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Abstract

ABSTRACT

The energy crisis and worldwide economic depresksamhighlighted the production
of biofuels from agricultural materials as an impaot national policy. Cassava, a
root plant indigenous to Africa, is not cultivate@mmercially in South Africa
because it is not a staple food source and consmmge cyanide components in its
raw form. Cassava is mostly grown as a food supeitg by informal households.
Cassava roots are rich in starch (approximately)3@86 are therefore an excellent
candidate for the production of bio-ethanol in $oéfrica. In this research, Cassava
roots, which consist mostly of starch, as wellles peels, which consist of cellulose,
were converted to bio-ethanol. As a baseline, tass@va starch and the peels were
converted to ethanol separately by using traditiopietreatment methods and
Saccharomyces cerevisias yeast. The hydrolysis process for starch wamzed
with respect to substrate concentration, enzymeeammation, enzyme combination,
treatment temperature and pH of the different ppewdeps. The best fermentation
step was determined through fermentation of thenoped starch hydrolysate using
the separated hydrolysis and fermentation proceSHF), the simultaneous
saccharification and fermentation process (SSHyallsas a direct fermentation (DF)
process from the raw starch usisghwanniomyces occidentaTCC 26076).
Cassava roots (starch) and peels (cellulose) weea pretreated and fermented
simultaneously using different combinations of eneg. A substrate concentration of
20 wt% biomass gave the highest glucose concemtratithe final hydrolysate, while
the best enzyme concentration was found to be @d@2% ermamyl SC, 0.25% for
Spirizyme fuel and 0.1% for Celluclast 1.5L. Thgukfaction and saccharification
treatment temperature that gave the highest ethgietd were 95°C and 55°C
respectively. The best pH for the two hydrolyseps was found to be 6 and 4.5 for
the liquefaction and saccharification steps respelgt The optimum pretreatment
conditions with a substrate concentration of 20wtfelded a final glucose
concentration of 141 git (Yps = 0.7 g.¢) for Cassava starch, 109 g.L(Y s
=0.55¢.¢") for Cassava cellulose (peels) and for the simaebas conversion of both
the starch and cellulose, a final glucose conctatraf 184 g.r* (Yps = 0.9 9.6)
was obtained. It can be concluded from these tesit unpeeled Cassava roots
(starch and cellulose) yield a higher final glucosencentration in the final

hydrolysate than converting the cellulose (peets) starch (peeled roots) separately.
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This means that it is more productive and econdnacase unpeeled Cassava roots
with the correct combination of starch and cellel@hzymes to produce a glucose
rich hydrolysate for ethanol production throughhientation. The direct fermentation
(DF) process yielded the lowest final ethanol cotragion (0.14%) resulting in a
yield coefficient (Y of just 1 %. The SHF process yielded 9.6 % ({kps = 0.38
g.g%) ethanol for Cassava starch and 10.6 % (Viy)s® 0.42 g.dL) for both roots
and peels (starch and cellulose) after 48 hoursdatation. The SSF process resulted
in a final ethanol yield of 7 % (v/v) (%= 0.39.g1) for Cassava starch, 4% (v/v)4y

= 0.16 g.q1) for Cassava peels (cellulose) and 10.6% (v/\)s® 0.42 g.g) for
unpeeled Cassava roots (starch and cellulose) eTiesslts demonstrate that Cassava
waste (peels) can be used as an alternative biofeaskio-ethanol production.
However, the SSF process for unpeeled Cassavarasutiss in a higher ethanol yield
than processing the peels and starch separatelyhandcombining the hydrolysates
only for the fermentation step. It also became ewidthat Cassava containing
approximately 85% (g/g) starch is a good feedstimeckbio-ethanol production in
South Africa.

Keywords: Cassava, Liquefaction, Saccharification, FermentaGlucose, Ethanol
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Die energiekrisis en wéreldwye ekonomiese depres&t die produksie van
biobrandstof van landboumateriale op die voorgrageskuif as ‘n belangrike
nasionale beleid. Cassava, ‘n wortelplant inheaans Afrika, word nie in Suid-
Afrika kommersieel verbou nie omdat dit nie ‘n skoedsel is nie en

sianiedkomponente bevat in sy rou vorm. Cassavadworeestal as ‘n
voedingsaanvulling geplant deur informele huishogdi Cassavawortels is ryk aan
stysel (ongeveer 80%) en is daarom ‘n uitstekeradeliklaat vir die produksie van
bio-etanol in Suid-Afrika. In hierdie navorsing wlo€assavawortels, wat meestal uit
stysel bestaan, sowel as die skille, wat meestadaliulose bestaan, omgeskakel in
bio-etanol. As ‘n basislyn is die Cassavastysel déa skille apart tot etanol
omgeskakel deur tradisionele voorbehandelingsmsted8accharomyces cerevisiae
as gis te gebruik. Die hidroliseproses vir stysegeoptimiseer met betrekking tot
substraatkonsentrasie, ensiemkonsentrasie, engienkasie, behandelingstempe-
ratuur en pH van die verskillende prosesseringpstapie beste fermentasiestap is
bepaal deur die fermentasie van die geoptimisesgdel hidrolisaat deur die gebruik
van ‘n afsonderlike hidrolise en fermentasieprq§g4F), die simultane sakkarifikasie
en fermentasieproses (SSF) sowel as ‘n direktedetasieproses (DF) van die stysel
deur die gebruik vaischwanniomyces occidentalis (ATCC 2607&assavawortels
(stysel) en skille (sellulose) is voorbehandel efegnenteer deur die gebruik van
verskillende kombinansies ensieme. ‘n Substraasdwinasie van 20 wt% biomassa
het die hoogste glukosekombinasie in die finaledlishat gelewer, terwyl die beste
ensiemkonsentrasie geblyk het te wees 0.2% vir &eryh SC, 0.25% vir Spirizyme
brandstof en 0.1% vir Celluclast 1.5L. Die vervings en sakkarifikasie-
behandelingstemperatuur wat die meeste etanol geléwt was 95°C en 55°C
onderskeidelik. Die beste pH vir die twee hidrediappe bleik te wees 6 en 4.5 vir
die vervioeing en sakkarifikasiestappe onderskiide Die  optimum
voorbehandelingskondisies met ‘n substraatkonsaetraan 20wt% het ‘n finale
glukosekonsentraat gelewer van 141'Jg(h(p,s= 0.7 g.¢") vir Cassavastysel, 109 g.L
! (Ypis =0.55g.¢") vir Cassavasellulose (skille) en vir die simuétazmskakeling van
beide die stysel en sellulose, ‘n finale glukosedamtraat van 184 g'.JL(Yp/S =0.9
g.g%). Dit kan uit die resultate afgelei word dat origlete Cassavawortels (stysel en
sellulose) ‘n hoér finale glukosekonsentraat infohale hidrolisaat gelewer het as om
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die sellulose (skille) en stysel (geskilde wortelppart te gebruik. Dit beteken dat dit
meer produktief en ekonomies sal wees om ongesKildssavawortels met die
korrekte kombinasie van stysel en sellulose-ensitangebruik om ‘n glukoseryke
hidrolisaat te lewer vir etanolproduksie deur fentasie. Die direkte
fermentasieproses (DF) het die laagste finale ékansentraat gelewer (0.14%) wat
uitloop of ‘n leweringskoeffisient (s van net 1 %. Die SHF proses het 9.6 % (v/v)
(Yos=0.38 9.6 etanol vir Cassavastysel gelewer en 10.6 % (Ory)=0.42 g.01)

vir beide wortels en skille (stysel en sellulosa) 48 ure van fermentasie. Die SSF
proses het uitgeloop op ‘n finale etanollewering va% (v/v) (Yys = 0.39.91) vir
Cassavastysel, 4% (v/v) ¥ = 0.16 g.dl) vir Cassavaskille (sellulose) en 10.6%
(VIV) (Yps = 0.42 g.g) vir ongeskilde Cassavawortels (stysel en sele)loklierdie
resultate demonstreer dat Cassava-afval (skill®yuie kan word as alternatiewe
biomassa vir bio-etanol produksie. Die SSF prosesongeskilde Cassavawortels
lewer egter ‘n hoér etanol hoeveelheid as om dieesn stysel apart te prosesser en
dan die hidrolisate slegs vir die fermentasiesegafidmbineer. Dit het ook duidelik
geword dat Cassava wat omtrent 85% (g/g) stysetbawgoeie voedingstof vir bio-

etanolproduksie in Suid-Afrika is.

