm diameter beads, 500 g of 1.91 cm diameter beads and 500.2y am
diameter beads). The material was dispersed in8000.5 % (w/v) SDS (5 mmol/L
NaS;0s5) solution. The baimill was operated at 60 rpm/min for 3.5 h. The ball milled
material was homogenised in distilled water (15 min) twice and filtered throyigim

mesh (25 um) and stored in a freeze2@ °C). The residues remaining after the ball mill
process consist of purified cell wall material (CWM).

3.1.2 Ash test

The total mineraklementswvere established by determination using tittal ash method

(Sluiter et aJ 2008).Freeze dry and freeze m{IFDM) materials(1g in triplicate) was

placed in crucible and didein an oven (105 °C) for 16 h aruetobtained dry weightvas
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recorded. Then, the resulting samples were tresteal muffle furnace (Vulcan-350,
Jencons Scientific Ltd, UK) at 200 °C to char following by increasing temperature
gradually to 350C. Finally, the samples were treated at 500 °C for 16 h to ash.

3.1.3 Lignin assessment

Acid insoluble lignin was measured by the gravimetric Klason lignéthod which also
contains acid insoluble minerals. The FDhaterials(0.1g in triplicates) was hydrolysed

in 1.5mL 72 % (w/w) BHSO, at 30 °C for 1 h, before adding 1AL water and
hydrolysing at 100 °C for 2.5 h. The acid insoluble lignin was recovarealsintered glass
funnel (Porosit§ 4, VWR, UK) and dried in an oven (50 °C). The resulting sample was
burned in a muffle furnace to Klason lignin following the ash test method. Phenolic acids
were measured by HPLC as described thh&ga

3.1.4 Protein assessment
The FDM pretreatd pond sample2(g) wassent toa firm of analyticalchemists (Salamon

& Seaber Ltd, 68 Hanbury Street, London, UK) for total protein evaluation.

3.1.5 The investigation ahelipid fraction

The fresh healthy plants were grown in distilled water (&0 in 250 mL Erlenmeyer

flasks (in triplicates) stoppered with a sponge. The flasks were placed under controlled
conditions described in 8.1.1 Aliquots of representative time points during the 28 day
starvation period were collected and observed with a light microscope to understand the
variation in lipid content when duckweed is starved of nutrients. The total lipid fraction
was measured using thex®tet extraction method.

3.1.5.1 Soxhlet extraction

The Soxhlet extraction apparatdsadure 25 was originally designed for extracting lipid
fraction from solid samples (Laurence and Christopher, 1989%ample (2 g) was
contained in a cellulose extractionrible capped with glass wool then the thimble was
placed in the middle chamber. Hexane was used to extract lipid equivalents from sample ir
a solvent refluxing process. Hexane was placetthéroundb ot t om f 1l ask (O
before connecting the sampthamber and condensand heated for evaporation. The
hexanevapourwas condensed on the top by cold water to and hexane dropped into sample

to dissolve lipid equivalents. The lipids the solvent refluxed back to flask until it
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overflowed siphon top. Téhprocess was continued for 6 h and solvent containing lipids
was concentrated using a rotary evaporator (RotavagdrdRBUCHI UK Ltd, Oldham,
UK). The residual pellet was-+extracted and solvent was concentrated and combined with

the first extract. Thépid contents were measured using gravimetric analysis.

outlet
condenser
cold water
inlet
distillation thimble
path
&— siphon
soxhlet
extractor
round bottom
- flask
hexane

Figure25. The illustration othe Soxhlet extractor
3.1.5.2 Fatty acid methyl esters (FAME) analysis

Lipids extractedrom Soxhlet extraébn wereprepared foFAME analysis asessd by GC

method and the procedure was describedriv 8
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3.1.6 Sequential extraction

The compositions of the duckweed cell wall including cellulose, hemicellulose and pectin
could be evaluated by sequentially extracting @W&WM as described by Stevens and
Selvendran (1984) and Ryden and Selvendran (1990). The flowcHhaiguse 26 clearly
illustrates the fractionation process of duckweed CWM. CWM (2 g) was homogenised in
cold waterat room temperature for 2 h recovering the supernatant containing the water
soluble componentll extractents were prepared using degassed ultrapure \Wéen,

the residual pelletvas extracted by CDTA (0.05 nib] pH 6.5) for 6 hfollowing by
CDTA (0.05mol/L, pH 6.5) extraction for 2 h recovering chelasotuble polysaccharides

at room temperatureNext, the pellet was extracted with 0.05 hdNa,COs including

0.02 molL NaBH, at 4 °C for 16 h to remove pectins with weak ester linkages followed by
0.05 molL Na,CQ; including 0.02 molL NaBH, at room temperature for 2 h to remove
strong ester linkage pectin. Finally, the pellet was extracted by increasing concentrations
(0.32,0.82and3.4 mol/L) of KOH including0.02 mol/L NaBH to remove hemicelluke.

All the supernatant was filtered using GF/C filter paper and neutralised to pH 5. Salts in
the aqueous and solid pellets were removed by using Visking dialysis tubing (Scientific
Instrument Centre Ltd, UK) in 5 L flaskof distilled water.The dialysiswas carried out for

10 daysand the waterwas changed twice dailyChloroform (several drops, Fisher

Scientific Ltd, UK) was added to prevent the growth of microorganisms.

Fresh wet matenals
l Ball rill (A -He5 0y, Nass.0)

Cell wall materials

Cold water b Water soluble sugars

Eesidual pellets
CDTA twice b—) Chelator-soluble pectin

Eesidual pellets

NgyCO; twice b‘) Ester linkages pectin
Eesidual pellets

042 085 3.2 molil. b—) Hermicellulose
KOH
Cellulose

Figure26. The process of the preparation and sequesiiahction of cell wall materials.
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3.1.7 Gas Chromatography (GC) analysis of alditol acetates
Monosaccharide ofmaterialswas analysed by GC suganalysismethod described i8
2.7.

3.1.8 Fourier transform infrared spa&scopy (FFIR) analysis

FTIR-ATR method was used for identifying carbohydrate in cell wall in association with
the GC sugar method. The principle is the spectrometer measures the intensity over :
narrow range of wavelengths as-H spectrometer simulteeously accepts a big range of
spectral data. FTHATR spectra were measured with a BioRad FTS175 FourierRB
Laboratories Inc, USA) transform infrared spectrometer equipped with a MCT detector and
a GoldenGate (Specac) single reflection diamond Adé¢essory. Five aliquots from each
sequentially extracted sample were loaded on the ATR crystal and pressed down with the
clamp. For each, 64 scans at a resolution of 4 amthe region 400800 cm' were

averaged and referenced against a spectrum eitipgy crystal.

3.1.9 Microscopy

Ball milled biomass was observed by microscope (BX60, Olympus, Japan) to highlight the
extent of removal of starch during the ball mill process. The represented aliquots of starvec
fresh wet duckweed were immersed in CDTA $olu (50 mmol/L NgH CDTA and 5
mmol/L N&S;0s, pH 7) for 2 days to split the plant (Selvendran and O'Neill, 1987), then
were observed to highlight the variation of lipid fractidine sample was observed using
auto fluorescence with filter block-MINB of the Olympus BX60 (exuter filter BP470

490, barrier filter BA 575)
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3.2 Results and discussions

3.2.1 Harvest of lab cultured duckweed

The numbers of plants and frondslab culturedL. minorin each 250mL flask were
recorded to determine growth trends and theeerpents were stopped once the plants
became crowded. A rapid growth rate was demonstrateglantsincreased sevefold in

the beginningwo weeks Figure27). Fresh biomass was harvested after86weeks of
cultivation before the plants had begun to overlay each other significantly. The roots of the
healthy, green plants were prolific. Under these conditions, each flask yielded between 3.5
- 4.3 g (fresh weight) of duckweed.
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—4—Dplants ——fronds

50000 F
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0 1
0 5 10 15

Time (days)
Figure 27. The growth trends of.minor growing in Hoagland 8Medium for 14 days

illustrated by number density of plants and fronds.

3.2.2 Evaluation of the overall duckweed compounds

The chemical composition &f minorevaluatedoy usingvarious methods and resuéise
tabulatedin Table 9. The dry matter content of the duckweed used in this study was
determined to be 8.5 % (w/w DM)this falls within the range of 314 % reported by
Landolt and Kandeler (1987). Of this gr matter, carbohydrate as the predominant

compounds accounts up 51.2 % (w/w DM) while starch contents contribud@et@ Zw/w
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DM). Ash accourd for 12.2 %7 againLandolt and Kandele(1987) reported that ash
equivalents could constitute from-127.6 %of dry matterZaher et al(1995) give a value

for ash content of 12 % of dry matter far minor cultured in a pond condition in
Bangladesh. The ash value is attributed to large amounts of calcium oxalate (shown in
Figure 29a) stored in a crystal form in duckweed plants (Landolt and Kandeler, 1987).
However, only 12.0 % of protein is presentpondsample which is relatively lower than
other published protein data, such as 14 % (w/w of dry matter) of Zahg1688) and 31

% (w/w of dry matter) of Shireman et al (1977). A small amount of lipid contents (3.1 %
w/w DM) were also measured in this material. The low lipid content was also stated by
Landolt and Kandeler (1987) that varied from 1.8.2 %. A very lov level of Klason

lignin (2.4 % w/w DM) is present ib. minorwhile a trace of phenolic acids (0.03 % w/w

CWM) were measuredonfirming thatL. minoris a poorly-lignified plant.

Table9. The composition of. minor.

Compositiors % (w/w of dry matter)
Dry matter 8.5+ 0.7 (of wet matter)
Carbohydraté 51.2+3.7
Starch 20.0+ 0.7
Proteir? 12.0
Lipid® 3.1
Lignin (Klason)? 24+0.6
Phenolic acid 0.03 +0.003
Ash? 12.2 £0.1

2 data was analysed basedRiDM pondsampes,® data was analysed based on CWM.

3.2.3 Analysis of duckweetkll wall polysaccharides

Lab cultured plants are considered as the ideal sample possessing the most reasonak
compositional constitutiomlue to its optimal medium whilpond samplesepresentor
practical samples in light of the native conditions aattition. Thus, they were analysed

to understand the crucial carbohydrate compositions. AIR was the main substrate of
enzymatic saccharification, sugars analysis was thereby carried out on AéRafea
Results ofTable 10illustrate that proportions of monosaccharide in lab cultured plants and

pond samplesand differences of monosaccharide impacted by growth conditions. In the
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measured seven monosaccharides and uronic acid (GalA), glucose psettominant
component accounting for 254-4331.3 mg/g of AIR, following by GalA (96.2 104.1

mg/g of AIR), xylose (46.4 52.0 mg/g of AIR) and galactose (16.18.2 mg/g of AIR).

Less abundant monosaccharides include rhamnose, fucose, arabinosararo$e. In
comparison of lab cultured plants apdnd samplesglucose relatively significantly
increased inpond samplesin contrast, the proportions of the other monosaccharides
decreased irpond samples. Starch was also assessed by usimplL. H,SO, and the
resultsindicatethat the incremental glucose comes from the conspicuous increase of starch
content £99.6g/kg) in pond sample that is nearly 3 fold of glucose amount in lab cultured
sample(72.0 g/kg). It proves that poorer growth conditiotesd to stimulate duckweed

plant to accumulate more starch (Xu et al, 20PEctic polysaccharides are rich in the
monosaccharides of GalA and galactose while hemicellulose is rich in xylose, mannose
and glucose. The abundant GalA and galactose and lesdaaiburylose and mannose
highlight the profile of duckweed cell waWith a very thin secondary walue to
hemicellulose is one of main composition of secondary wall while pectin majorly
contributes to primary cell waind middle lamellgBrett andWaldron, 1996).The sugars
concentratiorindicate that duckweed possesses 38.9 % (w/w of DM) fermentable sugars
including 33.1 % (w/w of DM) glucose which theoretically suggest duckweed is likely to
be one great biofuel resource. Comparing with other energy,csogh as wheat straw,

rice straw and switchgrass in which fermentable sugars are 56.4 %, 46.8 % and 53.3 %
(w/w of DM) respectively, including 35.5 %, 38.6 % and 33.0 % (w/w of DM) of glucose
(Linde et al, 2008;Keshwaniet al, 2009;Binod et al, 2010) duckweed igich in hexose
(glucose) but idow in pentose (xylose) due to its fairly thin secondary \aalliscussed

previously.

The individual monosaccharide compositions of the fronds and npoit&l sample) were

also assessed. This work has been pietad by Mr Wu and Miss Tamwho were
supervised by the author. The proportions ohosaccharide in frond and ro@h Table

10) demonstrate the same trend as whole plant reported above. The glucose result
obtained byl mol/L H,SO4 hydrolysis (see TablelO) released approximat80 % of
glucose (153.3ng/g of AIR) that comes from starch in the fronds while only a trace of
starch (22.4ng/g of AIR) is present in the roots.
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3.2.4 Assessment of starch content

Starch as one of the important carbohydrate tdolesits has been assessed by using 1
mol/L H,SO, hydrolysis. Although these results include a trace of cellulosic glucose, the
data clearly reflects the changes of starch content between different materials and plan
fractions (sedrigure 28). The amount of starc{dry untreated materialsh lab cultured
plants(2.4 % w/w DM)andpondplants(19.9 % w/w DM)imply that starch accumulation

in duckweed varies according to the nutrient conditiotis in therange of3 - 75 % (w/w

DM) stated by many studies.f.Landolt & Kandeler, 1987Cheng and Stomp, 2008u

et al, 201) Thus, starchis one of the important fermentable sugegsources for the
ethanol production from duckweedloreover, starch is predominantlpciated in the

frondswhilst only alittle starchis present in the roots (s€&gure2% & c).
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Figure28. The summary of starch results in different materidBole plant represents the
dry untreated materials.
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a Leaf of healthy plant

b Leaf tissue stained wittugols solution
¢ Root tissue stained wittugols solution
Figure 29. Images of duckweed plant and tissues staineth Wwitgols solutionand

unstained tissues

3.2.5 Evaluation of lipid contents

The total fatty acids (3.% w/w DM) were assessed by using Soxtdetraction and visual
evidence waslso obtained by using fluorescent microscdgeeFigure 30. Under the

blue ligh, lipid equivalents are present in yellow colour, whereas chlorophyll is present in
red colour. In fresh healthy duckweed, lipid contents are more likely stored in epidermal
cells than palisade cell&igure 3@ and c)Figure 30bshows that the same psdide tissue

of Figure 30aobserved unddsright fieldas a reference. After duckweed had undergone 28
days of nutrienstarved conditions, more lipid equivalents were formed and stored in
epidermal tissue@~igure 30d) It is notable that abundant lipid wgalents are stored in
epidermal tissues of dead plantgire 30e) These images of the long term nutrient
starved duckweed imply that more lipids could be released from cytoplasmic membrane or
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chloroplasts and starch is consumed when the plant is daliegto lack of nutrition.
Duckweed growing in nutrient deficient conditions might be a good method for biorefining
lipid products from duckweed but it is not beneficial for converting duckweed sugars to

ethanol due to the reduced starch levels.

A

a Palisade tissue of healthy plant under blue light

b Palisade tissue of healthy plant unbieght field

¢ Epidemaltissue of healthy plant under blue light

d Epidemal tissue of healthy plant d&3 under blue light

e Epidemal tissue of dead plant d2g under blue light

Figure30. The indication of lipid fraction and the variation of lipiddem nutrientstarved

conditions (bars = 100 umiglue light means using fluorescence filter blockNINB).
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FAME components were assessed by GC method and the fatty acid profile is tabulated ir
Table 12 Fatty acids only account for 0.8 % (w/w) of DM, bohtain a high proportion of

the essential fatty acids (EFAR.g. linoleic and}linolenic acid Of the total fatty acid,
saturated FA contributes of 27.4 % (equivalent to 6.9 % of total lipid) while unsaturated
FA contributes of 72.6 % (equivalent to 18.3 % of total lipid). Due to low proportion of
fatty acids, both the proportionsf saturated and unsaturated FA are less than most
vegetablesHolland, Buss &Unwin, 1991) In the saturated FAs,apmitic acid accounts

for 22.4 % (w/w of total FA)whereasthe other detectable saturated FAsnojristic,
stearic, eicosanoic and laurici@s only account for 1.9, 1.7, 1.0 and 0.5 % (w/w of total
FA) respectively.Of the unsaturated FA&Hinolenic acidwas detected as the primary
compound (33.4 %), followed binbleiclinoelaidic acid(25.2 %). These unsaturated FAs
are well known types of EFA and are potentially higtiue byproducts of biofuel
production. Other unsaturated FAs withtnititonal and medicinal value are relatively low,
e.g. searidonic aciq3.6 %), oleic acid(3.0 %),2-linolenic acid(1.8 %) and ieosatrienoic
acid(1.8 %).

Table 12 The assessment of fatty acidd.iminor.

Fatty acids C:D nx % (w/wof FA) % (w/w o lipid)
Total FA 0.8 £0.12 (of DM) 25.2
Saturated FA 27.4 6.9
Lauric acid 12:0 0.5+0.03 0.1
Myristic acid 14: 0 1.9+0.02 0.5
Palmitic acid 16: 0 22.4+0.13 5.6
Stearic acid 18: 0 1.7+0.1 0.4
Eicosanoic acid 20: 0 1.0+£0.13 0.3
Unsaturated FA 72.6 18.3
Palmitoleic acid 16:1 n-7 3.0+0.03 0.8
Vaccenic acid 18:1 n-7 1.0+0.12 0.3
Oleic acid ¢ -9) 18:1 n9 3.0%0.12 0.7
Linoleic/Linoelaidic acid € - 6) 18:2 n-6 25.2+0.04 6.4
U-linolenic acid § - 3) 18:3 n3 33.4+0.21 8.4
o-Linolenic acid f - 6) 18:3 n6 1.8+0.07 0.4
Stearidonic acid{ - 3) 18:4 n-3 3.6+0.09 0.9
Ei cosadien®ic 20:2 n6 05+0.04 0.1
Eicosatrienoic acidy( - 3) 20:3 n3 1.0%+0.12 0.3

C: D represents the ratio of carbon and double bonds wAxleepresents the position of
the first double counted from methyl end.
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3.2.6 Compositional analysis of phenolics

Phenolic acids are the main low molecular weight compounds ohleymd also play a
crucial role in the linkages between hemicellulosic polysaccharBiet (and Waldron,
1996. Thus, phenolic acids are worthy of examination even if only low levels of lignin
(2.4 % w/wDM) are present ih. minor. Total phenolics aceaot for 0.25 mg/dPM which
mainly involve 5 types of identified phenolic acids ($@gure 31). The proportions of
lignin and phenolic acids are much lower than welbwn energy crops, such as lignin in
switchgras and wheat straw is 429 % and 120 %, respectively (Harris and DeBolt,
2010; Theander and Aman,1983and phenolics in wheat straw is less th& {Waldron,
2010). pcoumaric acid is the most predominant composition (0.15 mg/g), which accounts
for 60 % of phenolics, following by truxillic acid (0.04 mgigprotocatechuic aldehyde
(0.02 mg/g) and ferulic acid (0.02 mg/d).trace ofp-OH-benzaldehyd€0.01 mg/g was

also detectedCoumaric acid and ferulic acid are common phenolic compadnémised,

they are the most abundant phenolics present in wheat straw (Merali et al, 2013)
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Figure31. Phenolic acids df.minorin ball mill prepared CWM

3.2.7 Analysisof sequentiabxtraced polysaccharides

The materials used for the seqtial extraction were prepared with the ball mill method to

remove norcell wall carbohydrate, such as starch. The extent of starch removal was

evaluated by microscope (shownFgure32). Starch granules are cqsuously present
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in duckweed cellsKigure 32a). In the ball milling process, starch granules had gradually
been released from disrupted tissuEgyire 32b - d) and disslved into liquor phase
during the distilled water waslrigure32e). Thus, the majority of the starch contents were
washed off after 3.5 h of ball milling and double distilled water washing. Monosaccharide
compositons of cell wall materials CWM) (Table 1) also implied the extent of starch
removal. Concenttens of all the monosaccharided the overall carbohydrate increase in
CWM against the concentrations of FWM, besides of a drop of glucose concentration. In
addition, only 31.2 mg/g DM starch was detected in CWM. In summary, any glucose
detected in the fractions from the sequential extraction is therefore likely to be of cell wall

origin.