Verworde: Cassava, Vervloeiings, Sakkarifikasie, Ferment&siekose, Etanol
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General introduction

CHAPTER 1

GENERAL INTRODUCTION

“We must develop knowledge optimization initiatiteeseverage our key learnings.”
Scott Adams

Overview

This chapter is divided into three sections, stgrth Section 1.1 with the background
and motivation to this study, Section 1.2 is on liaekground of bio-ethanol. The
hypothesis and research aim are in Sections 1.3lahdespectively. The research
objectives are stated in section 1.5 followed hyy dletailed scope of investigation in
Section 1.6.

1.1 Background and motivation

The worldwide energy crisis and continuous incraaspetroleum prices has led to
alcohol being considered as an alternative to catnweal fuels. Alcohol fuel, which
can be produced from Cassava, sugarcane wastetlagdagricultural products, are

considered the most promising fuels for the future.

Any fuel that could be introduced as an alternatweconventional fuel should be

evaluated from the aspect of availability, renewgbisafety to the environment,

energy balance and cost adaptability to the pedoe in existing engines, economy
and finally emission (Nag, 2008). The major conseoh biofuels are related to the
energy efficiency of fuel ethanol and its productaf a positive energy income (Agu
et al, 1997).

H. 0 —H

N
/N

H

Figure 1.1: 3-d diagram of ethanol
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In the early years bio-ethanol was not used inraotwles due to low energy density,
high production cost, and corrosion. However, ¢berent shortage of gasoline has
made it necessary to substitute ethanol (see Figire as fuel in spark ignition

engines.

Ethanol is a renewable fuel that is now widely ugsednany countries as a power
source in vehicles and other internal combustiogiress. It is currently produced
from starch crops as well as feedstock crops aherdiiomass materials that can be
converted into fermentable sugars (Nzelibe and @@, 2007). Ethanol is a
renewable fuel which is environmentally more frigndhan fossil fuel and can
contribute to the reduction of the emission of gasech as sulphur dioxide, carbon
dioxide and nitrogen oxide that is associated with utilization of fossil fuels
(Cardona and Sanchez, 2007; Dermibas, 2007).

Approximately 7% of Cassava produced all over tleldvis used by the textile,
paper, food and fermentation industries. Anothegdaconsumer of Cassava is the
animal food industry, using about 33% of the wqatdduction (Pandegt al., 2000).

The comparative properties of ethanol with petral diesel are shown in Table 1.1

below.

Table 1.1:Comparative properties of ethanol with petrol anelsel

Property Petrol Diesel Ethanol

Specific gravity (15°C) 0.73 0.82 0.79
Boiling point (°C) 30-225 190-280 78.3
Specific heat (MJ/kg) 43.5 43.0 27.0
Heat of vaporization (kJ/kg) 400 600 900
Octane number 91-100 NA NA
Catani number Below 15 40-60 Below

Cassava Nlanihot esculentfrom the Euphorbia family (Euphorbiaceas)a very
important source of carbohydrates, which is notyomth in starch but also in
cellulose and hemicellulose (Tonukari, 2004) .<a&a is a potential feedstock for
ethanol production because of its excellent physaca chemical characteristics of
the starch, high attainable ethanol yields and feedstock costs. Cassava milled
flour (also called tapioca flour) is easily and qoetely hydrolyzed compared to other
starchy flours and therefore its use for ethanoldpction is encouraged. There are
few reports (Ramasamy and Paramasamy, 2001) cangehe industrial application

of Cassava for ethanol production, possibly becaGisssava starch has to be
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hydrolyzed into fermentable sugars for bioconversido ethanol bysaccharomyces
cerevisiae,making it time consuming (Ayernaet al, 2002). Cassava roots also
contain coumaric acid, which causes harvested rmotpoil within 24 hours after
harvesting. The rapid deterioration of Cassavdsradfter harvesting is the reason
why Cassava is not a major export crop (Bayoustial, 2008). If Cassava can be
used for ethanol production the roots will havechepped into chips and dried to
preserve it long enough for processing into biaeth through fermentation. This
additional processing step has thus far limiteduge for the production of bio-

ethanol.
1.2 Bio-ethanol production from biomass

Biomass can be converted to liquid, solid and gasqwoducts through different
processes. The different stages for the convemsidnomass to these products are

shown in Figure 1.2 below.

Agricultural Enzymatic
residues or acid

Solid,

and waste, »| hydrolysis liquid and
energy Biological gaseous
crops products

Figure 1.2 Different products from biomagblag, 2008)

Bio-ethanol liquid can be produced through fermeotaof biomass that contains
starch and sugar. Starchy tubers such as Cassawvaah be used for bio-ethanol
production are important staple foods in most @& tteveloping countries in the
Tropics. They are widely distributed in these does and despite their importance,
a large proportion of the tubers are lost annudllg to inadequate and ineffective
storage facilities. In terms of energy utilizatiand process simplicity, enzymatic
conversion of the raw Cassava starch is superibfeasible (Nweke, 2004). Cassava
starch has been fermented with amylase, gluco-amyknd ethanol producing

organisms, but ethanol yields have been low (Brauebal, 1996).

Methods used to produce bio-ethanol use more erfergthanol production than the
energy in the fuel produced, which is a contradicenergy balance and this becomes

costly (Braumanet al, 1996). In addition, the concentration of sughmsn the
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Cassava hydrolysate have a negative impact on ttnen@ yield, and therefore
methods that lower the negative impact of glucasethanol yield and are less time
consuming should be found to make the productionettfanol from Cassava
economical. The methods and alternative organisyeasf) that optimize ethanol
production conditions, costs and purity are thusrtiajor focus for the prosperity of
bio-ethanol from Cassava. The fermentation of @assoots prevents the roots from
rapid spoilage after harvest. Although bio-ethapduction has greatly improved
through the use of better technologies and a wialéety of crops, Cassava has
received less attention despite its promising piogee and potential in biofuels
(Braumaret al,, 1996).

1.3 Hypothesis

Alternative methods (SSF), additional amylolytic zemes and yeasts
(Schwanniomyces castélliwill reduce the impact of glucose concentrationthe

ethanol yield and increase the ethanol yield obtamfrom Cassava.

1.4 Research aim

The main aim of this researefasto optimize the ethanol production and yield from
the Cassava root fermentation process using atteenanethods (SSF) with
Saccharomyces cerevisiags well as direct fermentation usirgchwanniomyces

castellii/foccidentalis

1.5Research objectives

1.5.1 Determine the optimum glucose concentratioiainable from peeled Cassava
roots (starch), Cassava peels (cellulose) and legh€&nssava roots (starch and

cellulose) during liquefaction.

1.5.2 Determine the optimum glucose concentratioiainable from peeled Cassava
roots (starch), Cassava peels (cellulose) and legh€&massava roots (starch and

cellulose) during saccharification.

1.5.3 Determine the optimum ethanol yield obtaieastbom Cassava hydrolysate

using a separate hydrolysis and fermentation methad simultaneous

4
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saccharification and fermentation, as well as difecmentation of Cassava
starch.

1.5.4 Determine the cost of ethanol production flassava.
1.6 Scope of the investigation

In the process of defining the investigation, thne@n objectives and aims for this

study came to the fore.

1.6.10ptimization of liquefaction and saccharification seps

The optimum pH, temperature, biomass load, enzyongbation and enzyme
concentration for the highest final glucose coniun in the liquefaction and
saccharification hydrolysates were determined byying one parameter at a
time while keeping the others constant. The optmtemperature, pH, biomass
load and enzyme combination was then used to agitfie fermentation step.
Optimization of these parameters was done for theeeled Cassava roots
(starch and cellulose).

1.6.2 Optimization of ethanol yield

The fermentation of Cassava roots to bio-ethand ingestigated by varying

the yeast concentration during fermentation.

Three different processing routes i.e. separaterofygls and fermentation
(SHF), simultaneous saccharification and fermemtat(SSF) and direct
fermentation (DF) were used to determine the bestgssing route for the

optimal ethanol yield from Cassava.