):\?‘ x‘\gf_‘ K~

~ “*
4

c 2 h ball milling d 3.5 h ball milling
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e Distilled water washing residues

Figure 32. The extent of removal ddtarch during the bathilling process observed by

microscopy (Bars = 100 pum).

Starchfree CWM (12.8 % w/w of fresh wet material) was yielded through the ball mill
process and 2 g of this material was used for sequential extraction. In the fractionation
process, 18.8 % (w/w) of dry mass was extracted by CDTA solution and only 1.7 % (w/w)
was extracted by N&O; solution (see Table 13k is notable that KOH only extracted a
small amount (3.5 % w/w) of dry mass. Over 62 % (w/w) of dry mass remained in the
residual pellets. As Brett and Waldron (1996) described, CDTA an@®aextraction
remove pectic polysaccharides and KOH extraction removes hemicellulose, the residual
matter is cellulose. In this fractionation, over 20.3 % (w/w) of pectic polysacchamndes

only 3.5 % (w/w) of hemicellulose were removéa the combination of GC sugar results

and weights of recovered fractions, cellulose is the most component of CWM and accounts
for 43.7 % of cell wall polysaccharide (deducting by starch). Approxim&elyo of

pectin contributes to duckweed cell wall, which is lower than the 30.1 % of pedtin in
minor CWM reported by Kindel, Cheng, & Ade (1996). The major pectic polysaccharides
were extracted by CDTA and 1sNa&CO; extraction, which suggests pectic
paysaccharides are predominantly bond with weak ester linkgdt & Waldron, 1996.

Only small amount of hemicellulose (approximat8lp % exits L. minor CWM. We

found no literature reporting hemicellulose in duckweed cell wall.

Monosaccharide daten Figure 33 further visually reflects the proportions of cell wall
sugars extracted into different solutions. Glucose mainly remained in the residual pellets
and a small amount of glucose was extracted by KOH.ceb wall material, glucose

predominantly constitutes to cellulose and a small portion might be the component of
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glucuronoxylan, glucomannan and glucan. Another possibility that starch were intensively
extracted by KOH should be cadered. GalA as therpdominant component of pectic
polysaccharide @aslargely extracted by CDTA & N&Os. Fucose, arabinose and galatose
were unifomLy extracted by CDTA & N#ZCO; and KOH. Thus, fucose, arabinose and
galatose are the main components of pectin and hemicellURFgmnose, xylose and
mannose were owylintensively extracted by KOHHowever, the proportion of each
monosaccharide does not aggregate to 100 % (w/w) because the materials were lost in th

fractionation process.

mCold water wmAlkaline ™ CDTA & Na,CO, mPellets

100

1A

Rha Fuc Ara Xyl Man Gal Glc GalA Totals

h ~
= th

(w/w carbohydrate)
¥

%o of extracted sugar mass

Figure33. Theproportions of cell wall polysaccharidesthe fractionation reflected by the
proportions of their monosaccharides compositiohikaline represents KOH solution

only.
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The technique ofFT-IR can be used tomeasure the unique bond pms of
polysaccharidein order to identify polysacehde types combined with GC sugars results
(Table 13. Even after the extensive washing to remove starch during the milling, further
small amounts of material are solubilisetth distilled water. Tk cold water extracted
fraction contained411.7 mg/g of carbohydratewhich is high in xylose (315.9mg/g)
suggesting the presence of xylan polysaccharides, possibly complexed with pectic
polymers as found in asparagus (Waldron and Selvendran,. 98l pesence of fucose
implies the presence ofvater solublexyloglucans(Jacobset al 2003). FFIR (Figure 34
Specta 3) also shows corresponding spectra of glucuronoxlyan describ&ddwakova

et al, (2000). The majority of extracted sugars of CDTA and.Q& extractionare
galacturonic acid that is the hydrolysed residues of galacturonan that is the back bone o
pectin. In the meantiey a trace of xylose, galactose, arabinose and mannose were
extracted, which are the main compositions of side chains of xylogalacturonan,
rhamnogalacturonan. Ovodoeggal,(2000) stated a similar proportion of monosaccharides
of pectic polysaccharides afminor. FT-IR Specta 4-7 (Figure 34) havea characteristic
shape which contains many specifiinds peaksorresponding t@ectic polysaccharides.
Homogalacturonan is presdntterms ofthe strongest specifioohds at 1010 and 1090 ¢m

! (Kacurakovéet al,2000). The specificdnds at 1045 and 1074 chindicate that pectic
polysaccharides mixtures including rhamnogalacturonarpirema and arabinogalactans
(Kacurakovéet al,2000).Glucoseand xylose weréhe majormonosaccharide constituents

of polymersextractedn KOH. A trace of arabinose, galaste and galacturonic acid were
present in alkaline fraction¥he presence of large amounts of gludoseoth the 0.42 and
0.85 mol/L KOH extracts were probably due to the gelatinisation and solubilisation of
small amounts of residual starch in KOH. Hamd Lim (2003) reported that corn starch
wasdissolved extensively in 1 mal/NaOH with vigorous agitation at room temperature.
The FTIR spectra Figure 34, Spectra &) of these fractions were dominated by the
solubilised starch. The overall band pattern is very similar to that of the initial starch
(Figure 34, Spectrum 1), but the increased peak @21dm™* and the smaller shoulder at
1045cm? clearly indicate a much me amorphous structurevgnSoest et all995. The

3.4 mol/L KOH extractmainly contaired xyloglucan and xylamnd might include glucan,

as indicated by thET-IR spectum (Figure34, Spectrum 10)The tonds at 180 - 60 cni'

were dominated by the glycosidic linkage-(@C) from xylan, xyloglucan and glucan
(Kacurékovéet al, 2000). Moreover, the smabrizls at 930 40 cni' are likdy to befrom

glucomannan and gat@glucomannaiiKacurakovaet al, 2000).
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Figure 34. FT-IR spectum of cell wall polysaccharides of sequentiaktraction i
extracting in cold water (3}, st CDTA (4), 2 nd CDTA (5), 1 st M@0z (6), 2 nd NaCGO;
(7), 042 mol/L KOH (8), 0.85 mol/L KOH (9), 3.4 mol/lL KOH (10) and cellulose
pellets(11)(1) and(2) represent starch blank and CWM.

3.2.8 Assessment of sggntiatextracted phenolics

As we introduced before, phenolics play a major role of the linkage in hemicellulosic and

pectic polysaccharide, phenolic acids were therefore extracted follgwiygaccharides

in sequential extraction was mainly extracted ®YTA and low concentration alkali

extraction while truxilic acid and ferulic acid were only extensively extracted by CDTA

solution (Table 14) In the constrastProtocatechuialdehydewas only solubilised in

NaCO; and low concentration alkali solutiorHowever, p-OH-benzaldehydewas

averagelyemoved from each stepll compounds wereonspicuouslyletected in residual

pellets. These data indicate thabtocatechuicaldehydeand pcoumaric acid are the
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important compounds of linkage remicellulosesvhile truxillic acid, ferulic acid and p
coumaric acid were proven their linkage role of pectic polysacchahtisli et al(2013
also detected large amounts of several phenolic acids retained in residual pellet of

sequential extracted wheat straw.

Table 14. Phenolic compositions df.minor cell wall (ug/g CWM) following sequential

extraction.

... Protocatechuic  p-OH- Truxillic Ferulic p-
Fractionation aldehvde benzaldehvde aad acid coumaric Total

y Yae ca) acid

CWM 2254106 107471 43.845.4 20.1+10.4 153.0+21.2 fggé
Cold water 0 13.740.2 51.3:0.1 26.4+0.3 33.4+0.2 125.2+0.7
CDTA 1st 0 0541.9 445t1.5 39.2+3.5 23.840.9 117.046.7
CDTA 2nd 0 6.660.1 44.7+02 29.6:0.2 8.620.1 89.5:0.4
N&COs 1st  10.00.3 232401 44.640.5 113.4+0.6 79.5+0.2 284.1+3.7
N&COs2nd  45.8+0.5 32,1401 36.620.1 34.4+0.1 123.0+0.1 271.8+0.9
0'4}38“:""" 12.8+0.2 21001 27.3t0.2 55.1+0.6 334.6+1 450.8+3.8
0'8}%“@"" 111 0.2 23.140.1 27.620.2 36.7+0.1 361.240.4 460.0+0.6
3'?{3"2"’" 0 17.040.1 47.640.1 86.4+0.2 97.240.1 248.2+0.3

Pellets 17.0 20.5 46450 212461 O 17.046.0 42.8+12.7
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3.3 Conclusions

This study provides a detailed examination of the chemical constituents of duckweed (
minor). Duckweed biomass contains a high proportion of fermentable sugars (including
glucose, 33.1 % w/w DM) and a low amount of lignin (3 % w/w DM). Theltesi the
fractionation shows that 20 % pectin is extracted by CDTA B@eCO; solutions
consisting ofgalacturonarwith small amounts okylogalacturoman, rhamnogalacturonan,
only 3.5 % hemicellulose is extracted by KOH solution predominantly consisfing
xyloglucan and xylan, and the insoluble residue is rich in cellulose. BFAnplenic and
linoleiclinoelaidic acid and p-coumaric acid are the most abundant fatty acids and
phenolics ofL.minorrespectively. The profiles of cell wall structure willy an important

role in the enzymatic saccharification and fermentation of duckweed biomass to ethanol,

such as, the selection of enzymes (cellulase) and y&astrévisiag.
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4 The preliminary investigtion -- enzymatic saccharifictkon on

duckweed without thermophysical pretreatment

The pevious chaptecharacterised the compositioosduckweedasa potential bioethanol
feedstockand its high level of fermentable sugarsvas also identified However, the
conversion of cellulose/starch to ethanequiressignificant improvement for bioethanol
production processingseeking the efficient enzyme preparations for duckweed biomass
and optimizing the enzyria saccharification conditions atiee fundamental anéffective
approaches to maximize theelds of glucose andther cellwall-derived sugarsThis
chapter will mainly identify the enzyme preparations by selecting the most efficient
enzymes from a range of commercial cellulase atir relevantcell-wall degrading
enzymes The enzymatic digedtility has been studied on alcokattracted, water
insoluble preparations of lab culturedninor materials The optimization of the enzyme
preparations enablethe cost of sadwmrificaion to fall into an acceptablerange.
Eventually,saccharification ca be achieved within about 8 h usingnumercial cellulase

at 100 Uor 4.35 FPUy substrate in conjunction withddtional betaglucosidase at 100
U/g substrate.

4.1 Materials and methods

4.1.1 Plant resource

The materials used in this section were cultured azites in§2.1.1

4.1.2 Alcohol insoluble residue (AIR) extraction
Fresh duckweed biomass was ground by mdtaestle and extracted to AIR based on
AIR preparation which was desoed in 82.3.

4.1.3 Enzymatic hydrolysis

Enzymatic saccharification of the duckweed WIAIR employed three commercial enzyme
preparations: Celluclddt (CE; cellulase, Sigma Chemical Co., St. Louis, MO),
Novozym& 188 (-BlGucdsi dase , Sigma Chemical C
740 (DE; <cell wall degrading enzyme cock
740 contains mainly ferulic acid esterase along with cellulase and significant xylanase

activities. The enzyme activities are defined by the manufactfor CE and BG as 700
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U/mL (SigmaAldrich, 2011 and 250 WhL (SigmaAldrich, 201]) respectively, and by
Hendrickson et al (2007) for DE as 170ml/. The FPU activity of cellulase (Cellucl&st
and Dpol E 740) was also assessed followin
(Ghose, 1987)The enzymes were separately loaded in the designated cocktails, i.e. Depol
+ Celluclast (DE+CE), Depol + BG (DE+BG), Celluclast + BG (CE+BG) and Depol +
Celluclast +BG (DE+CE+BG), in triplicates of each cocktail. Prior to enzyme addition,
the CE and DE were desalted using a ®KDColumn (GE Healthcare Life Sciences, Little
Chalfont, Bucks., UKYRosengren et al, 199@6nd BG was centrifuged at 12000 x g to
remove insluble particulates. Digestions were carried out in triplicate and contained 10
mg of WIAIR and enzyme i©.1 molL sodium acetate (pH 5.0) containing thimerosal
(Sigma Chemical Co., St. Louis, M©.1g/L) in a total volume of 2nL. The enzymatic
hydrolyds process was describedlier§ 2.5.

4.1.4 Analytical methods

4.1.4.1 DNS & GOPOD test

The reducing sugars released by enzymolysis were measureginnyDNS method
described irg 2.9.1while the liberated glucose was detected by specific GOPOD method
described ir§ 2.9.2

4.1.4.2 Gas Chromatography (GC) analysis of alditol acetates
Monosaccharide of AIR, WIAIR and dry recalcitrargllpts emaining after enzymatic

saccharification was analysed by GC sugar method descrilgetl in
4.1.4.3 Microscopy

AIR, WIAIR and dry recalcitrant pellets remaining after enzymatic saccharification were
observed by miascopy(BX60, Olympus, JapanMore details were described §2.10
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4.2 Results and discussion

4.2.1 WIAIR preparation and yields

Batches oflab culturedduckweed were harvested and prepared as WIAIR. AIR yields
were between 3.1 to 3.4 %w/w) of fresh weight and after extraction of soluble
components, the final WIAIR accounted for approximately-234 % of the initial fresh
weight. Microscopy revealed small quities of starch stained by Kj solution present

within the cells.

4.2.2 Chemical compositioof WIAIR

The component cell wall sugars (rhamnose, fucose, arabinose, xylose, mannose, galactos
glucose, galacturonic acid) and any stedehived glucose of hydrolysates &0, 72%

and 1 molL) are shown inTable 15. Carbohydrate accounted for 45.9 % of duckweed
WIAIR. Of this, glucose accounted for 25.4 % andwd have arisen from cellose and
non-cellulosic glucarincluding starch. GalA accounted for 10.4 % amalid have arisen
predominantly from pectic polysaharides whilst xylose accounted for 5.2 % arocile

have been derived from arabinoxyland xyloglucan(Albersheimet al, 1996; Brett and
Waldron, 1996; Weightmaat al, 1994) Furthermore, a theoretical yield of ethanol from
the glucose component of dweeed WIAIR would equate to approximately 164.2 L
metric ton (andtherefore about 4 litrésetricton fresh weight). Conversion of all sugars
would increase the theoretical yield further by approximately63®ydrolysis in 1 mol.
H.SO, (Table 19 resuled in release of one third of the carbohydrate (17.1 %). Of this, 8 %
of Glc was obtained providing an estimation of +o@flulose glucans including starch.
Also, one third of GalA (2.9 %) and half of the xylose (Xyl; 3.4 %) were produced by 1
mol/L H,SO,. The predominance of glucose implies tBatcerevisiaavill be appropriate

for subsequent fermentation and it will be inappropriate to specifically seek to ferment the
relatively low levels of xylose. The remaining uncharacterised material will be due to
intracellular protein and cuticular material present on the upper leaf su(flbessheim

et al, 1996 Wersal and Madsen, 2009)he low levelgéabsence of lignin was confirmed by
lack of colour upon staining with phloroglucirdICI (Figure 35a), in contrast with the

pinkish-red colour observed upon staining wheat stlaigure35b).
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a duckweed sample b wheat stra (control blank)
Figure35. The presence of lignin in duckweed WIAIR stained with phlorogluet®l.

4.2.3 Enzymolysis of duckweed cell walls with excess enzyme

In a preliminary evaluation, a 24 h time course of enzymolysis wasrpediousing excess
Depol 740L (xylanase 1700/g WIAIR; 50 °C; pH 5.0). The extent of digestion was
evaluated by recovering the insoluble residue by centrifugation, drying and quantifying
gravimetrically. It was found that digestion had tailed off by 8ohthés time was chosen

for initial studies. After 8 h, 36 % of the initial weight of material had been digested. The
ability of commercial enzymes to degrade duckweed cell walls was investigated using
cocktails of (initially exces) Celluclast (cellulasd000 Ug WIAIR equivalent to 174
FPUg WIAIR), Depol 740 (xylanase 1700¢@WIAIR and cellulase 6 FPAd WIAIR) and
Novozyme 188 (BG; 4000 /g WIAIR). Four enzyme cocktaile/ere evaluated consisting

of: DE+CE, DE+BG, CE+BG and DE+CE+Bénd were incubated i WIAIR for 30

min and 8 h periods. The yields of total reducing sugars and released glucose (% of
theoretical maxima sugars or glucose respectively) are showigime 36 & 37 The
highest yield of released sugarssaachieved in 8 h by CE+BG (85.2 %) followed by
DE+CE+BG (74.4 %), then DE+BG (73.4 %)igure 36). The yields of released glucose
showed a similar trendF{gure 37) in tha the CE+BG cocktail released the largest
guantities of glucose (90.7 %) following by DE+CE+BG (78.1 %) and DE+BG (70.7 %)
The DE+CE cocktailis much less effectivereleasing sugar and glucose at 33.1 % and
57.7 % respectively. The blank incubations askd only minor quantities of sugars (5.4 %)
and glucose (3.2 %). The results demonstrate that in excess enzyme, the bulk of duckwee
WIAIR sugars can be hydrolyzed and released over an 8 h period.
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Figure36. The %(w/w of totalsugars)ield of reducing sugars releasegdrolysed by the
enzymecocktail (CE + BG)over 30 min and 8 hBuffer + AIR represents the enzyme
absent controlDE = Depol 740, CE = Celluclast and BG = Novzyme 188.
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Figure 37. The % (w/w of total glucose)yield of glucose releaseldydrolysed by the
enzymecocktail (CE + BG)over 30 min and 8 hBuffer + AIR represents the enzyme
absent control. DE = Depol 740, CE = Celluclast and BG = Novzyme 188.

The compositions of the WIAIR anithe recalcitrant residues are shownTiable . The

extent of WIAIR solubilisationis shown inFigure 38. From the compositions of the

recalcitrant residues, the percentages of Glc, Gald Xyl released by enzymolysis have
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been calculated and are shownHFigure 39. Nearly 40 % of WIAIR was digested by
CE+BG, whereas, 48 % of WIAIR could be digested by DE+CE+B@ufe 38).
Saccharification was most effective for Glc (less than 10 % remaining in the recalcitrant
residue from DE+CE+BG) and GalA (reduced to about 23 %). However, only about half
of the xylose was | iberated at b elledse [T
(Figure 39) was similar for both the DE+CE+BG and CE+BG cocktails, differing slightly
from the results irFigure 37. It is possible that this difference reflects the presence of
undegraded dexims in the DE+CE+BG hydrogge.

60
40 |

20 -

.

Buffer+ AIR DE+CE DE+BG CE+BG DE+CE+BG

Digested biomass (% w/w)

Figure38. The extent ofaccharificatiorof WIAIR indicated by the weight of solubilised
biomassBuffer AIR represents the enzyme absent control, DE = Depol 740, CE =
Celluclast, B5 = Nobvozyme 188.
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Figure39. The extent of dissolution of the key component sugars as indicated by the % of
each sugar remaining in the recalcitrant residues. Total sugars include fRhennosge

Fuc = fucose Ara = arabinosg Xyl = xylose Man = mannosg Gal = galactosgGlc =
glucose GalA = galacturonic acid

4.2.4 Visible measurement of enzymatic saccharificaiton

Microscopic evaluations of the WIAIR and selected recalcitrant residues are shown in
Figure40. Image (a) shows that significant plant structure remained after AIR extraction
and a significant amount of liberated and intracellular starch were observed in the AIR. In
WIAIR (Figure40b), the structure of root and large tissues of leaves including stoma and
epidermal cells were still observed along with significant intracellular starch (iodine
staining). However, enzymolysis resulted in the loss of clear structbigsré 40c-f)

along with the loss of starch which indicates the presence of amylase activity in the
enzyme cocktails suggesting that no additiomahylase is needed for the starch
degradation. It is likely that the residual and uncldanctures are composed of the

epidermal cuticular layers which present an imprint of the degraded cellular structure.

d DE+BG
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)

e CE+BG

Figure40. The microscope obsvations of AIRs and the residual pellets after enzymatic
hydrolysis. The images were observed under 20 x magnification and dyed using iodine
(Bars = 10&m).

4.2.5 Optimisation of enzyme concentrations

Having established that in excess concentration, CE+BG was most effective at
saccharification of duckweed WIAIR polysaccharides, the effect of reducing enzyme
concentration on the theoretical maximum yields afuceng sugargFigure 41) and
glucose Figure 42) were evaluated over an 8 h and 24 h period. The longer (24 h)
incubation time provided an indication as to how close ttpestion was to completion at 8

h. The resultsRigure42) shows that reducing the enzymermmentrations from 4000 to 200

U/g WIAIR had relatively little impact on glucose release, and the 8 h and 24 h results
wererelatively similar (although attle lower). However, at 100 g/WIAIR and below,

the extent of glucose release svaery much reduced and at 10gUWIAIR the
saccharification was about a third of the maximum level. Similar trends were shown for the
release of total reducing sugars by DNBigure 41). The results indicate that 100 dJ/
WIAIR would be a minimum requirement for a 24 h treatment. The cellulase activity of the
optimal concentration can be also expressed35 FPUf WIAIR to facilitate comparison

with other studie$Ghose, 1987Adney and Baker,2008)
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Figure 41. The effects of reducing levels of CE+ BG as a function of yields in the %

release of reducing sugaBG was propdionally reduced.
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Figure42.The effects of reducing levels of CE+ BG as a function of yields in the % release

of glucoseBG was proportionally reduced.

In the initial optimisation study, the ratio of CE to BG had been 1:linipertance of this
ratio was investigated by investigating the ratio down to 20:1, at a CE concentration of 100
U/g WIAIR. The resultsKigure 44)show that for duckweed cell walls, the optimal release

of reducing sugars and glucose over both 8 h andrqires a ratio of 1:1. At the lower
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CE concentrations, the lower yields of reducing sugars, when compared with yields of
glucose may reflect a reduction in the concentration of accessory (non cellulase) enzyme:

to well below optimal levels.

Depol 740was initially chosen for evaluation in this study because previous work on grass
digestion Anderson and Akin, 2008)ndicated that it was synergistic with cellulase.
However,for duckweed saccharification, DE+CE+Bi&l not enhance saccharification as
compmredwith CE+BGalone. Interestingly, a relatively high ratio of BG to CE (1:1) was
found to be optimal, indicating the required synergy between the two enzyme systems.
This also indicates that cellobiose may be reaching concentrations necessary tthimhibit
cellulases Klinke et al, 2004;Palmqvist et al, 1999; Tengborg et al,2Q0Ihe range of

high ratios of CE to BG, e.g. CE:BG at 5:1, 1:2, 1:3 were employed to optimize
commercial enzyme preparatiom3i€n et al, 2008 Gaspaet al, 2007; Xiao et aR004).
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Figure43. The effects of reducing the ratio of Novozyme 188 to Celluclast as a function of
yield of reducing sugars. (where initial ratio is 100 U/g substrate of Celluclast and 100 U/g
substrate of BG).
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Figure44. The effects of reducing the ratio of Novozyme 188 to Celluclast as a function of
yield of reducing sugars. (where initial ratio is 100 U/g substrate of Celluclast and 100 U/g
substrate of BG).

The current study has used WIAIR rinoduckweed as a model material. Further research
will be required to evaluate the potential for saccharification of fresh duckweed biomass,
and conversion of the released sugars to ethanol. Recent ref¢areh al, 2011)has
demonstrated the use of higtarch duckweed for production of ethanol whereas this study
has tried to exploit a novel enzyme cocktail to saccharify effectively both thevaléll

material and the small quantity of starch.
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4.3 Conclusions

The enzymatic saccharification study on lab aeltiduckweedhas demonstrated that
duckweed biomasgAIR) has the potential to be effectively saccharified to produce
glucose (25 % of WIAIR, which is equivalent to 0.6 % of fresh weight) and other cell
wall-derived sugars which might be converted to ethay fermentationWithout thermal
pretreatment, he saccharificationwas optimizedwithin 8 h using commercial CE
(Celluclast) at100 U or4.35 FPUg WIAIR and addedb-glucosidase (BG) at 100 g/
WIAIR. Depol and BG can also be used to saccharify thiewals, but not to quite the
same extent. Hence, duckweed has the potential to provide a means to decontaminat
effluent streams and at the same time provide a useful source of biomass for ethanol o

sugar production.
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5 Enzymatic saccharificatioron a hermophysicalpretreatment

(steam explosiojpof duckweed

Our previousstudy has shown that duckweed is potentially an ideal feedstock for the
production of biofuels because it can be effectively saccharified enzymatiaily.
chapter will set about reducg the cost of enzymatic saccharificatiday using an
additional pretreatmerit steam explosiothat enable biomast be more susceptibleo
cellulaseand enzyme preparatiots be consequently optimise8team explosiofSE) of
duckweed prior to sacchfcation is thoughtto beone effective approach teducethe
cost.A range of temperatures, from 13@30°C with a fixed retention time of 10 minutes,
areemployed.The degradatiorof fresh duckweed at range of SE temperature (113@30
°C) is measwed and the best SEemperatureis therefore identified. The enzymatic
preparation achieved from laghapterns continuously optimisetlased orsteam exploded
slurry at the best conditions.

5.1 Material and methods

5.1.1 Plant material

L.minor biomass materials we collected from the pond dbhn Innes Centrand were
prepared for this sectional research as describ&2ii.2 Various duckweed pretreated
materials includindresh wet, freeze dry, FDM and WIAIRaterids wereusedto identify

the effectiveness of the optimised enzyme cocktails

5.1.2 Steam explosion pretreatment (SE)

The raw wetl. minorbiomass(1 kg) was treated by steam explosiapparatus@ a mb i E
A/S, Asker, Norway) under different conditionsThe proces was introduced in 8.4.

Steam exploded products were obtained as slurries and the volume of the slurries wa
measured before freezing a coldroom ¢ 80 °C) until required. An aliquot (20@1L) of

each SE mduct was stored in individual bottles with added thimerosal g0.} in the

fridge (4 °C)for subsequent analysis

5.1.3 The subsequent treatment of steam exploded materials
Representative aliquots (WL, triplicates) of steam exploded slurries were transteto
PyreX’ culture tubes and centrifuged to separate the supernatant including water soluble
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materials (WSM) from the solid residue (water insoluble material; WIM). The pellets were
then washed twice using distilled water. Supernatants were filteregl GSUC filter paper

and frozen { 20 °C). The residual pellets were prepared as alcohol insoluble residues
(AIR) using the following procedure. The wet residual pelletsa{3 were homogenised
twice with ethanol (100%0), and the stearexploded samples prefea at 130 °C and 150

°C were ground with a pestle and mortar for 10 min to break down plant tissues. The
resulting slurry was transferred to Pyrex® culture tubes. The pestle and mortar was rinsec
out, and the volume was made up tanlOwith additional pue ethanol giving a final
ethanol concentration of A (v/v). The slurries were heated at 80 °C for 15 min. After
cooling and recovery by centrifugation (3000 x g, 10 min), the residue wedreeted as
before in ethanol (70 % v/v, 80 °C, 15 min) andhtibace at 80 °C in pure ethanol. Finally

the AIRs were extracted once in acetone at room temperature and dried overnight. The
frozen residual pellets and half amounts of WSM samples were dried using a freeze drye
(Birchover Instruments Ltd, Hitchin, UKjo recover fully dry mass. Aliquots (40 mg,
duplicates) of the resulting dry mass were dried at 105 °C to test the moisture content.

5.1.4 Enzymatic saccharification of steam exploded slurries

The enzyme cocktail of CE (cellulase: 100 U or 4.35 FPU/g substvdateadditional BG

(100 U/g substrate) optimised frattme last chaptewas used atheinitial enzyme dosage

and was further optimised based on steam exploded materials. Consequently, the final
optimised enzyme cocktail was designed to hydrolyse varimigepted materials. A novel
cellulase product Cellic® CTec 2 CTec 2; Novozymes A/S Ltd, Bagsvaerd, Denmark)
was identified based on steam exploded matéoiareplacingCelluclast which is not
economically used in a large scale productinrthefermentation studyThe FPU activity

of CTec 2was assessed ak89 FPUML, using the standard measureméont cellulase

(Ghose, 1987)The details of digestion process were already introduce@if §

5.1.5 Analyticalmethods
5.1.5.1 Moisture Assessment
Becauseof the different growing conditionsof pond sample and lab cultured sampie,

percentage of dry matter waeeliminarily measured as described3i2.2

5.1.5.2 Starch Assessmeant SE slurry

109|Page



5 Steam Explosio

The starch content is a crucial parameter to assess the effectiveness of steam explosion
duckweed. The proportions of starch in SE slurry, WSM, WiIitte measured following
the methods described i2&.

5.1.5.3 DNS & GOPOD test

Reducing sugars and glucose released from steam explosion process and subseque
enzymatic saccharification were assessed by using DNS and GOPOD assay methods (see
2.9.1and §2.9.2.

5.1.5.4 Microscopy of SE slurry
The microscopy observations were carried @st a complementarytechnique for
understanithg changes in cell wall structund starch variation during steam explosion

Details of opeation were described §2.10

5.1.5.5 Carbohydrate analysis

The assessment of monosaccharide compositions were analysed by using GC sugar meth
(see§ 2.7) and the idenfication of carbohydrate size was analysed by using HPLC
carbohydrate size method ($2.8.5.

5.1.5.6 Inhibitors assessment

2-furfuraldehyde (2FA), 5-Hydroxymethylfurfural (SHMF) andweak acids (e.g. formic

and aetic acid produced from the breakdown of hemicellulose andopbbgnhave been
assessesdincethey are thought to be significant fermentation inhibitdfe concentration

of organic inhibitors was analysed by HPLC using a Flexar LC instrument (Perker,Elm
Seer Green, Bucks., UK) equipped with refractive index and photo diode array detectors
(reading at 210 nm wavelength) in series. Details of analysis method was desc@bed in
2.8.4
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5.2 Results and Discussions

5.2.1 Recovery of material following steam explosion

The recovery of dry matter following SE employing different conditions was assessed.
Table 16shows that increasing the severity of steam explosion resulted in dsaduac

total dry matter recovery. Up to 35.4 ®a/w) of biomass was lost at 230 °C. This is likely

to have been due to the carriage of some of the solubilised and hydrolysed material anc
possibly small particles through the machine during depressurisa@oger, insoluble
particles will have been more readily recovered in the cyclone recovery systeuet et

al (2011 reported that mass loss as a consequentkeoSE of cellulose fibre starts at
from 70 °C and increased temperature results in increased loss. Mass-I@% %) has

also been observed following SE of bingbod (Shimizu et al, 1998 Shimizu et al (1998)

found that the weight loss of birch womdpositively correlated with SE retention time. At

the same pressure (1.47 MPa), dry mass loss of 15, 25 and 26.3 % (w/w) was observed &

respectively, 5, 10 and 15 min retention times.

Table 16. Dry mass recovergf SE produc The SE retention time was 10 min for all

treatmentsSF= severity factor

Vol Density  Weight % DM DM Recovery
Parameter SF

(mL) (g/mL) (@) (W/w) (@) (%)
Untreated / 1000 1.00 1000.0 8.5#0.69 84.7 100

130°C 1.9 1450 0.940.01 1405.2 4.940.05 69.3 81.8
150°C 25 1860 0.95#0.05 1762.9 3.6#0.34 62.6 73.9
170°C 31 2293 0.9240.08 2116.0 2.840.25 59.0 69.7
190°C 3.7 2080 0.9640.05 2003.4 3.4#0.07 66.9 79.0
210°C 4.2 2070 0.974#0.05 2002.0 3.1#0.05 60.9 71.9
230°C 4.8 2310 0.94+0.01 2170.8 2.5+0.01 541 63.8

5.2.2 Visual impact of steam explosion on duckweed tissues

Steam explosion has a significant impact on duckweed tissue disrupigome(45). At a
constant retention time of 10 min, increasing temperateselted in increased tissue

di sruption observed by microscopy. Fol I «
amount of starch granules were observed inutteeated fresh materials (FWMjgure

45g; starch ganules are stained black). At the lower pretreatment temperatures 1780
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°C) the cellular structure remained visually intact. At 13D, fronds were slightly
disrupted, but starch granules remained embedded in theFaglisg45b). At 150 °C, the

plant structure was further disrupted and a significant amount of starch and sodium oxalate
(needle shaped) crystals were released from theFeglire45c). At 170 °C, theissue was
further decomposed and the starch had started to gelaffigaee 45d). At 190 °C, the

tissue began to become less well defined as cells started to separate. The starc
gelatinisation and the decomjteam was very pronouncedrigure45e). At 210 °C, only a

small amount of residual, structured tissue was observed and intracellular contents hac
apparently been liberated into the aqueous phastarch granules &re extensively
released from plant cell§rigure 45f). At 230 °C, plant tissue integrity was completely
disrupted but the liberated and gelatinised starch appeared to be rdeigoeeldcg). This

is probably due to polysaccharides degradation (see below).
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s e A

e.190 °C pretreated leaf tissue f. 210 °C pretreated leaf tissue

g.230°C pretreated leaf tissue

Figure45. Microscopy of steam exploded duckweed biomass. Tissue hastaeerd with

iodine. Bar = 100 unmBlack spots are starch granules labelled in the picture.

5.2.3 Assessmertf thechemical composition of steam exploded materials.

Figure 46 shows the relative levels of soluble (WSkid insoluble (WIM) dry matter
recovered, and shows that the sevemitated increase in tissue disruption is associated
with an increase in soluble material in the aqueous phase. The highest proportion of WSM
(70 %) appears after pretreatment at 210 3E using this temperature and these
conditions would thus be an effective means of solubilising duckweegchalss. In
comparison, Sun et #2005 observed that the highest WSM conversion (40 % of dry
mass) by SE of wheat straw (lignocellulose) occurred at a severity éaotand 4.44 (200

°C, 33 min and 220 °C, 8 min). SE with a severity factor 4.8 (€3 2 min) was found to

be the pretreatment that was most effective in solubilising rice straw (generating 30%
WSM; Nakanura et al, 2001). Jacquet et(2011) noted that depolymerisation of cellulose

fibres occurs at a severity factors in the range of .2. On tlis bass, for our work with
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a constant retention time of 10 mirgpblymerisation would be expectéa occur in a
range from 20Q 245 °C. HoweverL. minoris poorly lignified (Jarvis et al, 1988), and
this is likely to account for the tissue disruption at low severities which is probably

initiated by the depolymerisath of pectic polymers involved in cell adhesion at 170 °C

(Figure4b).
150 170 190 210 230

SE temperature (°C) @ WSM mSolid residue
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Figure 46. Solubilisation of biomasspretreated with steam explosioat different

temperaturesVSM = water solublenaterials.
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Figure47. Carbohydrate concentration of dry SE total slamglysed by GC method @2

% (16.6 molL) H,SO, hydrolysis Xyl = xylose, Gal = galactose, Glc = glucose, GalA =
galacturonic acid and Totals = the totarbohydrate including Rha, Fuc, Ara, Xly, Man,
Gal, Glc and GalA.
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Figure48. Carbohydrate concentration sttam explosde@/’SM analysed by GC method

of 72 % (16.6 molL) H,SO, hydrolysis Xyl = xylose, Gal = galactose, Glc =uglose,
GalA = galacturonic acid and Totals = the total carbohydrate including Rha, Fuc, Ara, Xly,
Man, Gal, Glc and GalA.
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Figure 49. Carbohydrate concentration of SE WIM (AIRy GC method of/2 % (16.6
mol/L) and 1 mol/L HSO,. Xyl = xylose, Gal = galactose, Glc = glucose, GalA =

72% 1 mol/L| 72%

galacturonic acid and Totals = the total carbohydrate including Rha, Fuc, Ara, Xly, Man,
Gal, Glc and GalA.

The carbohydrate compositions of SE slurries, WIM and WSM were quantified in order to

assesvariation and the impact of severity on the conversion of WIM to WSiyure 47-
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49 respectively). In total slurryHigure47), galactose (Gal), xylose (Xyl) and galacturonic
acid (GalA) content generally decreasas temperature increases, and glucose (Glc)
content as a proportion of the total generally increases with temperature although it is not &
clear trend Figure 47). Further clarity could be obtained by evaluating WSM and

WIM. In WSM (Figure48), Gal, Xyl and GalA increased from 13@.70 °C, after which

they all decreased to low levels also. Increase in severity up tdQ@16sulted in an
increase in soluble glucosdtea which it decreased dramatically to low levels. In WIM
(Figure 49) Gal, Xyl and GalA increased from 13Q270°C, after which they all decreased

to low levels. Glc present in the WIM increased concomitantly, then decreased at high
severities. Evaluatn of Glc using Inol/L hydrolysis alonelecreased dramatically at high
severities.More information on the origin of changes in Glc wakso obtained by
measuring the levels of starch geat in SE slurry, WSM and WINFigure50) using total

starch assay

30
@ = FWM
=) P =130
=
[
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e
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SE slurry WIM WSM Liberated Glc
SE temperature (°C)

Figure50. The % (w/w) starch content present in FWM, SE slurry, SE WIM and SE WSM,
and % (w/w) liberated glucose present in SE slurry. The percentages of starch were
calculated basedn the dry matter of the original SE slurty* p < 0.001, ** p < 0.01, ns

= not significant (p > 0.05) compared with FWM sample.

The results showed that in total slurry, starch levels were relastabeas a proportion
of the dry matteuntil 210°C, but dropped markedly after pretreatment at Z30n WIM,
the level of starch decreased by about 25% up to°’@9€nhen dropped considerably after

treatment at 210C and was undetectable by 2%D. This was reflected in the increase in
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soluble starchni WSM from 130°C up to 21CF°C after which the starch content dropped to
low levels. GOPOD analysis of the WSM directly revealed a proportion of liberated
glucose which comprised about 2%&0f the WSM DM at 130C, but rose to about 3%

after pretreatmt at 230°C. The fact a small amount of free glucose was produced under
all SE conditions suggests that pretreatment solubilisation of starch may have also involvec

the production of dj tri- or other oligosaccharides (not evaluated).

Details of sugar products (mainly including oligosaccharides of glucose) of steam
explosion pretreatment might be unveiled by carbohydrate(Eigere 51) evaluated by
HPLC methods. Several oligasaccharides of glucose were used as the standas# gl
(Glc), cellobiose (CBO), celloteginse (DP4) and celloheptao$PP7). This group of
sugars is also referred to water soluble sugars products since yhdiehsize smaller
than celloataose (DP8)re water soluble (Huebner et al, 1978) some extat, this
figure also indicatesthe solubilisationtrend of duckweed biomass in steam explosion
pretreatmentlncrease in severity up to 22Q results in large amount of low carbohydrate
size products, which might continuously convert to organic acidS@fQ Molecular
weights of common organic acids @amaller than glucoskecause theipeals ae present
after glucose peakihe first peak from left might be gelatinissthrch due to changes of
this peak over different temperature is correspondingeatidrch results of WSM.