Lastly the SSF process route was used to comparelitferent Cassava root
forms (unpeeled roots, peeled roots and peels ofdy)optimal ethanol
production.
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Background and Literature survey

CHAPTER 2

BACKGROUND AND
LITERATURE SURVEY

"If we could first learn where we are and where vage going, we could be better
able to judge what to do and how to do it.”
Abraham Lincoln

Overview

The literature survey is subdivided into variouscti®as, starting with a brief
introduction on bioethanol and Cassava on Sectidn 3ection 2.2 denotes the
importance and effect of biofuels followed by adilanol review in Section 2.3.
Bioethanol production is extensively outlined incen 2.4 encompassing
subsections on bioethanol production methods agdnisms. An overview of the
Cassava plant, its components and production iBnedtin Section 2.5. Energy
efficiency of Cassava is reviewed in Section 2lé&feed by the last Section (2.7) on

optimization of bioethanol production from Cassava.

2.1 Introduction

Ethanol from biomass has already been introducembimtries such as Brazil, USA
and some European countries. In Brazil it is aqutyeproduced from sugar and in the
USA from starch, both at competitive prices. Icem years, there has been an
increase in the efficient utilization of industriatops such as Cassava for the
production of ethanol (Pandey, 1992; 1994). Ethamcaurrently produced from
sugarcane and starch containing materials, wheredhversion of starch to ethanol
includes a liquefaction step (to make starch seludhd a hydrolysis step (to produce
glucose). The key parameters that most ethanebrels addresses are energy and
environmental performance (Ngunyen and Ghweela8R08 study by Ngunyen and
Gheewala (2008) shows that bioethanol produced f@amsava (E10 fuel), along

with its life cycle, reduces certain environmeritads.
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Practical investigations have indicated that Casseva perennial starch crop proves
to be a beneficial raw material for industrial puots such as ethanol (Ayernetral,
2002). The Cassava roots specifically producentiost important raw materials,
including Cassava flour and Cassava starch, whitlenwhydrolyzed produces
fermentable sugars such as glucose for ethanoluptioth (Avanciniet al, 2007).
The roots are rich in energy due to high carbohgdecantent. Starch accounts for the
highest proportion of the carbohydrate content, ingalCassava a potential energy
reserving plant. The use of Cassava as a sourethafol for fuel is already being
exploited and is very promising. The work of Robteal, (2003) demonstrates direct
ethanol production from Cassava starchAspergillus awamorand Saccharomyces
cerevisiaein a circulating loop bioreactor. Optimization dhanol yield from such
crops looks also at the experimental design, iessggnconsumption and production.
Optimal production, bio-processing and chemicakpssing of bio-ethanol is greatly
influenced by proper selection of crops. The optation of fermentation processes is
a crucial tool in bio-ethanol production. The conabtion of different steps of an
integrated bioprocess into one single unit (SSKe®sn as a prospective optimization
tool together with the use of amolytic organisr8s gccidentalis/castel)iifor direct
fermentation since no hydrolysis of substrate iguned (Cardona and Sanchez,
2007).

2.2 Biofuels

Biofuels form an important emerging business worttrand the amount of biomass
feedstock that can be produced for fuels and othergy purposes are potentially
very large (Hoogwijket al, 2003). Fermentation of sugars to alcohol is ohéhe
main routes that have been distinguished to protaeels, mainly by conceiving

ethanol (see Figure 2.1)

milling
Sugar/starch E Sugar Fermentation Ethanol
crops _ — (CH,CH,OH)
hydrolysis

Figure 2.1: Overview of conversion route from crops to bio-ethia

Higher overall energy conversion efficiencies aonddr overall costs are the key
criteria for selecting biofuels for the longer termhich provides insight into the
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possible barriers to implementation that need tmw®rcome and the technological

improvement options that should be stimulated (Harole and Faaij, 2006).

Brazil and USA are the largest producers of biaeth in the world. It is expected
that by 2020, 6.9% of the worldwide transportatimel supply will consist of
biofuels, depending on the improvement of technekgOne of the disadvantages of
biofuels is the low energy density compared toaiesd petrol. More than a liter of
bio-ethanol is necessary to replace a liter ofgbelrence the production cost of bio-
ethanol has to be low in order for it to competéhvetrol(Bombet al, 2007). The
cost of raw material has a significant impact oa tost of bio-ethanol production,
and by increasing bio-ethanol production from heghanol grains and tubers such as
Cassava, which are plentiful and less costly, @nscipated that the future progress in
biotechnology will decrease the cost of bio-ethgm@iduction (Bomkbket al, 2007;
Zohreh, 2008).

2.3 Bio-ethanol

Bio-ethanol is a liquid transportation fuel madenfr renewable resources or plant
biomasses such as agricultural wastes, corn, gga@tsses, sugar cane, straw, wood
based waste such as newsprint, woodchips, and awotihg waste materials.
Ethanol is a clean burning fuel that lowers ovegaflen house gas emissions (as the
biomass absorbs carbon dioxide as it grows), casitaihigh percentage of oxygen
(35%) and therefore produces more complete fuel bcstion. Ethanol can be
blended with petroleum, integrates into existingl fdelivery systems and provides
energy security by reducing our reliance on fo$sdls. The new Flexible Fuel
Vehicles currently available operate on E85 ethémaskd fuels with a content of 85%
ethanol and 15 % petroleur@d@ettemoeller and Goettemoeller, 2D0OMost vehicles
on the road use petrol and diesel as their fu¢lfdssil fuels are limited. Combustion
of petroleum-based fuels increases net emissi@anton dioxide, different toxic and
volatile compounds that are responsible for thdthdezards and pollutions such as
benzene, toluene and xylene (With recent advanmcései biotechnology sector, it is
plausible to convert biomass into high quality gyecarriers such as liquid fuels
(Larsonet al, 1993).

10
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2.4Bio-ethanol production

Ethanol can be manufactured using a dry mill or m#k process, where dry milling
entails the fermentation of starch into sugarsraifthich it is distilled into alcohol.
The distinct difference between the two processeshe initial treatment of the
biomass. Srinorakutaet al, (2004) reported that in the 2&entury the production of
ethanol from abundant, low cost agricultural pradus growing due to the certainty
that it reduces the cost of ethanol production lasl global environmental benefit.
Bio-ethanol production had increased sharply fresslthan 1 GL in 1975 to 49.8 GL
in 2006 (Nag, 2008).

Sugar crops constituted 60% of bio-ethanol produactin 2000, but its share
decreased to 47% in 2006 in Brazil, while the us&tarch crops for the production of
bio-ethanol increased from 39% to 53% in 2006. iffeeease in the use of starch
crops for the production of bio-ethanol is predicte increase towards 2015 (Nag,
2008).

2.4.1 Bio-ethanol production from starch-rich biomas

Ethanol is produced largely through biochemical Hremo-chemical processes (see
Figure 2.2). Biomass is generally pretreated legmanically cleaning and sizing the
biomass, and then destroying its cell structurentke it more accessible to further
chemical and biological treatment. The starch pmdrtbiomass is converted by
hydrolysis to monomeric sugars such as glucose.e onomeric sugars are
fermented to ethanol, which is further purified atehydrated for industrial use
(Hamelinck and Faaij, 2006). Several agricultymadducts can be used as the raw
material for ethanol production, such as sugarcane,and Cassava. Among these
commercial crops, Cassava, simply transformedigmldihips, is recommended as the

most suitable raw material for ethanol productiDerfnibas, 2007).

11
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Biomass |

Feedstock

processing

Cellulose
Hemicelluloses Starch
Lignin l
Pretreatment | Pretreatment |
Biochemical
conversion
| Bio—¢thanol |

Figure 2.2 Biomass conversion proced3ermibas, 2007)
2.4.2 Enzymatic hydrolysis

The thermostable-amylases (endax1, 4-glucanase) are used in starch hydrolysis to
break the starch bonds and thus release the dtartlydrolysis to simple sugars by
B-glucosidase. The major end products from the aatiba-amylase on starch are
dextrins. The glucoamylases afidamylases (exoe-1, 4-glucanase) are used in
saccharification of liquefied starch producing @ise, maltose, maltotriose,
maltotetraose, maltopentaose and maltohexaosdhandre produced b&spergillus
niger. The pullulanases and isoamylases (endd- 6-glucanase) are used for
debranching starch into complete fermentable sugach as glucoséHemaet al,
2006). Fermentation of the simple sugars to ethanol tHmougeast takes
approximately 72 hours. The pH should not dropowel.5 because-amylase
denatures at low pH-values (Aktinson and Mavitub@91). Higher ethanol yields
and low concentrations of by-products are obtaatedild process conditions.