The above results clearly demonstrate the solubilisation, possibly hydrolysis and
breakdown of cell wall and starch polysaccharides during SE pretreatment. The movemen
of sugars fronsolid residugo water phaséncreases as tgmerature rises from 130210

°C. Starchresults (Figure 50 - Figure 51) show clearly that starch is gelatinised and
eventually completely solubilised. However, the loss of measurable starch d&C230
suggests that the soluble starch is destroyed. Otheicaliumosic sugars follow a similar
trend. The galactose and glucose decrease in WIM, and their increase in the WSM up t
170 - 190 °C suggests solubilisation. However, above @) they decrease, again
suggesting that they are degraded. The degradation edellmosic sugars is consistent

with studies on pretreatment lignocellulose (Kabel et al; Merali et alyaldron, 2010)

and accounts for the increase in breakdown products shokigure52 (see below).
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Figure51. The HPLC analysis of carbohydrate size of SE slurries at different temperature.

CBO = cellobioseDP4 (degree of polymerizatiors cellotetraose; DP7 = celloheptaose.

5.2.4 Quantification of fermentation inhibitors in steam exploded materials

Significant quantities of fermentation inhibitors were detected in the WSM and these were
most prominent after the higher severity treatments of’€18nd 23F°C coincidental with

the greatest loss of carbohydrate materiakfurturaldehyde (ZFA) and 5
hydroxymethylfurfural (8HMF) are known to inhibit glycolytic enzymes and thus hinder
sugar fermentation by yea@lmeida et al., 200)/ Fermentation inhibition by these acid
products ha been reported bienkos and Zhang (2009); the degree of inhibition by 5
HMF, 2-FA, acetic acid and levulinic acid were reported as 50, 79, 74 and 50 %
respectively when their concentrat®reached 80, 40, 60 and 40@/g A formic acid
concentration of27 mg/g has been reported to cause 80 % fermentation inhibition
(Maiorella et al, 2004)2-furfuraldehyde is derived from xylose aneHBAF is produced

from glucose under acidic conditioBedersen and Meyer, 2Q1®urthermore, SHMF
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and 2FA will continue to transform to levulinic acid and formic acid if stiffint water is

presen{Pedersen and Meyer, 2010

The low pH conditions of steam explosion on fresh wet duckweed are thus likely to result
in the formation of Z/A and 5HMF and high level of organic acids. The generation-of 2
FA, 5-HMF and organic acids was assayetj(re52). 2-FA and 5HMF were detectable
following SE at 190 °C and the levelxreased up to 5.6 and 7.3 fggespectively at 230

°C. These are not high levels ofFA and 5HMF and it is not expected that at these
concentrations there would be a sigraht inhibitory effect on subsequent fermentation.
However, significantly higher levelsf formic acid (23.8 and 38 mgjat 210 and 230 °C
respectively) and acetic acié@Mulinic acid (53.8 and 67.7 gy were produced at 210 and
230 °C espectively. Almeida et al(2007) showed that monosaccharide products of
hydrolysis of cellulose and hemicellulose could convertkMI- and 2FA. Acetic acid is

a hydrolysis product of hemicellulose and lignin (Almeida et al, 20fii)since duckweed

has a low proportin of lignin (Jarvis et al, 1988it is likely that the observed acetic acid,

as well as the levulinic acid and formic acids, are derived from reducing sugars. In keeping
with the produdbn of acidic breakdown moietieSE led to a reduction ipH. Thiswas
comparatively slight from 130 °C to 190 °C (pH 6.5 to 6.2) but more pronounced at higher
temperatures: pH 5.6 at 210 °C and pH 4.6 at 230 °C.
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Figure52. Variation in levels of fermentation inhibitors at different SE senexit
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5.2.5 Investigation of enzymatic saccharification on steam exploded raw slurry

To test the hypothesis that steam explosion increases the ease of hydrolysis by cellulolytic
enzymes, enzymatic saccharification was carried out to hydrolyse the carbohydrate
components (cellulose, hemicellulose and pectin) of the total slurry. In keeping with the
analysis of WSM Figure 48), the total slurry was found to contain both solid residual
CWM and soluble glucose liberated b §-igure53). In addition, using DNS analysis, it

was found that significant quantities of additional reducing sugars were presggume(

53). The levels of SEolubilised reducing sugars and Glc were taken into account when

evaluating the potential for enzymatic saccharification of the slurry.
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Figure53. The concentration of the reducing sugars and glucose solubilised in the SE

process.

Initial studies screened for the total yield of reducing sugar released from SE slurry by
enzyme treatment using Celluclast (CE, 10@r4.35 FPUWy substrate)and Novozyme
188 (BG, 100 W substrate),identified previously as optimal for digesting purified
duckweed cell wall material. Saccharification was found to be positively correlated with
the severity of SERigure 54). Slurry treated by SE at 210 °C and 230 °C was digested
completely (~100 % reducing sugar yield}thin 8 h. Over the same period the SE 190 °C
material exhibited a reducing sugar yield of 86.5 %. The increasing initial hydrolysis rates
following the increase in SE severity imply that more carbohydrate was depolymerised at
the higher temperatures. Fat SE samples the bulk of the saccharification occurred in the
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first 2 h of incubation and was stable after 8 h. This indicated that it might be possible to
improve the efficiency of the saccharification by identifying the minimum severity of
pretreatmenrequired, and the minimum levels of enzymes. Since SE at both 210 and 230
°C gave 100% saccharification, then material SE at 200 was chosen for further
optimisation. Not only would this involve less energy in the process, but it would also
significartly reduce the quantities of fermentation inhibitors produ¢ggufe 52, Jacquet

et al, 2011).
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Figure 54. The reducing sugar yield following hydrolysis of residual CWM using 100 U
(4.35 FPU)/g substrate of CE and 100 Wigstrate of BG.

To investigate the efficacy of lower enzyme doses, slurry from SE at 210 °C was treated
with enzyme cocktails of CE at 100, 50, 20 and 10 &lbstrate (equivalent to 4.35 to
2.18, 0.87 and 0.44 FRgysubstrate) and BG (concentration at CE: BG of.1Digestion

with 100, 50 and 20 Ad substrateesulted in similar reducing sugar yields: 97.9, 93.7 and
87.3% respectively after 8 h, at which point the digestion stabillsgdre55). Digestion

using CE at 10 gy was less effective, with a maximuyreld of 70.9%. Initial rates were
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similar at all concentrations studied. The optimum enzyme dose for slurry from SE at 210
°C isthus of the order of 20 to 50/¢Ysulstrate(0.87 to 2.18 FPIg substrate).
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Figure55. Optimization of enzyme saccharification using reduced CE concentrations (100,

50, 20 and 10 U/g substrate) with additional BG (CE: BG at 1:1).

To further optimize enzyme use,riaus CE: BG ratios were investigated. Optimal CE
concentrations of 50 and 20dJkubstrate were chosen and CE: BG ratios df down to

1: 0.1 were employed to digest SE 2Q@Oslurry. After a 24 h digestion, CWM was
completely hydrolysed at the CE: BQios of 1:1 and 1: 0.5 with a CE concentration of

50 Ug and the digestions exhibited high initial ratégg(ire 56). The next most effective
conditions were CE: BG ratios of 1:1 and(015 at CE 20 U§, which exlibited 95.6 and
94.1% reducing sugar yields respectively. Notably, however, the lower CE: BG ratios also
achieved reducing sugar yields approaching®0with the exception of CE: BG ratiol:

0.1 at CE 50 U, which hydrolysed only 84.9 % of the carbohydrarlhis clearly shows

the synergy between CE and BG. In realistic enzyme concentration ranges, tB& CE:
ratios of 1. 0.1 to 1: 0.5 achieve better digestion than the lower ratios (1: 0.25 and 1: 0.1)
and the addition of BG facilitates the use of CE atelo concentrations. When enzyme
costs are also considered, the datagyeagthat CE at 20 or 0.87 FPUg substrate and BG

at 2 Ug substrate is an appropriate enzyme cocktail for the digestion of SE treated
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duckweed material, offering both efficient digjes and being relatively more cost

effective.
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Figure56. Optimization of enzyme saccharification using reduced CE: BG ratios (1: 1, 1:
0.5, and 1: 0.1), at CE concentrations of 50 and 20 U/g substrate.

Having established optal CE and BG concentrations the comparative effects of a number
of pretreatments on the saccharification of duckweed were investigated. These involved
steam explosion, freeze drying, freeze drying and freeze milling, preparation of a water
insoluble alctiol insoluble residue and untreated (fresh) material as a c(sgel
Figure57). The same mass of material prepared by the different pretreatment methods was
hydrolysed using the optimised enzyme cocktail, CEJ2®.87 FPU)g substrate, BG 2
U/gsubstrate. The resultBigure58) show that freeze drying alone is a poor pretreatment,
producing little if any increase in glucose yield when compared to untreated material.
Saccharification of blendermilled, waterinsoluble alcohoinsoluble residue (WIAIR)
resulted in a glucose vyield of only 40 %. Freeze milling increased glucose yield to 55 %,
1.4 fold higher than the glucose yield of WIAIR but steam explosion was byefandist
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effective pretreatment tested, resulting in a glucose yield to 80 %. Previagslyave
obtained similar glucose yields from enzymatic saccharification of WIAIR but only by
using much higher enzyme conaations (CE at 100 U (4.35 FPId)kubstrateplus
additional BG atl00 Ug substrate). Steam explosion pretreatment thus greatly enhances
the digestibility of duckweed material and enables effective saccharification at reduced
enzyme concentrations.

a. Fresh wet duckweed

c. Freeze dry and freeze mill d. WIAIR

e. steam exploded slurry (210)
Figure57. The different pretreated materiaere used foenzymaticsaccharification.
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Figure58. Glucoseyield produced by hydrolysing different pretreated duckweed samples
with the optimised enzyme cocktail (CE 20 Wlignd B G 2 U/-antreated 6 F
duckweed ma fresh matefiathat lta§ i2én freeze drieffDMOT freezedried
and freezemilled material;ONIAIR G - blendermilled, waterinsoluble alcoheinsoluble

residueBEOT 210°C steam exploded material.

An effective pretreatment is determined by followergeria it avads the cost imposed by
reducing the size of biomass particles, avoids the loss of fermentable sugars, resists th
formation of fermentation inhibitors, and minimises input energy and cost (National
Research Council, 1999). SE requires energy input bpecedly at higher severities,
results in tissue disruption and renders duckweed biomass much more susceptible t
enzymatic saccharification without further treatment. SE pretreatment removes the
requirement for physical treatments such as grinding andgldrly also greatly reduces the
enzyme dosages required in the saccharification process. Enzymes are a major econom
cost in conversion of biomass to bioethanol. Fermentation inhibitors were detected, but

only at relatively low concentrations. The lowéds of these inhibitors and the pH of the
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slurry provide environment that is suitable for subsequent enzymatic saccharification and
should be suitable for fermentation. It is concluded that steam explosion alone appears f
be an effective pretreatmentdidickweed biomass.

5.2.6 CTec2 identification

Our previous research has illustrated a good digestiliiity enzyme cocktaiCE+BG on
steam explodet.minorat a very low concentration of 200r 0.87 FPUg substrate of CE
and 2U/g substrate of BG. Unfortunelly, CEis relativelyexpensiveandnot economic for
industrial production. CTec,&s a new generation of cellulase prodecintains higher
cellulase activity repded to vary from 119 to 132 FPUL (Reyeet al, 2011;McIntoshet

al., 2019. To replace CE by using CTec 2 in fermentation sttldy,appropriat€€Tec 2
dosage was identified ey comparative saccharification wi@elluclast. Steam exploded
(210 °C) materials werdydrolysedby usingCTec 2+BG with different ratios of CText

BG, 10 fold ofCTec 2only andCE+BG as a control. The enzyme cocktails were prepared
following cellulasg0.87 FRJ/g substrate + BG (2 U/gsubstrate The amount of glucose

(6 %, Figure 59) releasedby the steam explosion pretreatment was measured using
GOPOD method and deducted frahe glucose yield calculationgzigure 59 shows that

the enzyme cocktail o€ Tec 2+BG could result in a very similar glucose yield (76.6 %)
over a 24 h incubation when compared witkE+BG However the higher dosages of
CTec2BG enhancedittle glucose vyields. Enzymatic hydrolysis usimmply CTec 2
produceda much lower glucose yield (59.4 %) evevhen thecellulase dosage was
increased to 10 times. These data reftbet facts thatCTec 2+BG has very similar
digestibility to CE+BG, the necessitjor additionali -glucosidase and the importan
synergybetweenCTec 2 and BG for the saccharification of steam exploded duckweed.
Eventually,CTec 2+BG corgtining CTec 420 Uor 0.87 FPUy substratgand BG(2 U/g
substraty was selected as the optimal enzyme preparafior the simultaneous

saccharification and fermentatiarork.
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E m10 x Ctec 2
£ 60 - | m2Ctec2+2BG
E m2CTec+tBG
Z 40 - | mCTectBG
&)
20 -
o | |
Released Glc 8h 24h

Figure 59. The identification of CTec 2 dosage by using the same amount enzyme as
Celluclast to hydrolyse steam explod@d@ °Q materials. The enzyendosage iselulose

at 0.87 FPUg substrate, BGat 2 U/g substrate. Released Glc represents the amount of
glucose produced in steam explosidtt p < 0.1, * p < 0.05,ns = not significanty >

0.05 compared with the sample of CE + BG

The me a s ur -amyaset in toef enzyine cocktail 6fC T e ¢ Zst & 0
supplemerdry experiment to understand the activity of this cocktail. The existentk of
amylase in cellulase commercial enzymes has been unveiled by high glucosé>yiidds

% of total glucosepf enzymatic saccharification in previous researeghZ3and 85.2.5

In this experiment, the standard starch fieheat was hydrolyselly the enzyme cocktails

of CE+BG andCTec 2+BGandthe threeindividual commercial enzymes. Two methods
were used for hydrolysing starch: one is following the enzymatic sacharification method
(Method A) and the other is following the total starch as@égthod B)as the method
control. Results ofFigure 60 illustrate that the overall commercial cellulase enzymes
contai n cer 4mylase The dighest digestbflity (10.4 % of total starch) of
starch was obtained using B&Method A whereas only 2.4 % starch was hiyed by

BG in Method B. However, antipodal results of starch hydrolysis are gained using CTec 2
between two methods as 7.5 % of starch hydrolysed by Method B and 3.8 % of starch
hydrolysed by Method AOnly approximatly 2.5 % of starch was degraded by {DEboth
methodsT h e d e tamylabe inoOE, ClIe2 and BG has not been further reseacch

but literaturesuggested h aamylddeis secretedby fungi strains offrichoderma spp

the strain used for producing cellulase industriglirgwamry et al, 202 The starckrich
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duckweed biomass might result in the enhancement of amylase secrefinghofierma
sppand starch is therefore hydrolyss&ixdmatically.lt shouldbe notedhatsimilar amourd

of starch was hydrolysed by enzyme cocktaillC&+BG (22.7 %) andCTec2+BG (20.6

%), buttheseare significantly greater than the aggregations of the individual enzymes.
This implies that enzymatic synergy of CE and CTec 2 with BG contributes to the increase
of starch degradatiomAs we investigaed previously, the supplemén o f ad-di ti
glucosidasentensifies the degradation of cell wall. This important improvement is likely
to enable the intracellular startho b e e xgmylaseAd the best dfl our knowledge,

no researclnas reported the synergy of cellulase atatch. However, duckweed as one
starch and celluloseich biofuel feedstockrequires specific commercial enzyme
containing cellulase and amylasgpplementingvith b-glucosidaseFigure59 & Figure60
demonstratdghat the optimisedenzyme cocktail oCTec 2+BGpossesses relatively ideal
digestibility of duckweed biomass and potentially economically utilized for fermentation

research which generally requires concentrated enzymes.
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Figure 60. The i de n tamylasecaativily ®ncelldase cbmmercial products.

Substrate is wheat starch (96 % w/w)
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5.3 Conclusion

Steam explosion as a thermochemical pretreatment effectively damages the plant structur
and produces easily digestible CWM inytiparticle pellets at SE temperatures above 210
°C. However, a significant mass loss is observed at 230 °C which reduces the final ethano
yield. The high conversion (70 %) of WSM has been obtained from SE slurry at 210 °C
since a large proportion of stér (20 % DM) is solubilised and hemicellulose (60 % by
carbohydrate) and pectin (60 % by carbohydrate) are degraded by SE pretreatment &
severity 4.2. The most economic and efficient enzymatic saccharification is optimised by
reducing Celluclast fromdD U or 4.35 FPW substrate down to 20 U or 0.87 FRIJ
substrate, with additional taeglucosidase (from 100 to 2/¢Jsubstrate, CE: BG at 1: 0.1)

and yields of reducing sugars (88.3 %) and glucose (70.9 %) are achieved for the
subsequent fermentation. Maver, low concentrations of fermentation inhibitors and a
favourable pH (5.6) are produced in the SE process at 210 °C which is beneficial for the
subsequent fermentation. The severity factor 4.2 (1,010 min) is the optimal steam

explosion pretreatmemor L. minor biomass to achieve maximum yield of reducing sugars.
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6 Simultaneous saccharification andefmentationof steam

exploded duckweed

After a series oprereatmentsenzymatic saccharificatipgtubbornpolysaccharidebave
beenhydrolysal to fermentable monosacchariddich will be continuously converted to
ethanol ina furtherstudy.Although ethanol fermentation has been developed for hundreds
of years, the insufficiency of ethanol fermentatfon bioethanol production from aquatic
plantsstill requires extensive improvements.g. the innovation ofspecific fermentation
processinggenetic transformation of yeast and identification of substrate concentrations
With current fermentation techniques, the energy conversion rat¥ géeratiorbiofuel
production is inefficient (Internationdnergy Agency, 2010) which demands the huge
consumption of enzymes and feedstock. The energy efficienbipcfiemical conversion
mean ofbiomass to ethanol is only 28.6 % (IATA, 2009)multaneoussacchaification

and fermentation (SSF) will knsidered as the prime optibased orstacks ofiterature
research and the advantages of SSF has been already stated.2 8Another
precondition of SSF of duckwdehas been already provided by steam explosion
pretreatmenashigh level of fermentable sugargere prodeed. SSF of SE slurrgllows
reducingthe fermentation duration and energyput of the entire production. In this
chapter SSF of SE duckweed slurwyill be intensively researeud as the prime meafor

producing ethanol from duckweed.

6.1 Material and methods

6.1.1 Plant material

L. minor biomass materialsire collected from the pond aJohn Innes Centrand the
preparation process was described i8 2.1.2 The preparedrbzenmaterialswere used
for steam explosion pretreatmeAmnother twotypes ofpretreated duckweed materials

fresh wet and FDM materialgerealsofermented in a comparative experiment

6.1.2 Stkeam explosion pretreatment (SE)

The raw wetL. minor biomass was treated by steam explosib@10 °C and the products
(SE slurry) were prepared for subsequent saccharification and fermenteti@steam
explosion process was introduced in 34 Steam explodedlurry wasfrozen in a

coldroom €40 °C) until required.
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6.1.3 Enzymatic saccharification of steam exploded slurries
The new enzyme cocktail ofCTec 2 (cellulase:20 U or 0.87 FPU/g substrate) with
additiona BG (2 U/g substrate)identified in previous sectiog 5.2.6 was onwards

involved in thefermentation research

6.1.4 The preparation of substrate for fermentation

SE slurry and pellets were fermenteglusinga range ofdry matterlevels. The original %

DM of SE slurry is from 2.3 2.8 % (w/w).Thedry matter variedamong different batches
of fresh duckweed and their % DM was measured individudlifferent meanswere used

for preparinghefermentation substrasrequired in the concentratians

6.141 The preparation 2%) SE slurry (% DM O
For l ow | evels of dr y %mnthée sluery was straightt usea tase

fermentation substrate.

6.142 The preparation 0% SE slurry (% DM O
For high levels of dry mat er s u b s t ro%)),tthe slurrgovad ddndénsed by using
rotated vacuumevaporation method. 200L of original SE slurry was transfed into a
preweighed rounébottom flask. The flask was mounted on the Rotavaptbi4&R(BUCHI

UK Ltd, Oldham, UK) wth adaptors and was fasten by clips. The evaporation was
progressed under vacuum condition at 50 °C. The percentage of dry matter was monitorec
by measuring gravimetric difference of samples and finally identified by using a Mettler
Toledo LP16 Infrared Byer balance (Mettler Toledo Ltd, Beaumont Leys, Leicester, UK).
The concentrated SE slurry was eventually recovered to the percentage of dry mattel

required in the fermentation process.

6.1.4.3 The preparation of pellets

The original SE slurry (50nL) was trangdrred intoa centrifuge tube and centrifuged at
3500 rpm for 10 min. The supernatant was removedpafidts were washeasing10 mL
distilled water twice. The washed pellets were used as fermentation substrate anc

recovered to the percentage of dry mattguired in the fermentation process.
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6.1.5 Yeast preparation

6.1.5.1 Yeast culture in YM medium

Saccharomyces cerevisiggain (NCYC 2826) obtained fromme National Collection of
Yeast Cultures (NCYC, Norwich, UKiyas used throughout this project due to its high
ethanol tolerance of 1520 % (v/v). The strain was sutulturedfrom a slope culture by
inoculationinto 1 L of DifcoE Yeast and Mould (YM) brotifFisher Scientific UK Ltd.,
Loughborough, UKwhich contains 0.36 (w/v) yeast extract, 0.% (w/v) malt extrat,

0.5% (w/v) peptone and % (w/v) dextros€Elliston et al., 2013)Yeastwasgrown in this
medium over 2 days at 25 °C. Then, the ysaspensionvas stored irafridge at 4 °C for

up to 1 month before use (Elliston et al.,, 201Bgfore yeast wasnoculated to
fermentation reaction solution, the cultured yeast medium was centrifuged (3000 rpm, 5
min, Centrifuge 5810 R, Eppendorf UK Ltd., Stevenage, UK) and the supernéMnt (
medig was disposedand the yeast cells were reconstituted in nitrogen ebas

( For Me d Foumadium Ltd, Hunstanton, UK)The total viable yeast cells were
measured by using a cell count reader (NucleoCotit&rl 0 0 E, Ch e Allerttie t e ¢

Denmark).

6.1.5.2 Subculture of yeast in SE medium

Yeastwas alsoraised in the steam explodedubr (containing water soluble sugars)
investigate theadaptabilityof yeast toSE medium The SE medium was prepared as
follows: arange of SE slurries (150, 170, 190, 210 and 230 °C) were centrifuged and
supernatants were transferred into sealed dmtivhich weresubsequentlyautoclaved
beforeyeast sspensiorwas addedWith 10 % (v/v) yeast inoculation, yeasasgrown in

the SE mediumfor 2 days. The total viable yeast cells were measured using a cell count
reader.On the other hand, the kinetic$ yeast growing in the YM and SE media were
established using a Microplate Spectrophotoméden¢hmark Plus, BioRad, CA, USA)

A small scale yeast culture (2QQ.) in SE mediumwas carried out on a 9@ell flat-
bottomed microtitre platevith lid (Nunc, Rekilde, Denmark)Yeast was also cultured in

YM medium Q00 uL) as a positive control and yeast free media were prepared as blank
controls simultaneously. The turbidity of culture solutiwsas measured in a Microplate
Spectrophotometer (Benchmark Plus, Baal, CA, USA) at< = 590 nm at 30 min
intervak, which can be referred to the quantity of yeast cBlEntberg,2011).
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6.1.6 Asmall scaléSSFprocess

SSF of ¢eam exploded duckweed (1, 5 10, Z0w/v) was performedn glassuniversal
bottles (Figure 61). The reaction solution (10nL) contained substrate(1, 5, 10, 20%
w/v), 10 % (/v or 8.0 x 10 cellsinL) of S cerevisiaeNCYC 2826 CTec2 (20U or 0.87
FPU/gsubstrate) + BG (2/gsubgrate) and Nitrogen base (634.) (Elliston et al, 2013).
The concentration of enzymes androgen base weréncreased inproportion to the
substrate concentratiodpon theyeast inoculum 10 % (v/v) of final fermentation solution
yeast was further concentrated to 4, 10, 20 antih®® in the investigation of the effect of
yeast inocuim. The SE slurries (20 % w/w DM) were separately inoculated with YM
cultured yeasin 4 times 8.2 x 10° cellsimL), 10 times 8.0 x 1§ cellsinL), 50 times 4.0

x 10 cellsimL) of the norm and SE madn cultured yeast in 1 tim@..8 x 10 cellsinL),

2 times 8.6 x 10’ cellsimL), 4 times 7.2 x 10 cellsmL) and 20 times3.6 x 1¢ cellsimL)

of the norm and the enzyme cocktail and nitrogen base were proportionally added to top
the volume up to 1nL. Substrate blankwere prepared ascontrol to detect fermentable
sugars and ethanol from YM solution or enzyraed subtracted from the sample readings
SSF samples were incubated over 3 days at 25 °C with moderate agitatiapr()2
general Hhoughstrong agitation (300pm) was used to assess the effect of agitation on
ethanol yieldof higher substrate concentration (20.9%)iquots (2 mL) of fermented
samples were transferred to screap tubes and were boiled for 5 minutes to termitrege
SSF. Theresulting samples were centrifuged and the supernatants aseessedor

ethanol andermentationinhibitors using HPLC methods.

Figure6l The fermentation vessels for a small scale SSF.

133|Page



6 Fermentatiorl

6.1.7 Analytical methods

6.1.7.1 The assessment ethanol andesidual fermentable sugars
The ethanol product and the residual fermentable sugars were measured by using HPL(
method (see 8.8.2. Briefly, SSF samples were centrifuged, filtered, measured using
HPLC fitted with carbohydrate analysis column with RI deteckilisfon et al, 2013)
The ethanol yield is expremgasEquation17 to demonstrate the effectiveness of SSF on
steam exploded duckweed.

. AOEMJIIAQAOD
SEAT OAGEAAIAGABS™P

Equationl7. The calculation of ethanol yield (% w/w)

%OEAJHAI

The amount (g) of theoretic ethanol product was obtained from molecular weight of
glucose (180.2 g/mol) and eth&r§é6.1 g/mol) which was explained Equation4. Thus,

the theoretical ethanproductis 51.2% (w/w) of glucose matter

6.1.7.2 GC sugailnalysis
The assessment of monosaccharide compositbfermented residuavere analysed by

using GC sugar method (s8&2.7).

6.1.7.3 GOPOD test

The hydrolysed glucose and unfermented glucose were detectbe gpyecific GGPOD
test method (McCleary et,al994).The preparation and measurememtre introduced in
§2.9.2

6.1.7.4 Inhibitors assessment

Fermentation inhibitors of -EA, 5-HMF, formic and acetic acidproduced in steam
explosion procesweremeasuredo estimate their inhibitions &SF The concentration of
organic inhibitors was analysed by HPLC using a Flexar LC instruni&erkin Elmer,
Seer Green, BucksJK) equipped with refractive index and photo diode array detectors
(reading at 210 nm wavelength) in series. Details of analysis method was desc@bed in
2.8.4
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6.2 Results and discussion

6.2.1 The adapbility of S.cerevisiae to steam exploded slurry

The adaptabilityof the chosen@gast strairto YM andmedia containing liquor from steam
exploded duckwee(SE media) wasssessed by 86 h yeast culture in a small scale (200
pL) in a 96-well plate Figure62 showsthe growth kinetics of yeast in Ykhediumanda
range ofSE media Over a 96 h incubation, yeast giogin YM medium exhibitghree
growth phases: a vershortlag phase, a short and fastponentiagrowing phase (less 24
h) and a long stationary phase (72 @jani and Picciotti (1995pbservedsimilar growth
kineticsfor variousyeastsusedin wine productionln our study yeast growig inthe SE
media generally exhbited a variable lag phase then underwent a linear growth phase
longer than that observed in YM medium. Téxponentialgrowing phase of SE media
continued throughout the entire 96 h incubation (after the lag phase) &Eepedium
with liquor for SE at 23C°C, for which growth phase terminated about 80 h with the
turbidity of 0.650Dsg units (Figure62). The turlidity of 150, 170 and 190 °SE medids

all close t00.5 ODsgp units Unexpectedlyyeast cultured irtsE medium made with liquor
from SE at 20 °Conly showed in a small increase of turbidily3 ODsg units, over the
96 h incubation. The turbidity in SE media from SE at 150, 170, 190, 210 artC 23860
respectively 58, 58, 58, 35 and %o that of yeast in YM medium. Considering the
fermentable sugars concentrations of YM (@/mL of glucose) and SE medium (1
mg/mL of glucose), yeast displays a great adaptability to SE medium. Howeve?C210
was already established as the optimal teatpee condition for steam explosion of
duckweed (unpublished data) and a larger quantity of SE slurry &C248s produced for
subsequent fermentation. In practice, yeastcpitured by SE medium of 21€C is

thereby considered for the further ethafeomentation.
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Figure 62. A 96 h yeast culterin YM medium and various SE liquors pretreated at
different temperature. Sugars concations of SE liquors are 1 mmgL while the
concentration of YM is 10 mgiL. Turbidity represats the concentration of yeast cells.

Yeast strairadaptabilityto YM and SE (210 °Cinediumwascontinuously established by
viable yeast cells. Thgeast growth in thetandard YM mediunproliferated to8x10 of
viableyeast cellsvhich was 4 times of SE medium (1.8x10 cellsinL) (seeTable 17.
However a high number oflead cells (2.9xF0cellsimL) were present in YMmedium
compared tadead celly ®x10° cellsmL) in SE medium (210 °C).The ratio of viable
yeast cells between YM medium and SE medium (2C) closely matches the ratio of
yeast densities iffigure 62. Theseresults from a combination of previous dataFajure
62illustrate that in 2 days incubation, yeast growth in SE medium is likely to remain in the
linear growth phase but with less increase of yeast cells whereas yeast growth alread:
enters thestationaryphase or the dead phase in light of the large amouteauf yeast cells
(Table 17 (Lo et al, 1997) Thus, the incubation time of yeast subculture in YO can

be condensed to 24 [seeFigure62) and the relatively high quntity of viable yeast cells

is potentially obtained using SE media within 2 days.
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Table17. Viable yeast cultured by using YM and SE liquor. Sugars concentrations of SE
liquors are 1 mgmL while the concentration of YM is 10 rrgL.

. Total cells Dead cells Viable cells
Medium
(numbergmL) (numbergmL) (numberfmL)
SEmedium  1.8x10 O &0l 1.8<10
YM 8.3x10’ 2.9x10° 8x10’

6.2.2 Ethanol productivity of SSF different pretreated duckweed

The effect of pretreatments on ethanol yield waisially investigated by fermenting
various pretreated materials including fresh raw (untreated), FDM and SE°Q10
materials Ethanol yields were assessed using the HPLC method and the results are showt
in Figure 63 Ethanol yield ofSSF on untreated raials only obtained31.4 % (w/w of
theoetical ethanol) wereasFDM pretreatmentiramatically enhanced trethanol yieldto

61.3 % (w/w of theoetical ethanol)which is almost 2 times ethanol yield of untreated
materials However, steam explosion resdltan a further increasim ethanol yieldup to

79.9 %(w/w of theokrtical ethanol)at alow substrateconcentration1 % w/w DM). The
conspicuous leap of ethanol yields on different pretreated materials indicates that physica
breakdown of botanic structiin FDM pretreatment effectively intensifies ethanol yield
and SE pretreatment exerts a stronger effect on the degradation of botanic structure tha
FDM pretreatment for its higher ethanol yield. Extra pretreatments prior to enzymatic
saccharification eride lignocellulosic biomass to be more susceptible to enzyme
accessibility (Waldron, 2010). The great effect of therpratreatment including steam
explosion on removal of lignin and hemicellulose fractions has been clearly stated by
Chundawat et al (20)0Ethanol yield (85.36 of theoretical ethanol) was also obtained by
SSF on SE wheat straw at 16.7 % (w/w of DM), but requires extra alkaline peroxide
pretreatment and high coentration of cellulose (40 FPyAkubstrate) (Chen et al, 2008).
Steam explosin on duckweed biomass investigated previously by authors (publication in
progress) demonstrated that SE considerably exposed cellulose to enzyme without extr:
pretreatment and enzyme dosage was thereby reduced to a very low concentration (0.8
FPU/gsubstate).
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Figure 63. Ethanol yields of SSF from different pretreated materials and SE materials at

different substrate concentrations.

The effectiveness of SSF on SE (20) duckweed igeflected in sugars concentratianfs
the dilute SEslurry (I % w/w substrateconcentratioh and remaining in SSF pellets
analysedThe concentrations variation of total sugars and monosacchéesgure64)
potentially illustrates fermentable sugaconsumption during the SSF procebs.the
substrate, carbohydrate accounts for 47ihg/g while glucose as the predominant
monosaccharidaccounts fol352.5mg/g followed by GalA (66.1mg/g) and xylose (31.7
mg/g), with traces of galactose (13.81g/g), mannose (6.6ng/g), arabinose (3.™g/g),
rhamnose (2.4ng/g and fucose (1.Ing/g). In the pellet, total sugars decrease to 162.3
mg/gwhich is attributed to the dramatical decrease in glucose (89205 mg/gto 98.2
mg/g) and GalA (from66.1 mg/gto 10.8 mg/g). The other monosaccharides were usually
unchanged in their concentrations. During 8feF process, 66 % of carbohydrate was
degraded, of which 72.2 @f theglucose was converted to ethanol and 86f%the GalA
was cegradedA trace of xylose athgalactose were metabolised to ethandbbgerevisiae
during SSF. The amount of glucosensamption is closely matched to the ethanol yield
(Figure 63. In terns of the remarkable diégpearance of GalAt might be caused by the
uptake ofGalA by S. ceevisiaeat pH 3- 6.5 since GalA is a hydrophilic compound
(Souffriau et al 2019. However, GalA cannot be metabolised ®ycerevisiaand also
inhibit fermentation(Huisjes et al 2012) The authors reported that GalA inhibited the

metabolism of galdose, xylose and arabinoaepH 3.5in S. cerevisiadut notincluding
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glucose.Sinceduckweed igich in pectimeousmaterials, the inhibition of GalA might be

considerable for the fermentation of xylose and galactose compounds.
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Figure64. Sugar analysis of SSF substrate and pellet. Substrate is SE slurry at 210 °C. the
small scale SSF.

6.2.3 Investigation of digestibility of concentrated SE materials

The low substrate concentration % w/v) provides a good insight tdeterminethe
maximum ethanol yield of SSF SE duckwedeig(re 63. However, ethanol yield
decreased markedly when substrate concentratereasedIn Figure 63 only 47.7 % and
18.8 % (w/w of theaatical ethanol) ethanol yields were achievwsdfermenting 5 % and
20 % (wh) samplesrespectively. The dramaticedrease irethanol yield suggests that
substrate concentration would stongly limit the ethanol yialider the original
experimental conditions. It should be noted tHatmentation at lower substrate
concentrdon will increase considerably the cost of downstream distillat®ince the
starting ethanol concentration required for distillation is generally coesideibe in the
order of 5- 7 % (Monash Scientific Glass Blowing Séres, 2013) SSF of duckweed
should contain 20 % (w/v) of biomass due to its 35.2 % of gluddses,concentrating the
substrateprior to fermentation is the prerequisite for SE duckweed materldis.vacuum
evaporation process was aimed to condense the original SE slurry (aréundvd DM)

to 20 % (wk). The moisture content was approxintateontroled by gravimetric
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difference at certai time points. The relationship of percentage of dry matter and
evaporation intervalRigure 65) shows that the aimedydmatter could be complete in a
6.5 our. In general, the evaporation tends to display in groegntial curve that might

shift basedn the vacuum and temperature conditions
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Figure65. The relationship of the dry mattandinterval of vacuumevagoration.

The vacuum evaporatianethodwas used to concentrate steam exploded duckweed and to
potentially remove volatile inhibitors (formic and acetic acids) in duckwedokwever,
vacuum evaporatiomight cause the hornificationf aoncentrated SHnaterials and
consequently affect the ethanol yieldi¢ and Zhu, 2011 The impact of evaporation on

the digestibility of concentrated SE slurry was assessed by enzymatic saccharification (se
Figure 66 and Figure 67). In Figure 66, dthoughthe enzyme cocktail of CTec 2 (0.87
FPU/g) + BG (2U/g) was added inta range oftoncentrated materials in proportidhe

trend shows thahe glucose yield stilfleclined in contrast teubstrate concentration. Only
averagelyd7.7 % of glucose was released in 20 % slurry, in which released glucose was
reduced by 39 %ompared to thadf the original SE slurry (2.3 % DM}{gure66). To
understand the decrease glucose yieldshownin Figure 66, an additionalenzymatic
saccharificatiorwas carried oubn the same materialghich were reconstitued to the same
dry matter contentising a consistent enzyme cocktalh comparision with Figuré6,
similar glucoseyields (2.5 mg/imL) wereobtainedby the samples in overall concentrations

(Figure67), which suggests vacuum evaporat{ap to 20 %w/w DM) does notower the
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digestibily of SEmaterials Thus, the drop of glucose yield is pawly due to the high

viscosity ofthematerial and low fluidity otheenzyme.
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Figure66. Enzymatic saccharification on concentrated meite
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Figure67. Enzymatic saccharification on concentrated materials with diluting to the same
amount of dry matterThe whole samples in this experiment do not diplay a significant
difference (F (6, 35) = 1.77, p =0.133).