2.4.3 Fermentation with yeasts

An increase in the utilization and production dfigetol through the fermentation of

starchy materials has aggravated the intensiveargseinto improving the

12



Background and Literature survey

conventional fermentation procedures through opiton. Non-renewable,
commercial bacterial and fungal amylases are usethé common liquefaction and
saccharification of starch substrates. Howevesrettare a considerable number of
cost effective amylolytic yeasts that produce tlon amylases for starch conversion
and are also capable of fermentation (Wilson amgietrew, 1982). Yeasts have been
the most commonly used micro-organisms for ethgmotluction, mainly because
they are a species which can produce ethanol amdie fermentation product (Lin
and Tanaka, 2008).

2.4.3.1Saccharomyces cerevisiae

S. cerevisiags the most well-known and widely used yeast oxoke sugars such as
glucose and the disaccharide sucrose because ithbaability to grow on these
sugars. This yeast is tolerant to ethanol up t&o 1& its concentration in the
fermentation broth, but it cannot ferment pentasegars such as xylose (Saha, 2003).
It offers advantages over other yeasts in the Inieexsion of sugars. Under excess
carbon conditions, its metabolic flux to ethanoh&rdly affected by the presence of
oxygen (Lagunas, 1979) and it is able to grow urtdghly anaerobic conditions
(Visser, 1995). The main restriction &. cerevisiaes its inability to convert
relatively inexpensive polysaccharide-rich subsBatsuch as starchy materials to
fermentable sugars (Hahn-Hager@alal, 1994). The fermentation step is usually
performed in an open vessel that is mechanicalliategl and coil refrigerateds.
cerevisiaeis added and it immediately consumes the gluaoskd hydrolysate. The
product is continually fed to a distillation colurtmrecover ethanol as an ethanol rich

mixture with water (Nag, 2008).
2.4.3.2Schwanniomyces castelticcidentalis

Schwanniomyces casteldilso known asschwanniomyces occidentalias the ability
to synthesize alpha amylase and two gluco-amylaggnees, that is, it can both
hydrolyze and ferment Cassava starch (Wilson amgediew, 1982; Poonam and
Dalel, 1995). The three enzymes producedsbyastellihave a common optimum
pH of 6 and optimum temperature of 60°C. The twecgr-amylase enzymes &.
castellii/occidentalisdiffer only with their molecular weights and theiates of
hydrolysis of the carbon substrates such as maltglseose, glycogen and dextrin.
The excretion and biosynthesis of the amylases ftben yeast depends and is

13
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influenced by the composition of the culture media.is useful in the direct
fermentation of starch to as much as 4 % (w/v) mth@Vilson and Ingledew, 1982).
S. castelliiis used as a solid culture and the ethanol prabtllogethe organism is

continuously recuperated in a cold trapper tank.

2.4.4Dry milling process

In the dry milling process (see Figure 2.3) thergtaber is ground into fine pulp or
flour. The grain is processed without separationtld starch from the fiber
components (Avanciret al, 2007). The flour or meal is slurred with waterform a
mash. The slurry is directly further processedigydfaction and saccharification and
the starch in the mixture is converted to sugamuigjh the use of water and enzymes
at high temperatures (55-95°C). The mash is predessa high-temperature cooker
to reduce bacteria levels ahead of fermentatioe. mhsh is cooled and transferred to
fermentors where yeast is added and the convedfisngar to ethanol and carbon
dioxide (CQ) begins (Wyman, 1996).

During the fermentation process, the mash is agitand kept cool to facilitate the
activity of the yeast. After fermentation, the réisg broth is transferred to

distillation columns where the ethanol is separdtedh the remaining silage. The

ethanol is concentrated using conventional disitla and then dehydrated in a
molecular sieve system (Wayman, 1996). The alcphmiiuct at this stage is called
anhydrous ethanol (pure, without water) and is apprately 200 proof. Ethanol

that will be used for fuel is denatured, or madétudar human consumption, with a

small amount of petrol (2-5%) added at the ethafaoit. The silage is sent through a
centrifuge that separates the coarse grain fromstthébles. The solubles are then
concentrated to about 30% solids by evaporatiosyltiag in Condensed Distillers

Solubles (CDS). The coarse grain and the syrupheme dried together to produce
dried distiller grains with solubles (DDGS), a highbality and nutritious livestock

feed. Carbon dioxide is given off in great quaesitduring fermentation and many
ethanol plants collect, compress, and sell it 8@ in other industries. In addition, the
fuel cell industry has developed re-formulatorstthae ethanol as a source of
hydrogen. The Cgis also captured and sold for use in carbonatafgdsinks and

beverages and the manufacture of dry ice (Wyma®6)19
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Figure 2.3 Process flow diagram of dry millinggvyman, 1996).

2.4.5 Wet milling process

During the wet milling process the grain is sepatanto starch and fiber components
by soaking or steeping the grain in water and &@id24 to 48 hours. The slurry
produced is processed through degermers to sepheaggain germ. The oil from the
germ is extracted while the remaining fiber, gluéer starch components are further
segregated by centrifugation, screening and hydnicl separators. The steeping
liquid is concentrated in an evaporator. This cotreged product, heavy steep water,
is co-dried with the fiber component and is theld s gluten feed to the livestock
industry. The starch and any remaining water ftbenmash can then be processed in
one of three ways: fermented into ethanol, driedl sold as dried starch or processed
into syrup. The fermentation process for ethanekiy similar to the dry mill process
(Wyman, 1996). The wet milling process is desdatilveFigure 2.4
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Figure 2.4:Block diagram of the wet milling proce@¥yman, 1996).

The conversion of starchy biomass to ethanol has laa important focus during
recent years. There are two techniques availabkdwimle for the conversion of the
sugar content of starch to ethanol. These are tizgneatic hydrolysis and acid
hydrolysis processes.

2.4.6 Separate enzymatic hydrolysis and fermentatio(SHF)

Enzymatic hydrolysis of starch to dextrins is thetfstep (called liquefaction) in this
method, where the resulting dextrins are then ctedeto glucose in a second
hydrolysis step (called saccharification). Sacification is done at an optimum
temperature between 50°C and 65°C. The major disadge of SHF is that the
sugar released from hydrolysis inhibits enzymevagtibbecause glucose is a strong
inhibitor for B-glucosidase. The activity @tglucosidase reduces by 75% at a level of
3g.L! of glucose. Contamination is another problematictdr for SHF because
hydrolysis is a lengthy process and a dilute sofutof sugar has a risk of
contamination by competing external micro-organiseven at optimum temperatures
of 45-50°C (Philippidis and Smith, 1995).
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2.4.7 Simultaneous saccharification and Fermentatio(SSF)

Simultaneous saccharification and fermentatiomigtanol production method that
has been reported to give high ethanol yields awpiires minimum amounts of
enzyme because end-product inhibition from glucaiseé cellobiose sugars formed
during enzymatic hydrolysis is relieved by yeasifentation (McMillan, 1999). This
is an advantage related to the process of ethandlption from different feedstocks
that was first described by Takagt al, (1997). During the simultaneous
saccharification and fermentation process, the matg degradation of starch is
combined with the fermentation of glucose from loygsis of starch by yeasts into
ethanol (see Figure 2.5). This method does netl sequential processes, because
the glucose is converted to ethanol as soon as formed from dextrin in the
hydrolysate. The main advantage of this methotsitoiwer energy consumption and
a lower content of non-glucosidic impurities, réisig in better ethanol production
(Mojovic et al, 2006).

Production of
Amylases

Starch

Yeast
Propagation

Anhydrous
Conventional Ethanol Ethanol
Distillation Dehydration [ >

Waste streams Efftuent

Treatment

Figure 2.5: Process flow diagram of ethanol production fronratg material via
SSF(Cardona and Sanchez, 2007).