Fermentation nhibitors produced from SE duckweed biomass includorgakdown
products, such asrganic acids (formic and acetcid), Shydroxymethylurfural (8BHMF)
and 2furfuraldehyde(2-FA) were studied previously (85.2.4 and measuredhere to
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establish théermentationnhibition of SE slurryat highersubstrateconcentratios (Figure
68). The concentrations of2A and SHMF in theoriginal SE slurry (2.3 % DM) are only
3.0 and 6.2ng/gof DM, which are not expectdd causea significant inhibitory effect on
subsequent fermentati®fAlmeida et al, 2007)However, the concentrations of acetic and
formic acids are 44.thg/gand 89.0mg/gwhich are significantly higher than the inhibitory
levels reported byAlmeida et al(2007) Theinhibition degree of formiacid (80 %)and
acetic acid(74 %) were expressewhen their concentrationseached27 and 60mg/g
respectively(Pienkos and Zhang, 200Maiorella et al, 2004)Figure 68illustrates the
concentration variations of libitors in the evaporated residual pellets.the vacuum
evaporation process, the volatile acids reduced considerably invdrall evaporated
residues although independently of substrate concentsatvbich released similar levels
for each inhibitor The reduction of formic and acetic acidsattributed to the effectiveness
of vacuum evaporation on volatile acid@dh@ndel et al, 20312-FA and 5HMF stabilised

in the processdue to they did not volatilize in the process but the quantitiesFéf and5-
HMF perform unclear trend@igure 6§. However, this effect was not reflected in the
concentrations of volatile acids the agueouphase Figure 68 which was removed from
SE slurry by the vacuum evaporation summary at higher substrate concetivas (10,
20 %), 2FA and 5HMF are not likely togive any inhibitory effects buhe concentrations

of acetic and formic acithustbe considered in subsequent fermentation
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Figure 68. Inhibitors measurement of various concatgd SE slurries. Original slurry
contains 2.3 % DMLiqour represents theample containing the redissolvethibitors

from the concentrated materials.
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6.2.4 Improvement of ethanol yield of S8n 20% substrate concentration

Our previous study on enzymatiacsharification indicated that increased agitation may be
beneficial for enhancing the ethanol yield of SSF concentrated materials. Given the
reduced ethanol yield observed under méditation (120rpm) (Figure 63, strong
agitation was investigatedhié experiment was designed fierment SE slurries at a range

of substrate concentrationsing 4 timesconcentratior{yeast cellspf YM yeastinoculum
together withstrong agitation (300 rpm)igure 69 illustratesthe agitation effect on
enhancinghe ethanol yield (% w/w of theoretl ethanol). The ethanol yiektross the
sampleswere increased by certain amounts coragarith Figure 63 but were still lover

(40 - 60 % than expectedt higher shstrate concentrian. Agitation does not impact on

the ethanol yieldor 10 % sample. However, it resulted in an increase of ethanol yield and
considerable consumption of glucoke 20 % samplewhich revealsthe necesty of
agitationat higher substrate concentration.thVihe combined effect of the agitation and
yeast inoculum, the decrease in ethanol yields among the concentrated samples wa
mitigated to some extent, particularly in the sample of 20 % substrate concenirhése.
resultstogether suggest that the iease ofyeast inoculum (the concentration of yeast

cells) mightpromote the conversion of sugars to ethamaler strong agitation (3Gpm).
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Figure 69. Ethanol yield andhe unfermented glucose of SSfeated with the different
level ofagitation (mild: 120 rpm and strong: 300 rpm)
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To further improve ethanol yield at 20 % substrate concentrdliere are two approaches
taken in this study: (I) the enhancement of YM cultured yg@st(YM yeast below, the
concentration of/east cells) and (ll) the adoption of SE medium cultured y&dStyeast
below) and increase of yeaditre. The relationship between ethanol yield and yeast
inoculum is demonstrated iRigure 70. The ethanol yield of YM yeast samples were
increased along witthe strengtlof the yeast inoculundosage, but the ethanol yields of
SE yeast sampdado not show this clear trend. The low level SE yeast dosage (1 and 2
times) only achieved 45.2 and 48.6 é&thanol yield(equivalent to 2.2 % v/v of total
solution)and a bigincrease occurat both 4 and 2@imes with 68.4 and 67.4 %thanol
yields (equivalent to 3.5 % v/v of total solutiomgspectively. This is reflected in the
decrease of unfermented glucose in those sssmpih higher ethanol yields. Both ethanol
yields of YM and SE yeashoculated samples welienited at around 70 %hichis likely

to be caused by two reasons: firstlye inhibitory effect of significant amount of formic
and acetic acids (discussed\pozisly); secondly, starch could not be fully hydrolysed in
the concentrated materials. Although previdasahas constantlyillustrated the effecof
Uamylase in these commercial enzyme productsiotiver temperature condition of SSF
(25 °C) might largly reduce the activity of}amylase in contrast with theptimum

temperature condition of enzymatic saccharification (50 °C)

B Unfermented Glc B Ethanol Yield
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60 -

40

the remaining glucose
bo
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yeast yeast yeast yeast yeast yeast

Figure70. SSF usinglifferent levels of yeast inoauin at 20 % substrate concentration.

l44|Page



6 Fermentatiorl

To clearly understand the limitation of ethanol yield and further improvement, the
inhibitors (formic acid, acetic acid,-BMF and 2FA) of SSF residual pellets were
assessed and results are giveRigure 71.The inhibitors concentrations were increased in
SSF reglue samples compared to the SE slurry (substrate). The concentrations of formic
acid markedly increased from 55 to 12@g/g while acetic acid were slightly increased
from 42.3 to over 50ng/gin the overall SSF sampleSven though the quantities ofRA

are very low in the materials, it dramatically increased frommgdmL to around 5
mg/mL. The concentration of-BMF has not changed during the SSF procassording

to Pienkos and Zang (2009) and Maiorella et &004),formic acid, acetic acid,-BIMF

and 2FA could produce 80, 74, 50 and 79 % of inhibition when their concentrations
reached 27, 60, 80 and 40g/g respectively.Although the concentrations off2A had
increasedy several folds, it is not expected that at these concentration there vecamy b
inhibitory effect of BHMF and 2FA on fermentation. However, for each of the four
inhibitors, the concentration did not vary significantly during the SSF process. The
concentration of formic acid in the SSF residual pellets is much higher tharhtbeion

level and acetic acid is also fairly close to the significant inhibition level. However, the
ethanol yields of those samples with higher yeast dosage levels were not affected by the
higher organic acid levels but were increased to an expecteld(tearly 70 % irFigure

70). This situation indicates that the adapabilitySotcerevisiaestrainto the material is
potentially intensified along with large yeast inoculum. In addition, similar ethanol yields
achieved by lower SE yeast inoculum dosage (4 times) suggest that SE medium pre
cultured possesses greater adaptability than YM yRaserthelessit is unavoidable that

the presence of high levels of formic and acetic acid is likely to limit the coomev§ithe

remaining glucose (10 %) to ethanol.
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m Formic m Acetic SHMF m2FA
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Figure71. Inhibitors assessment of Bellets using different levels of yeast inoculations

at 20 % substrate concentration.

At a substrate concentration similar to that uselr@wing (20 %), ethanol yield could be
improved to nearly 70 % (equivalent to 3.5 % v/v of total solution) using YMpitered

S cerevisiaeinoculum dosage of 50 times or using SE mediumcpiiiredS. cerevisiae

at a much lower level (4 timeshlthough yeast inoculated on SE liquaroduces fewer
viable cells (1.810" cellsinL) and takes longer to culture (2 days) comgare that
inoculated on YM (8.810" cellsimL; 1 day) it is still more economical to use. RifsSE
liquor is a byproduct of the ppcess whereas YM would have to be purchased. Secondly,
due to the dosage required for optimum SSF being 12.54)(80nes smaller and
accounting for the fact that two batches of Y\culumcan be cultivatedtthe same time

as one SHEnoculum based on & equivalent volumesSE inoculated yeast can dose 6.25
times more than YMCompared with using other associated means or increasing enzyme
cocktail dosage to improve the ethanol vyield, the adoption of SE inoculum could

considerably reduce the productiarst

Other ethanol yields from duckweed starch have been researched. Xu et al (2011) unveile
that 97.8 % \/w of theoretical ethanol) of ethanol yield was achievedfdynenting
Spirodela polyrrhiza containing31 % (w/w DM) of starch hydrolysedby U-amylase,
pullulanase, and amyloglucosida€ienet al (2012) reported that over 90 % ethanol yield
(3.9 % v/v) could be obtained by fermenting pentinase (26.5 R¥ghash) pretreated
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6 Fermentatiorl

duckweed l(andoltia punctata which contains 75 % (w/w DM) of starchn the studies
reported in this thesis7/0 %ethanol yield was obtained using a very low enzyme cocktail

of CTec 2 (0.87 FB/g substrate) an8G (2 U/g substrateand high yeast inoculumvhich
demonstrateshe effectiveness of steam explosion on ethgmeld of SSF duckweed
biomassand the potential of cost reduction in the ethanol producion of duckweed
feedstockThis process is also utilised on ethanol production from wheat straw reported by
Luo et al (2008): 65.8 %itl{eoktical ethandl ethanol yieldwas achievedisinga SSF
approachon steam exploded wheat straw (substrate: 10 % Mading withan enzyme
cocktail of Celluclast 1.5 (30 FFg substrate) andadditional BG under similar
fermentation conditios The total ofthe recovered glucose frotime ethanol yield (68.4 %)

and unfermented glucose (9.6 %) in the SSF process is similar to the maximum glucose
yields (80 % w/w) obtained by hydrolysingeam exploded duckweghdut not match the
glucose concentratioin the substrateThis indicates that @ % of glucose was not
saccharified in the SSF process or some of the glucose mightidised Cannella et al,

2012. Only 10 % of the unfermented glucose is probably attributed to inhibitory effects.
tiny amount of SSknaterialswere subsequently inatatedonto a PCA plate and cultured

for 2 days ¢ establisnthe bacteria contamination in the SSF solutiéigure 72 clearly
illustrates that only small amounts of yeast colonies has grown on PCA plates and no
significant bactea is presentwhich suggests that SSF solution has not been contaminated
by bacteria throughout the SSF process. This information exdinegmtential of bacteria

consumptiorof theglucose resource.
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Figure 72. The yeast ctlire in PCA platé pure yeast is evident from the formation of
orange colonie@NCYC 2826 strain). Black spots are inoculated SSF material.
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6.3 Conclusions

Simultaneous saccharification and fermentation of steam exploded duckweed by using the
finally opimised enzyme cocktalLTec 2+ BG can produce 80 % ethanol yield at 1 %
(w/v) substrate concentration, but the yield dramatically decreased to 18 % at 20 % (w/v)
substrate concentration (a highly viscous suspension). Further optimization of SSF is
addes®d by using these two approach@pincreasing the yeast titre in the inoculum or

(i) growing the inoculum on steawxploded duckweedAssociation of the increase of
yeast titre in both YM cultured and steaxploded duckweed cultured yea84.7 %
ethanol (w/w of theoretical ethanol) was obtained frimadiluted substrate (1 % wy and

nearly 70 % (w/w of theoretical ethanol) or 3.5 % (v/v of total solution) was achieved from
the concentraté substrate (20 % wj). The enhanced SE yeast inoculum (4 8inis

furtherconsidered as more economittzin YM yeast inoculun(s0 times)
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7 General conclusionsdiscussionsand further research

7.1 Conclusionsand discussions

The bioethanol production from aquatic plkhis been researched by usthg model

plant - duckweedand the process has been systematically improved and deve&ltped
regard to the followingmportant aspects: (IYluckweed was identified aa potential
biofuel resource due to its higlontentof fermentable sugars; (1) the thermal pratreent
(steam explosion) can effectively pretrdactkweedbiomasso improvedegradality and
enzymeaccessibility (11l) the enzymatic saccharification has become feasible because a
high glucose yield was effectively achieved by using the enzyme ptiepaasa fairly low
concentration and the cost of enzymesfaito aaffordablerange; (IV) the ethanl yield at

a distillable ethanol concentration is achieved by using simultaneous saccharification and

fermentation methodl hedetailed outcomes areastd below

7.1.1 Characterisatiorof L. minor

Results of chapter @emonstratehat duckweed could be developed as a useful industrial
feedstock in many aspects, e.g. bioethanol, animal feed, nst&etraditional Chinese
medicine.The bioethanol productiofiom duckweed is significantly attributed to its high
proportion of arbohydrateghat accounts fohnalf of dry matterandpredominantly contains

a significant amount ofermentable sugargylucan 33.2 % (w/w DM). The glucan of
duckweed(pond samplespredominantlycomes from starcfR0 % of DM)and cellulose
(12 % of DM) and their ratio here igearly 2:1. Compaed with other energy resources,
duckweed can providareasonable glucatontent comparable witthardwood (4655%),
wheat straw37 %), grasse$25 - 40 %), leaves (1520 %) and waste papfom chemical
pulps (60 - 70 %). Duckweed also hasonspicuouslylower levels of lignin (3 %),
compared tdardwood (185 %), wheat straw (16 %), grasses-80%)and waste paper
from chemical pulp$5 - 10 %) (Kumaret al, 2009Merali et al, 2012. This compositional
profile in combinationwith its fastgrowth ratecould eventually provida usefulethanol
resource from duckweedn addition, the variable starch content-(35 %) (Cheng and
Stomp, 2009)might furtherincrease the ethanol yield to a much higher leVee results

of fractionation demonstrate cell wall structure comprisg middle lamella and primary
wall with a very thin secondary walln addition, the establishment of other duckweed
compounds further improves thpotentially commercial value of the exploitation of

duckweedThe discovery of EFA anghenolics provides the possibility of the exploitation
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of duckweedfor high value products accompanying the ethanol production. It is o to
neglected thathe residual materials from ethanol productioay potentially be used for
animal feed because of its protein content (12 %) of dry mattzedthe protein content

may often be in aange of 29.1 45 % (andolt & Kandeler, 198 This enhances the
duckweed utilization in a holistic view of sustainable production and reduces the cost of

the waste disposal.

7.1.2 The improvement of pretreatment

Steam explosion as a common effective thermal physical pretreatment for lignocellulosic
biomass wasvaluated for usen duckweed biomass chapter 5The effectiveness dhe
pretreatment was expressed in tways (I) the glucose yield of saccharification or
ethanol yield of fermentation; (Il) the reduction of enzyme dosages or yeast inoculum. In
the combination of glucose yield§igure58) and ethanol yieldHigure 63, it is found that
steam explosion could largely redute requireddosage ofenzyme preparation arttie

titre of yeast inoculunwithout creating asignificant drop of sugar and ethangklds. The
results further indicate that steam explosion of duckweexs dot require any further
chemical additione.g. acids/aldes. Thus, steam explosion was identifiasl aneffectivdy

and potentially economially helpful pretreatment for bioethanol production from

duckweed.

In this projecta few other pretreatments have been uedueak down duckweed biomass
and their utilization and effectiveness axemmarisechere:(I) FDM is a purely physical
prereatment thatould maximally retain the mar and components of materials. FDM
materials ardinely ground particles andiere therefore generallprepared as control
blank. (Il) AIR productionis a physicathemical pretreatment and AIRs amade up of
mainly CWM ard starchwhich were solely used for the investigation of enzymatic
saccharification in #&ab scale.(Ill) Ball mill ing is another physicathemical pretreatment

in which the fairly pure CWMs were obtained and starch was removed. However, the
complex and cstly pretreatment process could not afford enough mateialshe
investigation of enzymatic saccharificatiorhus, this pretreated duckweed biomass was
specificallyprepared for the fractionation analysisduckweedcell wall polysaccharides
only. In terms of glucose and ethanol yield )M resulted in asignificantethanol yield

andgreaterglucose yieldhan alcohol extractiorm his suggestshatphysicalmilling is one
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more efficient meas to increase ethanol yielttom duckweed biomassThis mightbe

attributed to thehin secondary cell structure alwv lignin contentin duckweed.

7.1.3 Enzymatic saccharificaiton

A more costeffective enzyme preparation was identified by screeningumber of
commercial enzymefor the enzymatic saccharification of akweedindividually or in
combination By using WIAIRs materialsthe enzyme cocktail of CE + Bfacluding 100

U (4.35 FPU/g substrateof CE and 100g substrateof BG was identified as thenost
efficient enzyme preparatiolCommercial cellidse with addit o n aglucodidase is a
common enzyme cocktail used in the saccharification of lignocellulosic biomass (Eklund
et al, 1990; Mosier et al, 2006asparet al, 2007 Dien et al, 2008. This enzyme cocktail

was further optimisedn the steam exploded matérad the dosage wasducedo 20 U
(0.87FPU)/g substratef CE plus 2U/g substratef BG. This dramatic drop would reduce

the cost of ethanol production from duckweed but without conspicuous reduction of the
ethanol yield. A novel and cheaper commdraellulase i CTec 2 was identified to
replace CE by using the same level of dosage aB3¢€EHsing thefinal optimised enzyme
cocktailof CTec 2 + BG(CTec 2:20 U (0.87 FPU)/g substrateandBG: 2 U/g substrate

80 % of glucose yield was obtaine@ihe hgh glucose yield achieved by such a low
enzyme dosage of CTec+2BG is comparabldo otherglucose yields achieved by using
much greater dosage of CTec 2, e.g. 11.5 FPU/g glucan (Lan et al, 2012 delU/g
glucan (Eckard et al, 2012n addition,aer t ai n aamylasae was also praven to
present in each commercial enzyme and the activity in the combination is greater than the

aggregation of individual enzymes.

7.1.4 Fermentation

Chapter 6particularly describeshow the fermentation waslevelopedfrom a dilute
substrat€1 % wi/v)to a highly viscous substrat20 % w/v)which isrequiredto achievea
distillable ethanol concentratiofthe ethanol yield was also considerably incredseah
18.8 % to nearly 70 % (w/w of theoretical ethanol3.5 % w) by usinga concentrated
yeast titre (50 timeg4.0x10° cellsinL) of YM S cerevisiag In addition, the more
effective yeast strain can be cultured in the liquid from steam exploded slurry aszohtbe
ethanol yieldwasachieved by usingiuch less yeasitre (4 timesor 7.2x10’ cellsimL) of
SE yeast inoculunthan YM yeast inoculumThis methodallows reducing the production

cost instead of using concentrated enzyme or additional pretreatment. The ethanol yielc
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(70 %) is lower thansome reportediermentaion efficiency (90 %) of bioethanol
production from duckwee(@Xu et al, 2011; Chen et al, 201dut they were focusing on
high-starch duckweed. e utilization of the low enzyméoseand selfcultured yeasare
likely to make this processiore economicathan those requiringigh concentratios of

enzymes and complex enzymatic saccharification and fermengaitioasses

7.2 Estimation of the production cost

Combining the entire optimizationg this project together, an integrated ethanol
production patterms establishedind by that the production cost might be evaluated. This
rough estimation might provide a chancedstimatehow far the cost of the biofuel
productionfrom duckweeds away from a realistic cost. Some fundamental figures need to
be addresed prior to the estimation. Firstly, an optimized production pattern achieved in
this project is outlined (seigure 73). Secondly, the ethanol yield per kg dry matter is
figured out using following relationships: (I) 350 g glseaan be obtained fronone
kilogram dry matter; (Il) the conversion of glucose to ethammugtion4); (Ill) the
ethanol yield is 70 % of theoretical yielfhus 0.13 kg (0.16 L) ethanol is produced from

1 kg dwckweed dry mattevia this pattern. Thirdly, the industrial electricity price in UK is
8.5 pennyKWh in 2012 Department of Energy & Climate Change, 2D1Rinally, the
currency exchange rates of EuraGBP, Dollari GBP etc. are based on the currency
exchange rate on"8Jan 2014RXTOP, 2013,

Feedstock
Duckweed culture
in wastewater

i

Steam
explosion

Liquor

(] Distillationl ()<—|

Solid residue

Figure73. The flowchart of the optimized production pattern.

7.2.1 The estimation of the capital cost
Capital costs refer to the capital spent on establishing the bioethanol productign plant

which include purchasing cost of facilities, place and roads, buildings, instalment of
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facilities etc. Capital costs are generally fixed in the ethanol production, but are variable in
different countries and locations. The referable capital costs anéatd in Table 18
according toAnbarasan et al (20123eeTable 28in § 8.9) andZimbardi et al (2002)see

Table 29 in § 8.9) and and their depreciation values are indegemtly calculated

excluded from the operating cost of each treatment.

Table18. The capitatost ofthe facilities

Depreciation***

Equipment £ million (E/m? ethano)
Steamexplosion plart 6.75 131
Fermenter* 3.3 0.6
Distiller** 4.01 0.8
Centrifuge* 1.69 0.3
Holding tank&* 8.6 1.7
Building, roads and place* 1.93 40
Total cost 26.28 174.5

* According to the productivity of steam explosion plant (25000 t/y) (Zimleral,
2002).

** According to the productivity of ethanol production plant (10000 bbl per day with
assumed 250 working days per yedml§arasan et al, 2012

*** Depreciation is calculated based an expected working life df5 years.

7.2.2 The estimationfahe operating cost

7.2.2.1 Biomass harvest

In this estimation, the biomass is presumably obtained from wastewater system so that thi
cost spent on the cultural of duckweed is reckoned as zero. The harvest cost only take
account of collection, transportation atabours required. A parallel cost of harvesting
water hyacinth could be referenced that the harvesting cost per hectare ranges from $ 123
I 1976 Washingon State Department of Ecology, 2001). According6.9 t/ha per year

of dry masscould be harvestl (Xu et al, 2012, the harvesting cost of duckweed dry
biomass is $ 0.014/kg DM and subsequently $ 0.11/kg or $ 0.09/L for ethanol. The cost is
further updated to $ 0.14/kg or $ 0.12/L adjusted by inflation of USA (30 % of consumer
price index from 3% June 2001 to '6Jan 2014) which is equivalent to £ 0.09/kg or £
0.08/L FXTOP, 2014. This cost does not obviously count the additional cost for
mobilization and equipment used ($ 3500@10000) and potential disposal of plant
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materials YWashingon StateDepartment of Ecology, 2001) which would shift dramatically
when it is apportioned to different acreage.