2.4.8 Direct Fermentation (DF)

Bio-ethanol production has been greatly improvedouph the use of better
technologies and a wide variety of crops. Cassagaréceived less attention despite

its promising properties and potential in biofueRroduction costs tend to be high for
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ethanol production since the enzymes have to lieadithroughout. However, direct
fermentation through the use ofchwanniomyces castellii/occidentalist a
temperature of 30°@s a method that does not require hydrolysis of @assava
starch (Wilson and Ingledew, 1982).

2.50verview of Cassava

The main non-food uses of Cassava are animal feddsi@mrch. Approximately 5.5-
6% of world production goes into starch for indisgdtprocesses such as alcohol and
10% and more of the total production is classiisdost as waste (see Table 2.1).

Table 2.1: World utilization of Cassava (Data presented aseacpntage of total
production)(Cock, 1985).

Area Human Animal feed Industrial use Export Waste
consumption and starch

Africa 50.8 1.4 a a 9.5

World 33.8 115 5.5 7.0 10.0

2Less than 1%

In the years between the two World Wars, alcohos weoduced from Cassava in
Brazil and Australia, but that declined becaus#hefavailability of cheap supplies of
petroleum products. There has been renewed ihter@soducing alcohol (ethanol)
from this neglected crop because of its potental dio-ethanol prosperity (Cock,
1985). It is a particularly attractive source fdcohol production since it can be
grown on marginal land (less favored agricultuna@as) and need not compete for
land used for food crops. Therefore developmentingproved technology for
conversion of Cassava starch to ethanol shoulderidbance the net energy ratio as
production yields of Cassava rises (Cock, 1985).

2.5.1 Cassava production

In South Africa Cassava is considered a minor citap.mainly used as a subsistence
crop by resource poor farmers. Plant breedersnagmnists and molecular biologists
have made substantial improvements in Cassavasydlding the past years and
continue to do so. Genetic characterization andping has revealed some insights
in the molecular nature of Cassava (Fregeinal, 2003). The growth of roots and

tubers accounts for nearly 122 million metric tamgh most of the increase being
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Cassava, 80 million metric tons (66%) of the totalotal cassava production is
projected to reach 168 million tons by 2020 basedhe current production rate (see
Table 2.2). Moreover, with the increasing demand astablishment of starch-

utilizing industries in developing countries, theguction of Cassava will increase

beyond expectation (Sco#t al, 2000), thus making Cassava a prospective crop

because of its high yields and low costs.

Table 2.2 Cassava production and use in 1993 and project&D&® (Scotet al,

2000)
Country/region Area Yield Production Total use
(million ha) (mt/ha) (million mt) (million mt)

1993 | 2020 | 1993 2020 1993 2020 1993 2020
Sub-Saharan Africa | 11.9 | 15.9 7.4 10.6 87.8 1686 87.7 168]1
Latin America 2.7 2.7 11.3| 15.6/ 30.3 41.7, 30.3 42.9
South-east Asia 3.5 3.5 12.1| 13.7] 42.0 48.2| 18.9 24.4
India 0.2 0.2 23.6| 28.4 5.8 7.0 5.7 7.3
Other South Asia 0.1 0.1 9.4 13.5| 0.8 1.3 0.9 1.4
China 0.3 0.3 15.1| 20.2] 4.8 6.5 5.1 6.4
Other East Asia na na na na na na 1.8 1.9
Developing 18.8 | 22.9 9.2 12.0 172.0 274{7 152.0 254(6
Developed 12.1| 147 04 0.4 20.7 20.5
World 18.8 | 22.9 9.2 12.0 1727 2751 172.7 275(1

2.5.2 The Cassava plant

Cassava was earlier classified as two spegiesitissimaPhol andM. aipi Phol.
These two species with varying cyanogenic glucosioiecentrations have recently
been classified as being the same spebegsculenteCrantz. It is the only species
of 98 species in the Euphorbiaceae family that idely cultivated for food and
industrial benefit. Cassava is a cultigen thagjiodated in Brazil and is grown as an
annual worldwide. It is a source of low cost cémjmirates with Brazil being the
largest producer, followed by Thailand and Africemuntries such as Nigeria and
South Africa, and in Africa its production contirsut increase. It is a starch crop
that can grow and produce high yields in areas vmeost crops such as maize
cannot grow or produce well. It can tolerate didwuand can be grown on soils of pH
4.0 to 8.0 with low nutrient capacity and still pesd well to irrigation, use of
fertilizers and high rainfall, but not flooding (Nget al, 2005). This crop is grown
for its enlarged starch-filled roots with the leaventaining a high level of protein
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and stems rich in potassium. The main product€adsava are Cassava chips for
human consumption, starch for ethanol productiod pallets normally used for

animal feed.

Cassava is propagated vegetatively as clones tleatddferent cultivars with
institutional code names. Classification of cudtiy is mostly based on pigmentation
and shape of the leaves, stems and roots. Cut@mmonly vary in yield, root
diameter and length, harvest time and temperataptation. All kinds of Cassava
cultivars have potential for ethanol production doghe fact that industrial uses of
Cassava include manufacturing of products suchlahal from its starch (Cock,
1985). The principal parts of the mature Cassaaat@rdeaves, stem, and roqisee
Figure 2.6) and their composition is expressed pareentage of the whole plant (see
Table 2.3).

:f:i& 7 i ™ ? Leaves

Y "jg/ Main
e,
"?’i by stem/stalk
- : Fibrous roots
Tuberous/ > _

storage roots

Figure 2.6: Principal parts of the cassava plant

Table 2.3 Percentage composition of Cassava pigtgo et al, 2005)

Plant part Composition

Leaves 6%
Stem 44%
Roots 50%
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2.5.3 Cassava stem and leaves

Cassava leaves contain high levels of protein émeer30.5%), vitamins and
micronutrients, but low amounts of carbohydratethwstarch as the major proportion
of the leaf carbohydrate. The amylose contenhefl¢af starch has been reported to
range from 19-24%, with the crude fiber low in gast to the stem that has higher
levels of the fiber (Tewest al, 1976). The leaves are mainly used as a potherb,

sometimes for animal feed and for compost (Viljaed Laurie, 2006).
2.5.4 Cassava roots and peels

The tuberous roots covered with a brown outer ljpeels), grow in clusters with a
cream white interior containing high starch conterithe root is usually from 1-4
inches in diameter and 8-15 inches long. The peattain toxic hydrocyanic acid,
which is eliminated during cooking (gelatinizatiorfyigure 2.7 shows a typical
cassava starch root (a) and the peels (b) thatcaistain starch, making Cassava a

potential producer of ethanol for energy and emumental performance.

a) Cassava storage root b) Cassava peels

Figure 2.7: a) Typical Cassava storage root; b) Cassava peels

Cassava roots mature to harvest within 8 to 24 hwoof planting, depending on
cultivar and climate. The root is circular in csasection (see Figure 2.8), consisting

of three principal parts transversely (Ngjaal, 2005).

* The periderm: It is the outer most layer of thetr@omposed mainly of dead
cork cells that seal the surface of the root.

* The cortex: A layer beneath the periderm

* The starchy flesh: The central surrounding portidrthe root packed with

starch grains
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Penderm

Cortex  |Peels

Starchy flesh

Central
vascular fibre

Figure 2.8: Cross-section of Cassava storage r(@badinaet al., 2006).

Cassava wastes such as the peels constitute 2085 weight of the tuber and
have approximately 61 % (w/w) starch content. Cqueatly, a large amount of
Cassava peel waste is generated annually (Obatire, 2006). However, the
possibility of using Cassava peels for ethanol potidn has not been given much
consideration, but a study by Adesarstaal, (2008) on milled Cassava peels as
substrate for ethanol production revealed that &asgeel starch can be readily
degraded either by amylolytic organisms up to Gr®8mI* reducing sugar and more
with enzymes approximately (57g'L. The starchy flesh comprises up to 80% to
90% of the root, and that includes all the comptsen Table 2.2 below. The
composition of Cassava roots is shown in Tableb2/2w, amylose and amylopectin
are between 24-35% on a dry weight basis, makirgg&@a a predominantly starchy
food with starch having the highest percentage pyfreaximately 64-78% of the
carbohydrates (Nget al, 2005).