7.2.2.2 Steam explosion

The operating cost of steam explosion mainly comprises of a number of factors which is
hardly evaluated from our trial steam exptwsiplant. A referable steam explosion plant
with a large capacity of 25000 tBM is provided by Zimbardi et al (2002)able 29in §
89in Italy and the operating cost was e€s
on feedstock and depreciation. Depreciation of steam explosion will be calculated
separately in the depreciation section. Due to duckweed isidtalfed in wastewater
system, the cost DManmdcvi vedupdatie d . Ht/ K
equialent to £ 0.081/kdPM adjusted by inflation of Italy (29 % of consumer price from

315 June 2002 to index"6Jan 2014) EXTOP, 2013. To be noticed, the dry matter of
fresh duckweed (8 %) is much lower and demands more steam than the loading material i
Zi mbardi 6s pattern (50 %), but the mghteam
require less manpower. This cost is therefore only considered as a referable value fol
duckweed. In the combination of ethanol yietdni duckweed biomass (0.16 L/KgV),

the cost is further revived to £ 0.51/L for ethanol product.

7.2.2.3 Simultaneousaccharification and fermentation

The cost of SSF is predominantly evaluated from three aspects: (i) the energy and wate
input; (i) the spending on commercial enzymes andstygeculum; (iii) the manpower
required for the process. The costs of energy and water input are calculated according
the study stated byAkiyama et al (2003) in which the polyhydroxyalkanoates were
produced by using a feohtch baterial fermentationwith the productivity of 824 kg/h
operating aB4 °C over 50 hAkiyamaet al (2003)evaluated the cost of the energy and
including electricity, steam, processing water and coolingewahd the aggregation is
12.78MJ/kg or expresses in the total eledtsiddemand (3.55 kwh/kg product). Based on

the industrial electricity price in UK 2012, the energy cost of fermentation is £ 0.28/kg or £
0.22/L ethanol. Due tcself-cultured yeas inoculumin this study the operating cost of
yeast inoculum only comes froenergy input. The process and conditions of yeast culture
resemble the fermentation proceBecausehe loading yeast inoculum is only 10 % (v/v)

of fermentation solution, the operating cost of yeast culture is consequently estimated as

1/10 of the cosof fermentation which is £ 0.03/kg or £ 0.0Zthanol. To be noticed, the
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ethanol fermentation of duckweed and yeast culture are carried out at 25 °C that require:
significant lower energy thakiyamad s f e r me n tha energy cast isTikely teeb

much lower than the estimated cost. The loading proprotio@Jet2 and BG irthefinal

SSF solution are 0.09 % (v/v) and 0.16 % (v/v) and their dosage required for 1 L ethanol
production are calculated as 0.028 L/L ethanol product and 0.05 L/L ethradacp
respectively. The inudstrial price of CTec 2 and Novozyme 188 are reported as £ 150/m
(Novozymes 2012 and £ 45/t $hi et al, 2002 The expenseon CTec 2 and Novozyme

188 for 1 L ethanol is £ 0.0042 and £ 0.0018, together, the enzyme cockiiaiCdf e ¢

2 + B GadtsE 0.006L ethanol.

7.2.2.4 Distillation

By using an ethanol distétion facility with capacity ofL 738m%h water, the distillation of
ethanol products including original ethanol concentration of g9 % (v/v) generates
12166 kg/h distiing ethanol that requires energy of 1.02%1Q/h with 100 % efficiency
(Anbarasan et al, 2012Sacia et al, 2002 With respect of the original ethanol
concentration of 27 g/L or 3.5 % (v/v) in this study, 46926 kg/h distilling ethanol is
potentally produced and requires 3280’ KJ/h. Combining with the industrial electricity
price in UK, the distillation cost for 46926 kg distilling ethanol from duckweed per hour is
estimated as £ 923. The distillation cost also is expressed as £ 0.02/kg ethabOl1&rIE
ethanol with 100 % distillation efficiency. With a realistic efficiency of 50 %, the

distillation cost would increase to £ 0.04/kg ethanol or £ 0.03/L ethanol.

7.2.2.5 Other operating costs

Some additional costs are necessarily taken accounthimtiotil operating cost, including
depreciation, maintenance, insurance, plant management (Zimbardi et al, P0es.
additional costsire dominated byepreciatiorthat is estimated a€ 174.5/m* ethanol or
£ 0.18L ethanol(seeTable 1§. The rest additional coss not established hergecause

they are very variable based on the plant distribution.

7.2.3 The profits of using duckweedthe industrialwastewateplant

It is not be neglected that there are remarkable profits generatedufiog duckweed in
the industrial wastewater plant which is necessarily take account into thetouostiea of
ethanol production. The profits are mainly attributedthe purchasing fees of the

conventional chemical and microbsas\wed by growing duckwesd in the discharge ponds.
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The annual chemical cost in one industrial wastewater plant with capacity 6000&/d

is £ 153720 (COSTWater, 2014) which is potentially saved by using duckwleeigrms

of this effluent of wastewater, it requirese massie reservoito contain the wastewater

for duckweed growingOtherwise, wastewater can not be completely cleaned without
enough retaining time. Thus, the detailed establishment of growing duckweed in

wastewater systelemands more precise investigatiortter.

7.2.4 The potential overall cost

The total cost (E 1.05/L ethanol) of the optimised pattern associated with steam explosion
is summarised as Scenario Il in Tab® The major contribution of the cost is the steam
explosion (£ 0.51/L ethanol) and SSF myyerequirement (£ 0.22/L ethanol). To highlight

the effectiveness of the steam explosion pretreatment for reducing the production cost
another pattern using sufficient enzyme dosage was estimated and itsilbostrasedas
Scenario | inFigure 74 The enzyme preparation of Scenario | is CTec 2 + BG and their
dosages are according to a common range of cellulasie 420FPU/g substrate) and the
ratio of CE:BG at 1:1 reported by a number of literature &ap et al, 2004Gasparet al,

2007; Andersoret al, 2008Chenet al, 2012). Thus, 30 FPU (700 U) /g substrate of CTec

2 and 700 U/g substrate of BG are used for the cost estimation of Scenario | and their cos
are £ 0.15/L and £ 0.62/L respectively. The cost of enzyme preparation is the predlominan
contribution of the total cost of Scenario I. To be noticed that the materials in those studies
(Xiao et al, 2004;Gasparet al, 2007; Anderson et al, 2008henet al, 2012) were also
treated by basic pretreatment, e.g. physical milling, which gene@at@sn amount of cost

and has not been estimated here. Accordingtttewood et al (2013), a selling price of
Scenario | is estimated as £ 2.08/L ethanol Rigure 74) while the selling price of
Scenario Il is estimated aslf83/L ethanol (irfFigure74), topped with fuel duty (£ 0.58/L
ethanol, Dec, 2013), VAT (17.5 % of cost) and distribution cost (£ 0.021/L eth@hd).
parallel ethanol production from wheat strgnetreatedby SE was estimatedss: the
operating cost (£ 0.453/L ethanol) and the bioethanol selling price (E 1.18/L ethanol)
(Littlewood et al, 2013) It also stated that the major contributions of his estimatame

from enzyme cost and feedstock harvedtile steam explosion exhibdean economic

cost Kumar and Murthy (2011) also illustrated a relatively low ethanol production cost of
using SE pretreatment as $ 0.86/L ethanol (equivalent to £ 0.53/L ethamwBver, none

of these literature revealed a detailed evaluation of themsexplosion costhat can be

applied to estimate the operating cost of SE in our study, despite they suggest that the
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operating cost of SE could be potentially largely trimmiedaddition, the depreciation
would be also reduced accordingliittlewoodd sesearchWe are also necessarily aware

of the less energy content in bioethanol, the energy generated by 1 L bioethanol is
equivalent to 0.68 L of petroLittlewood et al, 2013).This study provides aough cost
estimation based on a number of literataker all it only demonstrateghat the

commercialisation of this technology is likely to be within reach.

Table19. The estimation of the ethanol production from duckweed by using our optimised

pattern. The cost is estimated &a®n per litre of ethanol.

Parameter Cost value (£/L)
Biomass harvest 0.08
Steam explosion 051

SSF (energy input) 0.22
Enzymepreparation 0.006
Yeast inoculum 0.02
Distillation 0.03
Depreciation 0.18
Total cost 1.05

2.4 OFuel duty, VAT &
distribution cost
2.0 - @ wastewater
_ treatment
?: 16 - Petrol pump price |mDepreciation
212
& m Distillation
£ 038
3 = SSF
04
B Steam explosion
0.0
Scenario [ Scenario II Littlewood's mBiomass harvest
estimation

Figure74. The comparison of the estimation in the cost and the selling price with other
bioethanol productittlewood et al, 2013). Petrol pump price is £ 1.31/L in December,
2013.
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7.3 Limitations and future research

This studyprovides a technical potentiédr bioethanol production from duckweed. The
outcomes achieved in this project demonstrate how duckweed biomass could be converte
to bioethanol technobically. However,this study is still restricted by many factors that
lead the possibility of bioethahproduction to remain at a trial stadeis questionable if

the objecti L. minor could repesent the whole duckweed familill the same ethanol

yield be achieved in the industrial scale by using tpmized pattern? Nevertheless,
these limitationsor disadvantages will be perceivably overcome if the bioethanol

production is enhanced by following further approaches:

7.3.1 The geographical distribution of this technology

The ethanol production from duckweed appears to distribute geographically im cedai
affected bytwo reasons one is the suitable habit for duckweed growthensure the
throughout of feedstock, the other is feedstock harvest Boshomo et al (1997) found

that the application of duckweed in the wastewater system seemed diffiltaly because

of the requirement of large area for growing land andct#ssatiorof growth in winter
period. Howeverthe ceasing of growth seems not happened in the tropical, subtropical
zone. Igbal (1999) reported the duckweed growing wastewateensysan supply
sufficient food for carp cooperatively raised in the wastewater system throughout year.
Thus, this technology should Ipeimarily considered for appiyg in the perenniamild-
wettish countriesHarvesing duckweed biomass is labour and equgmtintensiveand the
harvesting cost varies depending on the plants density, the nutrient condition of water
system, equipment used, transportation and labours. Hence, the estimated harvesting co
(E 0.06/L of ethanol) will shift in different countriesnd yearsThe application in those
countries with cheaper labour is probably more feasible than in the developed codstries.

a conclusion, thissthanol productioris potentially adopted ithose countries or area
possessing mildvettish weather and chger labour, such as, southern China, South and

Southeast Asian countries, Middle Africa and South American countries.

7.3.2 Improvement ahe processingechngue
The cost estimation has illustrated that this optimised technology is still beyond the petrol
punmp price and the biofuel from wheat straven though His high evaluationwas

calculated based the cited informatigagromoting the processing techoeis bound to
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optimize the ethanol production and consequently reduce the operatingjlfwosiptimized

ethanol production pattemight beimproved from the following aspects:

Firstly, the preservatiorof duckweed biomasappearsknotty due tothe high moisture
content Direct storage of the fresh biomasstl frozen condition isunfeasibly enforced
for the massive freezer required and the expensive Thstbiomass therefore demands
drying treatmentprior to the preservatiomrying in the suns most likelylow technology
solution,but may causeeompound denatuation (Sridhar, 2008) Other dry methodwith
association of heating would obviously increase the €asthermorealoss of dry matter

is found in diverse preservation methods andignificanty varies for the different
duration and conditions including temperature, light and volume (Leeveal, 1985).
Thus it can be seen that selection of pheservatiormethodswill be possibly considered
asthe equilibrium ofdenaturation and the coas well as the requirement of subsequent

pretreatment

Secondly, steam explosion as the majmtibution of the operating cost, requirgseater
technicalinnovation to lower the costFrom our disciplinary perspectivéhis could be
optimized on duckweed materidh this project,the fresh wet duckweed biomagss
directly treated by steam explosidor the purpose of avoiding th@stand compounds
denaturation in the drying processowever,it appears to demand large energy input to
achieve the required steam explosion conditibtehr et al (2012) stated that the water
content of the total intracced biomass of steam explosion would be a key factor on the
steam consumption. In another word, steam demand would increase when more moisture |
present in the materialft seems thathe low moisture conteraf materialsis not only
beneficial forfeedstock preservation, but it alscaters tathe reduction ofenergyinputin

the steam explosiopretreatment Besides, the reduction of steam demand is likely to be
improved by preheating materials and modifying the density of loading sarkalbs €t

al, 2012)

Thirdly, the bottleneck of ethanol yield and the energy efficienegd to be fuher
improvedby technically promotinghe fermentationprocess A reasonable ethanol yield
(70 % of theoretical ethanol) was obtaingd this optimized SSE which appears a
bottleneck of the ethanol yiel®n the other hand, the energy efficiency of biomass to

ethanol using biochemical conversion mean is only 28.6 % (IATA, 2009). These figures
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indicate that there is a huge rodmtechnically optimize the fermentati@s one more
efficient processThis ethanol yield ought to bechnologicallyincreasedby reducing
inhibitors, innovating yeast strain andermentation methodIin addition a variety of
fermentation methods have been reported which might enable to adiiarfeementation
process. Elliston et al (2013) stated that a novel methfti batch semi simultaneous
saccharification and fermentatioh waste papeachievedchigh ethanol concentrations (12

% v/v) at areasonable ethanol yield (65.5 Uging avery vscous substrate (65 % w/v).
With the respect of the profile of steam exploded duckweed slurry, the fermentation
method could be improved a@) simultaneous subculture yeast and fermentation on SE
duckweed liquidsand (Il) fed batch simultaneous saccheation and fermentation by

constantly loading with concentrated solid SE slurry.

7.3.3 Innovation of enzyme preparation and yeast

Enzyme and yeast as the most important biochemetalystplay a crucial role fothe
bioethanol production from duckwee€bhis study unveils thatuckweeds one starchand
celluloserich feedstockhat requires specific commercial enzyrnrethe combination of
highly activec el | ul ase and amyl alacesidase ppthecbaseoh aui n ¢
knowledge,no commercial enzymesontaining both thehighly active cellulase and
amylase is specifically produced for the stat@hd celluloseich feedstock. Howevethe

equal efectivenessf this specific enzyme conbination could be alternatiealyievedby
optimizing saccharification patterrDne associated study completeg Mr Wu and Miss

Tan and supervised by authawestigatedone alternative hydrolysis pattetm maximie

the glucose yield up to 100 % (w/N(geeFigure78in § 8.8). This pattern is oneombined
enzymatic saccharification in which duckweed biomass is initially hydrolysed by using the
enzyme cocktail ofCTec 2 + BGthenfollowedbyl oadi ng o f-amgladed Thei o n
increase 0f20 % glucose yield would provide theoreticalpotential of ethanol yield
increase Z0 %). Demand of pecific S. cerevisiaestrain for the duckweed biomass is
possiblystrongerin theindustrial ethanol productios our results illustrated previously,

SE medium preulturedS. cerevisiadas better adaptability in the fermentation solution
than YM precultured and thenore efficientethanol productivity was also performed by
SEyeast

7.3.4 Promoting the production in a sustainable perspective

The perspective of sustainable developing and environmental protection are bound to be
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one important motivation of the optimizationtbe bioethanol production industry. In this
optimized praluction pattern, the waste steam from steam explosion and wastewater
effluent are likely reused in the production system. As we discuss previously, several steps
of the production require to be improved with additional heating treatments that are
possiblyreplaceable by using waste steam from steam explosion. Firstly, preheating of
materials prior to steam explosion might be completed by refluxing the emitted waste
steam with great heat capacity (degure 75). Secondly, thestart saccharification is
suggested to be immediately carried out after SE pretreatment (discussed.8h Ehe

steam exploded materials remain at a very high temperature condition and the gelatinise
starch is possibly still irthe loosened formation just after SE pratmeent. Thus, the
amylase hydrolysis of starch applied immediately after SE pretreatment is likely to be
more efficient and energy saved. Furthermore, the extra waste steam is also potentially
used in the distidltion or other steps that potentially require heating treatriéet.yeast
cultivation in stearexploded duckweed slurry might be reckoned mstlzer aspecof
sustainablebioethanol production from duckweedhis method will not only provide
specificallytargeted and efficient yeast for fermentation, but also sufficiently reuse extra
liquid generated from SE pretreatment tlgmtessentiallyremoved for the subsequent
fermentation. However, the high level of liberated glucose generated from steam explosion
might be largely wasted in the yeast culture. In addition, the waste water generated in the

production process might be considered for growing duckweed biomass prior to discharge.
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Figure75. The steam explosion plant with prakiag treatment.

7.3.5 One potentially industrial pattern of bioethanol production from duckweed
The overall statements discussed above are likely to drawconstructivepattern of the
bioethanol production from duckweed that migjet adapted tother aquatiglants.This
new patternFigure 76) appearsmore efficient andenergy savingxpressed in following
aspects: firstly, starch hydrolysibat required a thermol treatment cae implemented
immediately downstrearafter steam exmsionfor possiblyexering the heagenerated in
the SE processsecondly, seltulturing yeast by using SE medium will not only save
capital for buying yeast medium, but alsmomote the yeast adaptability for subsequent
fermentation and reduce the dosagf yeast inoculum; finallythe reuse of the emitted
steam from steam explosion pretreatment into either material drying or distillation would
significantly save energy input. Certainly, this pattern only providespdssibility in
theory and it need® tbe evaluated in a real industrial plant.
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8 Appendces

8.1 Hoagland E-Medium preparations

Table20. Micronutrient solution recipe

Molecular gL Conc. in stock| Conc.in final medium
mass (mmol) (mmol)
H3BO; 61.83 2.86 46.0 23
MnCl,.4H,0 197.90 1.82 9.20 4.6
ZnSQy. 7TH,O 287.60 0.22 0.765 0.382
NaM00,.2H,0 241.90 0.09 0.372 0.186
CuSQ.5H,0 249.68 0.09 0.360 0.180

Table21. Fe EDTA recipe

Conc. in stock Conc. in final medium
g/250mL
(mmol) (mmol)
FeCk.6H,O 0.121 1.79 35.8
EDTA 0.375 4.0 80
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8.2 The setting parameters for GCanalysis of sugars

Instrument Control Method
Instrument Name : AutosystemXL

Instrument Type : PE AutoSystem GC with buntAutosampler

Channel Rrameters

Data will be collected from channel A

Delay Time : 0.00 min Run Time : 50.00 min

Sampling Rate : 12.5000 pts/s Channel A Channel B
Signal Source: Detector A Analogue Output: NT

Attenuation-6 Offset 5.0 mV

Autosampler Method

Syringe Capacity: 5.0 €L
Viscosity Delay: 0

Sample Pumps: 6 Wash/Waste Vial Set: 1
Preinjection Sample Washes: 2

Preinjection Solvent Washes: 0

Postinjection Solvent Washes (A): 8

Carriers Parameters

Carrier A control: PFlow He Column A length: 15.00 m
Vacuum Compensation: OFF Split Flow:Al0min
Initial Setpoint: 2.0 PSIG dmet er: 320 e&m

Initial Hold: 999.00 min

Valve configuration and settings
Valve 1: SPLIT On Valvé62NONE

Detector Parameters
Detector FID Range 1
Time Constant 200 Autozero ON
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Heated Zones

Injector A: PSSI Initial Peint : 250°C
Initial Hold: 999.00 min Injector B: NONE
Setpoint: OFF Detector A: 250°C
Detector B: 0C Auxiliary (NONE): 0°C

Oven Program

Cryogenics: Off Initial Temp: 140°C
Initial Hold: 5.00 min Total Run Time: 50.00 min
Maximum Temp: 240°C g&libration Time: 2.0 min

Ramp 1: 2.5 0/min to 210°, hold for 17.00 min

Timed Events
SPL1 set to 60 at 4.00 min SPL1 set to 10 at 10.00 min

Real Time Plot Parameters
Offset (mV): -2.000 Scale (mV): 32.000

Processing Parameters
Bunch Factor: 12 points
Area Threshol d: 100. 00 eV

Peak Separation Criteria
Width Ratio : 0.200 ValtyPeak Ratio : 0.010

Exponential Skim Criteria
Peak Height Ratio : 5.000 Adjusted Height Ratio : 4.000
Valley Height Ratio : 3.000

Baseline Timed Events

Event #1- Disable Peak Detection at 0.010
Event #2- Enable Peak Detection at 10.000
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Table22. Componeninformationof GC monosaccharides assesment.