The Cassava root system is distinguished by varmiventitious root types such as
fibrous roots (FRs) (see Figure 2.6 above) thatodbsvater and mineral salts

providing support function and storage roots (SRd)ich accumulate starch as a
reserve compound. Cassava roots also contain gjar@dtose, glucose and fructose
in limited amounts. The storage roots are richaltiom, phosphorus and vitamin C,
but low in protein and minerals, except for thelpdgbat contain more protein and
vitamins than is found in the root flesh. The mnatecontent of the dry bark

(periderm) is higher than that of the cortex.

22



Background and Literature survey

2004)
Constituent Composition
Moisture 60-70% (wet basis
Carbohydrates 24-35%
Fiber (cellulose) 1-2%
Protein 1-2%
Other 3%

Table 2.4 A typical composition of Cassava storage r@dgo et al., 2005; Tonukari,

2.5.5 Cassava starch

Cassava contains 64-84% of the purest renewableahgtolymer (starchpn a dry
basis, with a low quantity of other constituentstsas proteins and fiber, thus making
it useful for a wide range of applications, inclglibiofuels (Lasztity, 1999). Fresh
Cassava roots were found to contain 38.7% dry maitel of the 38.7%, 31 %
consisted of starch and soluble carbohydrates (Eamd Wiley, 1893). Further
experiments done by Ewell and Wiley (1893) to datee the yield of air dry starch
that can be obtained from Cassava roots revead®@% of the carbohydrates were
pure starch with trace amounts of nitrogenous natek study on the viscosity of
Cassava starch done by Lasztity (1999) indicatat @assava starch contains a high
concentration of amylopectin compared to amyloge2®), which gives it a high
viscosity but low potential for retro-gradation, kivy resulting in good freeze-thaw
stability. Cassava is a low priced carbohydrateddesck for ethanol fermentation
with good susceptibility to acid and/or enzymatyclitolysis even at low temperatures
as shown in Table 2.5 below, which gives Cassaagclstproperties. Cassava is a
relatively cheap source of raw material contairangigh concentration of starch (dry-
matter basis) that can equal the properties offérgdther starch crops, general

properties of Cassava are given in Table 2.5.
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Table 2.5:General properties of Cassava staitlasztity 1999).

PROPERTIES VALUE

Chemical compositior (%)

- Protein 0.15-0.30

- Fat 0.0-0.1

- Ash 0.10-0.15
Granule size(um by SEM image analysis) 3-34
Amylose content(% by HPSEC) 17-23
Swelling power 85°C(0.1g in 15ml distilled water) 40-62%
Degree of hydrolysis(%, using 1% each of 25-60

amylase and gluco-amylase at 37°C, 48 hrs)

2.6 Potential of Cassava for bio-ethanol production

The use of Cassava for ethanol production has tigcattracted attention because it
can be cultivated on marginal land where other £rgmnot be grown successfully
and because it is not considered to be a stapkk $ooh as maize, wheat and rice.
Cassava roots are rich in energy due to the highobgdrate content of the roots,
which makes Cassava a suitable biomass sourcedaatiianol production (Aget
al., 1997)

2.6.1 Energy efficiency of Cassava

In most studies, including an energy analysis byd#o (2002), it is concluded that
the net energy value of Cassava bio-ethanol pramucs greater than that of maize
bio-ethanol production. One reason for the net gaienergy during the production of
bio-ethanol from Cassava roots is the higher yodl@assava per hectare (12 ton/ha),
which is much higher than that of maize. In addifiCassava cultivation requires
less fertilizer (100 kg.f) than maize (144 kg.Hy A study conducted in China by Hu
et al, (2004) concluded that bio-ethanol produced fl©assava is both energy and
renewable energy efficient in converting a soliégrgly source into a liquid energy
source, since the solar energy trapped in Casss\gaeater than the energy used in

the industrial processing of Cassava (Zhanagl, 2003).
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2.6.2 Cassava starch fermentation to ethanol

Bio-ethanol has already been introduced as a tomtagn fuel in countries like
Brazil, the United States and some European castrin Brazil it is produced from
cane sugar and in the United States from maizelst&io-ethanol can be produced
from either lignocellulose or starch. Commerciab-bthanol production from
lignocellulose material is hindered due to techoor@mic considerations, while bio-
ethanol production from starch is widely used in simdio-ethanol producing
countries. Furthermore, high ethanol yields fragndcellulosic material require
complete hydrolysis of both the cellulose and hethitose materials, followed by
efficient fermentation of all sugars in the biomasthe bioconversion of Cassava
starch into ethanol can be done in three ways. fireeis fermentation through
hydrolysis of starch by the method of separate et hydrolysis and fermentation
(SHF), while the second method is simultaneousteadcation and fermentation
(SSF) where the sugars is utilized as soon adatimsed (Johret al, 2006). The third
method is the use of amylolytic yeast for the dirBsrmentation of starch that
eliminates hydrolysis through solid state fermeatat The amylolytic yeast
Schwanniomyces castellor direct fermentation of starch is consideredbéosuitable
for the direct fermentation of starch (Maal, 2000; Oneet al, 2005).

2.7 Optimization of ethanol yield from Cassava

Optimization of ethanol yield is concerned with thaergy consumption during
production. A combination of different steps in fr@duction process of bio-ethanol
into one single unit is seen as a prospective opdition tool, while the immediate
continuous removal of ethanol from the biotransfation process is another
opportunity to increase product yield, while aleducing product costs (Cardona and
Sanchez, 2007). In the earlier works of Mullis adelSmith, (1984) the economic
evaluation of starchy materials as feedstock fardihanol production on a small

scale was done to exasperate on the cost affgatif/tiio-ethanol.
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CHAPTER 3

EXPERIMENTAL

“Normal people ... believe that if it isn’t brokelgn't fix it. Engineers believe that if it isn’t
broken, it doesn't have enough features yet.”
Scott Adams

Overview

In this chapter the experimental work done and expntal procedures followed in this study is
discussed in detail. The chapter is subdivided thtee sections. The first Section (3.1) gives an
overview of the materials used and raw materialpgration. The equipment used in this
investigation is discussed in Section 3.2, showiregexperimental setup. The experimental error
and starch degradation process are shown in Se@&iBnand 3.4 respectively and the
experimental procedure follows in Section 3.5. Kxtieal procedures are detailed in Section 3.6
together with the compositional analysis of Cassautivar used in this study. Optimization of
the enzymatic hydrolysis of cassava roots is dsetisn detail in Section 3.7 followed by the

optimization of fermentation steps in Section 3.8.

3.1 MATERIALS AND CHEMICALS
All materials, chemicals, enzymes and microorgasisised in this study are listed in Table 3.1.

All chemicals and enzymes were used without anyrgrirrification.
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Table 3.1:Material and chemicals used in this study

Chemicals Description Supplier Purity
Glucose Glucose calibration curve Saarchem (Merck) 99.0%
Fructose Fructose calibration curve  Sigma Aldrich 99.0%
Sucrose Sucrose calibration curve Sigma Aldrich 99.0%
Maltose Maltose calibration curve Sigma Aldrich 95.0%
Maltotriose Maltotriose calibration Sigma Aldrich 95.0%

curve
Ethanol Ethanol calibration curve Rochelle chetsica 99.9%
Calcium Hydroxide pH operation Saarchem (Merck) 95.0%
Sulphuric acid pH operation Labchem 98.0%
lodine Starch test Sigma Aldrich -
Yeast extract Yeast growth media Sigma Aldrich -
Malt extract Yeast growth media Sigma Aldrich -
Peptone Yeast growth media Sigma Aldrich -
Glycerol Yeast storage Sigma Aldrich -
Magnesium Sulfate Yeast growth media Sigma Aldrich 99.0%
Heptahydrate
Potassium phosphate | Yeast growth Sigma Aldrich 99.0%
monobasic
Urea Yeast growth Sigma Aldrich 98.0%
Enzymes
Termamyl SC a-Amylase enzyme Novozymes, South Africa | -

mixture

Spirizyme Fuel

Gluco-amylase enzyme
mixture

Novozymes, South Africa

Celluclast 1.5L

cellulase enzyme mixture

Novozyngsuth Africa

Micro-organisms

S. cerevisiae

Bakers’ yeast for
fermentation

Anchor Yeast, South
Africa

S. castellii/occidentallig

Amylolytic yeast for
fermentation

ATCC, USA

Materials

Cassava roots

Raw feedstock for ethan
production

OAgricultural Research
Council
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3.1.1 Preparation of yeasts

3.1.1.1Saccharomyces cerevisiae

S. cerevisiaavas revived from the dormant state by using théatation broth (medium for
fermentation of hydrolysate) as growth medium fen tminutes before use in the batch

fermentation.

3.1.1.2Schwanniomyces occidentalis/castellii

Freeze dried organisms were rehydrated with sterdler (water) and plated on malt extract agar
and growth was observed after two days. Stock mdtwere made in 15% glycerol for long
term storage.

Schwanniomyces occidentalis/casteiiCC 26706 was preserved and stored on glyceockst

at 4°C; it was subcultured on malt extract agategléor 72hrs at 32°C, from which an inoculum
was prepared. The yeast was grown at 45°C, 150mpmalt extract broth (YM broth) containing
0.5 g..* MgSQ, 7H,0, 0.5 g.I* (NH,4),HPO,, 1.5 g.L* yeast extract, 5 gt glucose, 1.5 gt
malt extract and 2.5 gL peptone pH 5.5 (Srinorakutagf al, 2004). The concentration &

occidentalis/castelliused was 10% (v/v) of fermentation sample (Saetial.,2008).

3.1.2 Preparation of raw Cassava

Three forms of Cassava were used in this projextunpeeled roots (starch and cellulose), peels
(cellulose) and peeled roots (starch). The rooteeweshed thoroughly by hand to remove any
soil residues. After washing, the roots were peelddg a knife and chipped/sliced with knives.
Some roots were not peeled; they were only washddskced. Some Cassava chips were oven
dried at 60°C for 24 hours and some were driechensun for 3 days. All the Cassava chips

were milled into fine flour and sieved with a +Tfn screen.
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3.2 Equipment

All equipment used in this study is listed in TaBI2.

Table 3.2:Equipment used in this study

Equipment Description Model number Supplier
Hammer mill for model TRF-70 Trapp
milling of Cassava
chips
HPLC for analysis | model 1200 Series| Agilent

of hydrolysate and
fermentation broth

Technologies

Oven used to heat
distilled water for
liquefaction as well
as to keep the
liquefaction
mixture 95°C.

model 276

Scientific

Shaker incubator
used to keep the
saccharification
temperature at
55°C and
fermentation broth
at 30°C while
agitating
constantly.

model FSIE-SPO
8-35

Labcon

Centrifuge was
used for separating
the fermentation
samples to liquid
and solids

Rotilabo-mini-
centrifuge

Carl Roth
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Mass balance was
used for weighing

the material used in

this study.

Model ZSP-250

Scientech

pH meter used to
measure pH during
all the experiments

Model HI 99161

Hanna Instruments

Moisture analyzer | Model HR 83 Mettler-Toledo
used for moisture

analysis of the

materials

Spectrophotometert Model 20- Thermo Fischer
used to measure | 4001/UV-VIS

absorbance of
unhydrolyzed and
hydrolyzed sample

|92}

Scientific

Glassware used fo
liquefaction,
saccharification
and fermentation
experiments

r 1000mL with DIN
thread GL 45

Duran group

The analysis equipment used in this study are:

1. HPLC
2. Moisture Analyzer

3. Spectrophotometer
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3.3 Experimental error

The experimental error associated was determinedach separate hydrolysis and fermentation
step. The details of the calculations can be foomdppendix D. The experimental error

associated with each of the process steps utilizéus investigation is listed in Table 3.3.

Table 3.3:Error percent and product values for SHF

Process step Error %
Liquefaction 2
Saccharification 5
Fermentation 5

3.4 Determination of complete starch degradation

The ability of iodine to bind amylose has been usedinderstand a variety of structural and
functional aspects of starch in food systems. dncét granules, the linear amylose polymer binds
a significantly higher proportion of iodine thanegothe branched amylopectin molecule. After
molecular dispersion, the amylose-iodine bindingjitsgbis commonly used to quantify the

amylose content of starches from various botamicatces (Morrison andLaignelet, 1983

The presence of starch in this study was determined 0.05 mol 4 (12.69g } + 20g Kl)
solution. A drop of the iodine solution was intatad in the slurry before and after hydrolysis.
A deep purple/blue color would be an indicationtlod presence of starch, dark red indicates
dextrins and light brown to clear color indicatiogmplete hydrolysis of the starch (see Figure
3.1). The iodine solution was used to determiralithe starch in the Cassava sample used for

liquefaction and saccharification has been reducegucose.
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f 1 f

Before hydrolysis After liquefaction After saccharification
(Starch) (Dextrins) (Glucose)

Figure 3.1 The presence and degradation of starch duringdigation

The degradation of starch to reducing sugars wdswied using a colorimetric method
(Morrison andLaignelet, 1988 An UV-VIS spectrophotometer (see Table 3.2) wsaed at a
wavelength of 620nm to determine the absorbanceddted hydrolysate samples. A blank
solution consisting of water and iodine solutionswased to standardize the absorbance
measurements (Saibaene and Seetharaman, 2008YbAbse measured is proportional to the
starch concentration of the sample tested. Therhhsce of hydrolyzed starch will thus

decrease from the original non-hydrolyzed stardutsm.

Table 3.4:Starch content of hydrolysates degradation duritagch hydrolysis to glucose

Hydrolysis
Time(hrs) process Control| Hydrolysate
0 - 0.9 3.9
1.5 Liguefaction 0.4 2.4
48 Saccharification 2.3 0.6
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Figure 3.2 Starch degradation during enzymatic hydrolysis
(¢ - Control,m - Hydrolysate)

The results from Table 3.4 and Figure 3.1 confilma presence of starch in the hydrolysis
process. The results also indicate that starchdegsaded to glucose in this study, because the
absorbance decreases with time and a definite ehiangplour of the hydrolysate was observed
during this period. the degradation of the stdrglihe enzymes used, by observing the physical
properties of starch determination and the valig¢sepabsorbance it clearly shows a decrease in
the starch present as hydrolysis succeeds. Therotoslhows an increase in the starch
concentration, which is probably reason for theeabe of enzymes to degrade the starch. One
factor in the increase of starch concentrationhim ¢ontrol is that the Cassava granules in the
slurry were swelling from exposing more starch. @ contrary, the hydrolysate was

immediately hydrolyzed by the enzymes as the staahexposed more and more.
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3.5 Experimental procedure
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The experimental procedure is also shown schenfigticaFigure 3.4 and 3.5. In
Figure 3.4 the SSF and SHF By cerevisiaare presented and Figure 3.5 shows the
procedure for direct fermentation By occidentalis

Peeling, washing and slicing Dryin%gg peel Milling of
of roots —> —> | Unpeeled, peeled roots
Peeled roots and peels

Unpeeled roots

Starch presenc -
lodine

Enzymatic hydrolysis:

Starch
degradation -
iodine

Ethanol yielc Vacuun
determination distillation

HPLC analysis of hydrolysate
And fermentation broth
Starch content determination

Figure 3.4: Flow diagram of experimental procedure followedttoe SHF and SSF
processes with S. cerevisiae

Drying of peels Milling of
Peeling, washing and slici ___ unpeeleotlj roots » |Unpeeled roots, peeled roots
of roots an and peels
Peeledoots

Starch presence
-lodine

Direct Fermentation
Ethanol yiel( with S. occidentali
determination

\ HPLC analysis of

fermentation broth

Figure 3.5: Flow diagram of experimental procedure followedttoe DF process
with S. occidentalis
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3.6 Analytical procedures

3.6.1 Compositional analysis of Cassava

A complete compositional analysis of the Cassaltivau used in this study was
done by the South African Grain Laboratory for @essava peeled roots (starch),
Cassava peels (cellulose) and unpeeled Cassawa(stanich and cellulose). The
results of the composition analysis done by the BAGcording to the AACC

standard methods are presented in Table 3.5.