Component Reention time Search window
Rha 19.900 min 0.00 s, 0.50 %
Fuc 20.270 min 0.00 s, 1.00 %
Ara 22.730 min 0.00 s, 1.00 %
Xyl 25.170 min 0.00s, 1.00 %
Man 30.720 min 0.00s, 1.00 %
Gal 31.520 min 0.00 s, 1.00 %
Glc 32.500 min 0.00s, 1.00 %
2DOG 26.840min 0.00s, 1.00 %

Reference Component : Find peak closest to expected RT in window
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8.3 The setting parameters for GCanalysis of FAME

Parameters ofHewlett Packard 5890 GC system

Packed columns

ECD flows, 153

flows for TCD, 123

gas flows for FID, 113

flow ranges, 73

installing glass columns, 25
septum purge, 74

Pressure control

capillary columns with FPD, 164
detectors, 231

EPC, zeroing, 222

for FID makeup gas, 120

inlet programming, 226

NPD with capillary columns, 143
Programming

detector prssure, 232

inlet pressure, 226

start/stop, 184

Safety shut down, 220
septum purge, 74

SETPOINTS

loading, 26,207
Shutdown, instrument, 11
Signalsand INET, 1&
assigning, 171
attenuation on/off, 179

on/off control, 176

corrected length, 250
flows for NPD, 140
flows with FPD, 161
Packed inlet
installing capillary inlets, 27
installing metal columns, 23
Polarity inversion, TCD, 128, 180
auxiliary EPC, 230
detector programming, 232
ECD, 156
for FID, 117
for TCD, 125
inlets with EPC, 222
restrictors, 234
checking inlet pressures, 229
inlet flow, 246
oven temperature, 58
start/stop using INET, 185

Sensitivity, TCD, 128,201

storing, 206

signal output, 170

as timed events, 200
attenuation, 176
display or monitor, 173

zerong, 175

Single column compensation, 129,190

Split mode, flows in capillary inlet, 79
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Parameters ofBPX 70 column
PhaseBPX70 0.25 pm film Constant Flow: On
Column: 25 m x0.22 mm ID Ave. Linear Velocity: 35 cm/s&6@a°C

Sample: 200ppm in dichloromethane Injection Mode: Split

Initial Temperature: 155 °C Split Ratio: 80:1

Rate 1: 2 °C/min to 18T Injection volume: Qub

Rate 2: £C/min to 22(°C Injection temperature: 25

Final Temperature: 220 °C, 5 min Liner Type: 4mm ID

Detector type: MSD Double Taper Liner
Carrier GasHe, 35.3psi Linear®Number: 092018

Carrier Gas Flow: 1&L/min Full Scan / SIM: Full scan-450

The standard components of FAME

. Methyl butyrate (C4:0)

. Methyl hexanoate (C6:0)

. Methyl octanoate (C8:0)

. Methyl decanoate (C10:0)

. Methyl undeanoate (C11:0)

. Methyl laurate (C12:0)

. Methyl tridecanoate (C13:0)

. Methyl myristate (C14:0)

. Methyl myristoleate (C14:1)

. Methyl pentadecanoate (C15:0)
. Methyl 10pentadecenoate (C15:1)
. Methyl palmitate (C16:0)

. Methyl palmitoleate@16:1)

. Methyl heptadecanoate (C17:0)
. Methyl stearate (C18:0)

. Methyl oleate (C18:1)

. Methyl elaidate (C18:1T)

© 00 N O O b W N P

N e R o o
N~ o 01N W N P O
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18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.

Methyl linoleate (C18:2)

Methyl linolenate (C18:3)

Methyl gamma linolenate (C18:3)
Methyl arachidate (C20:0)

Metyl 11-eicosenoate (C20:1)

Methyl 1114 eicosenoate (C20:2)
Methyl behenate (C22:0)

Methyl erucate (C22:1)

Methyl 1114-17 eicosatrienoate(C20:3)
Methyl homogamma linolenate (C20:3)
Methyl arachidonate (C20:4)

Methyl nervonate(Q24:1)

Methyl docosadienoate (C22:2)

Methyl docosahexaenoate (C22:6)

286407 | 2

2.4e+07

1.6e+07
1.2e+07
8000000

4000000 | ‘.

2e+07

///ﬁ 11
flfe

7
B9, 16, 17

J‘\/

0 %|-\.-.-‘|"\l.lll_ L (ﬂ |I I |'

18
! 1
\( 52? 2122 23 24\ (57 28 29

30 31

J "Iﬁl jlft f | f

11 S

2.00 4.00 8.00

3.00

10.00 12.00 14.00 16.00

Figure77. The retention time of 31 components of FAMEBIRX 70 column
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8.4 HPLC setting parameters for phenolic acids

Instrument Control Method

Instrument Name : HPLDAD

Instrument Type : Quaternary LC Pump Model 200Q/410 witha8®Autosampler

Channel Parameters
Delay Time: 0.00 min Run Time: 42.00 min
Sampling Rate: 1.1364 pts/s

Autosanpler Method
Injection Source: Autosampler Injection volumee 140

Loop size: 150 ¢L

Excess volume: 5 €L

Needle level: 5% Inject delay time: 0.00 min
Flush volume: 1008 L

Fl ush cycles: 2

Sample speed: Medium

Detector Parameters

A (nm): 280 nm BWA (nm): 5 nm

RWA (nm): 360 nm B (nm): 325 nm

BWB (nm): 5 nm RWB (nm): 360 nm
Spectral Aquisition Mode: Time Lamp off at end of run: No

Sampling Period: 1.76 s

Real Time Plot Parameters
Offset (mV):-30.000 Scale (mV): 200.000

Processing Parameters
Bunch Factor : 5 points
Area Threshol d : 122. 00 ¢V

Peak Separation Criteria

Width Ratio : 0.200 VatteyPeak Ratio : 0.010
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Exponential Skim Criteria
Peak Height Ratio5.000 Adjusted Height Ratio : 4.000
Valley Height Ratio : 3.000

Baseline Timed Events

Event #1- Disable Peak Detection at 2.400
Event #2- Enable Peak Detection at 4.070
Event #3- Disable Peak Detection at 30.000

Table23. Component mformationof HPLC phenolic acids assessment.

Component Retention Time Search Window
Protocatechuic Acid 6.42 1.00 s, 2.00 %
Chlorogenic Acid 7.45 1.00 s, 2.00 %
(Aldehyde) Protocatechuic  8.94 1.00 s, 2.00 %
Benzoic Acid (pOH-) 9.76 1.00 s, 200 %
Phenyl Acetic Acid (pOH-) 10.1 1.00 s, 2.00 %
Vanillic Acid 10.26 1.00 s, 2.00 %
Caffeic Acid 12.58 1.00 s, 2.00 %
(CA)Truxillic Acid 12.99 1.00 s, 2.00 %
Vanillin 13.35 1.00 s, 2.00 %
t-p-Coumaric Acid 14.28 1.00 s, 2.00 %
t-Ferulic Acid 1488 1.00 s, 2.00 %
c-p-Coumaric Acid 15.2 1.00 s, 2.00 %
c-Ferulic Acid 15.96 1.00 s, 2.00 %

Find peak closest to expected RT in window

Compaent standard purity percentad®©0.0000%
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8.5 HPLC setting parameters for carbohydrate
AutoSampler Section

Device Name: FX10ASCE3

Model: Flexar FX10 UHPLC Autosampler Cool Only

Il njection Volume (eglL): 20

FIl ushes: 2

Sample speed: Medium Preinject flush cycles: 0
Air cushion (eL): 5injectflushcycles: 1
Flush speed: Medium Tray Temperature (°C): 4
Loop size (eL): 5 @edelevel(mm):4
Tolerance (x °C): 2 Mode: Partial loog (45

Injection Delay Time (min): 0.000

Pump Section

Device Name: FX10Pump Transition type: Isocratic

Pressure units: psi Initial equil time (min): 0.100

Upper pressure limit: 20000 Stop time after equil (min): 999 Lower pressure
limit: O Standby time (min): 120.000

Standby flow fnL/min): 0.2

Program Solvent Reservoir

Step Type Time (min) Flow (mL/min) A B C D Curve

0 Equil 0.1 0.6 0 100 0

1 Run  42.000 0.6 0 100 0

Oven Section

Device Name: FXPOved

Model: Flexar Peltier Column Oven

Temperature (°C): 65 TolerdneéC): 1
Equil Time (min): 0

Detector Section
Device Name: FXRIDetl
Model: Flexar Refractive Index Detector

Temperature (°C): 35 Autozero: True
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Sampling rate (pts/s): 2 End Time (minQ04R
Time(min): 0.000 Polarity: +

Channel Name: RI
Model Name: Flexar Refractive Index Detector
Time Adjustment (min): 0.000

Unretained peak time (min): None

Peaks and &libration

Bunching Factor: 1 Area Threshold: 0.01
Noise Threshold: 0.00 Matching: Use tallest
Outlier Limit (%): 15 Internal Standard: Ribose

RRT Reference Component: dentified Peak Quantitation

Table24. Components informatioof carborhydrate size measurement.

Component Retention time Peak search start  Peak search end

(min) (min) (min)

Cellobiose 10.025 9.641 10.409
Maltose 10.514 10.115 10.913
Glucose 12.255 11.693 12.588
Xylose 13.369 12.759 13.721
Galactose 13.979 13.979 13.979
Ethanol 17 16.5 17.5

Ribose 34.926 33.422 36.095
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8.6 HPLC setting parameters for inhibitors / organic acids
AutoSampler Section

Device Name: FX10ASCQ

Model: Flexar FX10 UHPLCAutosampler Cool Only

Il njection Volume (eglL): 25
FIl ushes: 2
Sample speed: Medium -iRject flush cycles: 1

Air cushion ( ¢L) :Podinjectflushcycles: 1
Flush speed: Fast Tray Temperature (°C): 4
Loop size (eL): 50

Tolerance (£ °C): 1 Mode: Partial loop (45L)
Injection Delay Time (min): 1.000

Pump Section
Model: Flexar FX10 UHPLC pump

Device Name: FX10Pump Transition type: Isocratic

Pressure units: psi Initial equil tima); 0.100

Upper pressure limit: 1600 Stop time after equil (min): 999.9
Lower pressure limit: O Standby time (min): 120.000

Standby flow fnL/min): 0.2

Program Solvent Reservoir

Step Type Time (min) Flow (mL/min) A B C D Curve
0 Equil  0.000 0.6 0 100 0

1 Run  60.000 0.6 0 100 0

Oven Section

Device Name: FXPOveh Model: Flexar Peltier Column Oven
Temperature (°C): 65 Tolerance (= °C): 1

Equil Time (min): 0

Detector Section

Device Name: FXRIDett Model: Flexar Refractive Index Detector
Temperature (°C): 35 Autozero: True
Sampling rate (pts/s): 2 End Time (min): 60.000
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Time(min): 0.000 Polarity: +
Device Name: PDADel Model: Photo Diode Array Detector
Sampling rate (pts/s): 2 End Time (min): 60.000

Unretained peak time (min): O

Channel Name: RI

Model Name: Flexar Refractive Index Detector
Time Adjustment (min): 0.000

Unretained peak time (min): None

Plot Title: RI Scaling type: Autoscale
Y min: -200.000 Y max: 500

Start (min): 0.000 End (min): 999.990
Annotations:

Sample ID: Yes Baselines: Yes

RTs: Yes Wavelengths: Yes

X axis label: Yes Y axis label: Yes

Peak Names: Yes Timed Events: Yes

Overlay: none

Channel Name:
Model Name: Photo Diode Array Detector

Plot Title: 210 Scaling type: Autoscale
Y min: -1000.000 Y max: 4000

Start (min): 0.000 End (min): 999.990
Annotations:

Sample ID: Yes Baselines: Yes

RTs: Yes Wavelengths: Yes
X axis label: Yes Y axis label: Yes
Peak Names: Yes Timed Events: Yes

Overlay: none

Peaks and Calibration

Bunching Factor: 1 Area Threshold: 0.01
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Noise Threshold: 0.00 Matching: Use closest
Outlier Limit (%): 15
RRT Reference Component: Unidentifiedak Quantitation

Table25. Peak Identification by using channel Rl

Component Retention time Peak search start  Peak search end

(min) (min) (min)
TFA 6.360 6.310 6.420
Citric 7.643 7.330 7.955
Malic 9.067 8.950 9.200
Succinic  9.067 8.950 9.200
Formc 14.385 12.747 15.506
Acetic 15.554 14.960 16.987
5-HMF 28.459 26.360 32.749
2-FA 41.796 39.100 45.101

Table26. Peak Identification by using channel 210

Component Retention time Peak search start  Peak search end

(min) (min) (min)
TFA 6.162 5.8 6.431
Citric 7.460 7.153 7.767
Malic 8.879 8.529 9.229
Succinic 10.756 10.350 11.162
Formic 14.209 13.699 14.719
Acetic 15.378 15.361 17.854
5-HMF 30.072 29.000 31.557
2-FA 43.000 40.766 45.671
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8.7 HPLC setting parameters for carbohydrate size
AutoSampler Section

Device Name: AS3

Model: LC 200 Series Autosampler

Il njection Volume (eglL): 40

FIl ushes: 2

Sample speed: Medium -iRject flush cycles: 3

Air cushion ( ¢L) :Postinfectflush cycles: 3

Flush speed: Fast Tray Temperature (°C): 20

Loop size (eglL): 100

Tolerance (£ °C): 1 Excess volume (elL): 10

FIl ush syringe size (eglL): 250
Injection Delay Time (min): 0.000

Pump Section

Model: LC 200 Series Quaternary Pump

Device Name: QPump Transition type: Isocratic

Pressire units: psi Initial equil time (min): 5.000

Upper pressure limit: 725 Stop time after equil (min): 60.00
Lower pressure limit: 40 Standby time (min): 120.000

Standby flow (nL/min): 0.2

Program Solvent Reservoir

Step Type Time (min) Flow (mL/min) A B C D Curve
0 Equil  1.000 0.5 0 100 0 0 0

1 Run  60.000 0.5 0 100 0 0 0

Oven Section

Device Name: OveH

Model: LC 200 Column Oven

Temperature (°C): 25 Tolerance (= °C): 1

Equil Time (min): 0.5 Channel name: RiDEt

Detector Section

Device Name: RIDe#
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Model: LC 200a Series Refractive Index Detector
Channel name: RIDet 1

Temperature (°C)1 Autozero: True
Sampling rate (pts/s): 1 End Time (min): 60.000
Time(min): 0.000 Polarity: +

Device Name: PDADel

Model: Photo Diode Array Detector

Sampling rate (pts/s): 1 End Time (min): 60.000
Unretained peak time (min): O

Channels

Channel Name:

Model Name: Photo Diode Array Detector
Time Adjustment (min): 0.000

Unretained peak timar(in): None

Channel Name: RIDet 1
Model Name: LC 200a Series Refractive Index Detector
Time Adjustment (min): 0.000

Unretained peak time (min): None

Plot Title: RIDet4 1 Scaling type: Autoscale
Y min: -200.000 Y max: 500

Start (min): 0.000 End (min): 999.990
Annotations:

Sample ID: Yes Baselines: Yes

RTs: Yes Wavelengths: Yes

X axis label: Yes Y axis label: Yes

Peak Names: Yes Timed Events: Yes

Overlay: none

Peaks and Calibration
Bunching Factor: 4 Area Threshold: 0.03

Noise Threshold: 0.01 Matching: Use tallest
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Outlier Limit (%): 15

Table27. RRT Reference Componetinidentified Peak Quantitation

Component Retentiortime  Peak search start  Peak search end

(min) (min) (min)
Mw O 2:3.923 3.719 4.121
Mw 12200 4.000 3.797 4.203
Mw 5800 4.195 3.986 4.404
Mw 738 5.311 5.068 5.554
Cellobiose 5.895 5.635 6.155
Glucose 6.297 6.025 6.569
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8.8 The combined enzymatic hydrolysis using cellulase and amylase
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Figure78. The combined enzymatic hydrolysis of starch and lignocellulosic carbohydrate.
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8.9 The cost estimation original data

Table28. The capital cost of the ethanol production plant with the productivilyd@00

barrel per dayAnbarasan et al, 2012)

Unit
Fermenter
Ethanol Distiller
Tributyrin Distiller
2x Toluene Distiller
CondensatioPFR
Centrifuge
3x Holding Tanks
Pretreatment
Hydrolysis
Dryer
Othef
Total Units
Solvent§
Tributyrin®
Toluene
Total solvent
Catalysts
Pallaclium
K3POy
Total Catalyst

Size
42000
18 stages
4 stages
20 stages
3440m®

50kg solid/s
20000m®
14500m°
2400m®
6.4 Mkg/day
/
/

42000m°
4800m°
/

3.57 tons
3400 tons

Cost ($Million)

5.41
0.45
0.06
0.96
6.13
2.77
14.1
4.02
0.75
2.21
36.9
73.8

68.1
3.5
71.7

132
3.4
135.4

Cost (%oof total)
1.93
0.16
0.02
0.34
2.18
0.99
5.03
1.43
0.27
0.79
13.1
26.3

24.3
1.3
25.5

47
1.2
48.2

®Other accounts for all neglected codtadustrial Chemical Prices from ICI8Tributyrin

estimated using glucerol, butanal.

Table 29. Breakdowncost for abiomasspretreatment plant based on the steaxplesion

having acapacity of 25.000 t/y (DMgxpressed imilion Euros(Zimbardi et al, 2002)

Direct Fixed Cost

Total plant direct cost, TPDC

Purchasing cost, PC
Installation

Piping

Instruments
Electricity supplying
Building

place and Adaptation
Total

Total plant Indirect cost, TPDC

Expression

/

0.4PC
0.35PC
0.3PC
0.15PC
0.35PC
0.15PC
2.7PC

Cost

4.65
1.86
1.63
1.4
0.7
1.63
0.7
1256
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Plantengineering 0.15TPDC 1.88
Building engineering 0.10TPDC 1.26
Total 0.25TPDC 3.14
Total plant cost, TPC (TPCD +TPIC) 3.375PC 15.69
Income 0.17PC 0.79
Total Direct Fixed Cost 3.545PC 16.48
Operational Cost Expression Cost
Cost related to DFC

Devaluatioft DFC(1-f)/n 0.99
Maintenance 0.02DFC 0.33
Insurance 0.005DFC 0.08
Plant Management 0.03DFC 0.49
Total 0.122DFC 1.9
Cost related to manpower

Direct manpower MP 0.66
Benefits 0.4MP 0.26
Supervision 0.4MP 0.26
Labour equipment 0.1MP 0.07
Chemicla Analyses 0.15MP 0.1
Adminstration 0.6MP 0.4
Total 2.65MP 1.75
Raw materials (straw) / 1.32
Fuel (Methané) / 0.63
Chemical

NaOH / 0
H,SO, (98 %) / 0
Total 0
Utilities

Electricity supplyim® / 0.52
Watef' / 0.03
Steam (thermoregulation) /

Total / 0.55
Waste management /

Total Operational cost / 4.82
Specific cost (Euros/kg DM) / 0.193

h= years of plant activity; set as 15; f= plant value at dismissal set as iDnélve
workers on shift, with individual gross wage of 20 Euros %043 Euros/kg?0.284
Euros/m3. 0.36 Euros/kg.'0.10 Hiros/kg. 90.12 Euros/kWh."0.67 Euros/m3.0.013
Euros/kg.!6 Euros/m3.
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