Table 3.5:Composition of Cassava root peels, unpeeled Cassmiand peeled

root
Component Composition (wt %)
Unpeeled Cassava| Cassava peeled | Cassava peels
root root

Moisture 9.5 10 9.2
Protein 2.5 2.7 5.1
Starch 81 82 67
Fat 0.6 0.8 1.1
Ash 2.5 2.5 7.0
Crude Fibre 3.9 2.0 11
Total 100 100 100

The main components were found to be starch, profat, ash, crude fiber and
moisture. The main component of all the samplésmstied for analysis was found to
be starch in a range of 67 to 83 wt%. These vateesespond to the findings of
Aryee et al., (2006). The moisture and starch content are enfting factors in
hydrolysis and fermentation for ethanol productibhe moisture content lowers the
rate of reaction because the higher the moistuneeat, the higher the viscosity of the
feedstock and the more difficult it is for the em®s to reach the starch particles. The
starch content determines how much fermentablersyghicose) can be expected as
well as the expected ethanol yield. The higher steech content, the higher the

glucose and ethanol yield will be.

3.6.2 Determination of moisture content of Cassava

The initial moisture content (%) of raw Cassavatsas well as the moisture content
of the dried and milled Cassava flour was deterthif@ this study. The initial
moisture content of the raw Cassava roots werardeted by drying a wet slice of

unpeeled Cassava root with a known initial masarninoven at 60°C for 24 hours.
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The percentage weight loss during this time wasutaled as the initial moisture
content of the root. Two methods were used foreefgdl Cassava roots as a
comparison to other work done by other researobeispecifically unpeeled Cassava
roots moisture content. One single method was #weel dor the three forms in this
study for comparison of the three feedstock forpecHic in this study. The moisture
content of dried and milled Cassava starch, Cagsegband unpeeled Cassava roots
were determined by the AACC 44-15A standard metlisthg a Mettler-Toledo HR
83 Halogen moisture analyzer. Each sample (2g)heased at 130°C + 1°C for one
hour and the recorded weight loss was calculateéteamitial moisture content of the
samples. The result of the moisture analyses isngim Table 3.6. However the
glucose yields were not calculated by the moisttoatent percentage but rather
glucose yield were influenced by the moisture conte

Table 3.6: Composition of Cassava root peels, unpeeled Cassmiand peeled

root
Sample Method Moisture content (w/w)
Raw unpeeled Cassava roois Oven dried 55-62%
Dried, milled Cassava starch AACC 44-15A 10%
Dried, milled Cassava peels AACC 44-15A 9.2%
Dried, milled Cassava roots AACC 44-15A 9.5%

Moisture content of a Cassava sample is a fundidhe cultivar, the planting season
as well as the soil type and fertilizer used. Treximum reported moisture content in
a Cassava sample was 72wt% (MNg@l, 2005) on a wet basis. This result is similar
to that of (Ngoet al, 2005 and Tonukari, 2004) in their respective kmon Cassava
intercropping and the future of Cassava starch.ukan (2004) stated a moisture

content of 70% and Nget al.,(2005) approximately the same amount.

3.6.3 Determination of starch content of Cassava

The starch content in starch rich biomass can berdened by hydrolysis of the
starch to glucose and indirectly determining therct content with Equation 3.1 by
determining the final glucose concentration in thelrolysate before fermentation
(Bruntet al, 1998). C is the concentration of glucose (sangolution), 0.93 is the
conversion factor taken from Brust al, (1998) for glucose to starch and W is the

43



Experimental

weight of sample to be used for fermentation inL{y. The amount of starch

calculated with Equation 3.1 is the equivalent amiai starch in the aliquot used.

% Starch(g/100g)= =~ 993

x100 [3.1]

The starch content of the Cassava sample usedsisttidy calculated with Equation
3.1 by hydrolysis was determined to be between @8% 87 % (w/w) of the aliquot
used. The starch content determined through hysilwith Equation 3.1 of the
Cassava cultivar used in this study is the samerooi magnitude as the starch
content of 31 Cassava varieties determined by Asteal, (2006), who reported
general starch content between 67% and 88% (Wl results in this study are also
similar to the results reported by Srinorakutataal, (2004) who reported a starch
content of between 61.84-69.90% (w/w). The sugaitent from HPLC was used to
determine the starch content by calculation. Tblerenetric measurement was to

determine that all the starch had been converted.

3.6.4 HPLC analysis

After liquefaction, saccharification and fermentati samples were filtered through a
0.2um syringe filter and analyzed using the High Penfance Liquid
Chromatography (see Table 3.2). Before analysiteehydrolysate and fermentation
broth calibration curves were prepared from thentjtetive determination of the
available sugars in Cassava using the HPLC. A dldn curve for the quantitative
determination of the weight percentage ethanol he fermentation broth was
prepared from known samples of ethanol concentratising HPLC. The method
used for analyzing and processing the standardstfadexperimental data on the
HPLC as well as the calibration are curves disalissedetail in Appendix A. The
areas of the peaks, resulting from the analysithefconcentration injected on the
HPLC, were used to determine the composition of shigars and ethanol by
converting the measured areas mass/volume usingrdmient of the calibration
curves.

Reproducibility of the analysis of the samples gsihe HPLC was confirmed by

injection of each sample three times. The peaksevggstinct and no significant
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overlapping of the peaks occurred. The analysiglitions for the two columns used
in the HPLC are given in Table 3.7.

Table 3.7 Analysis parameters on the HPLC for Cassava hydetéyand
fermentation broth

Parameters Shodex Zorbax
Mobile phase 100% HPLC grade watef  75% AcetonitB&6 water
Column temperature 80°C 60°C
Detector temperature 55°C 50°C
Flow rate 1.00ml/min 1.00ml/min
Inj. Volume 10l 10l
Run time 20 min 10 min

3.7 Optimization of liquefaction and saccharificaton steps

Enzymatic hydrolysis was done employing the methoded by Ayernoret al,
(2002) and Mojoviet al., (2006) with modifications.

3.7.1 Effect of substrate form on glucose yield

The effect of substrate form on the amount of ghecthat can be produced by
liquefaction and saccharification was investigabgdusing three different forms of
the Cassava root. Cassava peels, unpeeled roofsealat! roots were investigated for
glucose production capability before and during SSHe peels, peeled root and
unpeeled roots were thoroughly washed, sun driddhaled to a +1.5mm sieve size.
The substrate concentration was 20wt% (200g milladsava + 800mL water) for all
the forms of Cassava. Liquefaction was carriedusirig 7uL.g™* of Termamyl SC at

a pH of 6, a temperature of 95°C one hour. Theaga yield for each of the Cassava
forms was recorded at various time intervals artdratompletion of the enzyme

hydrolysis. The results of this investigation ahewn in Section 4.1.1.

3.7.2 Effect of pH on glucose yield

The effect of pH on glucose concentration was itigated for unpeeled Cassava

roots using a substrate concentration of 17% amgingathe pH between 5.5, 6 and
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6.5 during the liquefaction step. The liquefactiime was 90 minutes at a
temperature of 95°C using an oven and a TermamyldS€age of 7ul.g™. The
liquefaction step was followed by saccharificatigith 7.5 ul.g™* Spirizyme fuel at a
temperature of 55°C for 48 hours in a shaker intarbat 150rpm. The effect of
varying the pH on the final glucose concentratiaswvestigated by varying the pH
for the saccharification step between 4 and 5.:ti@bsamples (no enzyme) were
used for both processes. The results of this tigagn can be found in Section
4.1.2.

3.7.3 Effect of temperature on glucose yield

The effect of temperature on the glucose yield rdurihe liquefaction step was
investigated on Cassava unpeeled roots by cargumghe liquefaction in an oven at
a pH of 6 for 90 minutes using Termamyl SCu(&™) and varying the liquefaction
temperature between 85°C and 95°C. The effectropégature on the glucose yield
during saccharification was investigated by cagyout the saccharification step at a
pH of 4.5 in an incubator shaker (150 rpm) usingri8pme fuel (7.5ul.g™%) and
varying the temperature between 55°C and 65°C. #irobsample (no enzyme) was
used for each set of experiments. The resulthisfibvestigation can be found in
Section 4.1.3.

3.7.4 Effect of biomass load on glucose yield

The effect of biomass load on the glucose concemtraduring liquefaction and
saccharification was investigated by using a 10 w&bd a 20 wt% substrate
concentration of milled unpeeled Cassava rootse Sdme concentration of enzyme
was used in the liquefaction and saccharificatiepsfor all substrate concentrations.
Liguefaction was performed at a temperature of 9@ a pH of 6 using Termamyl
SC (7 pl.g?) for one hour and the saccharification step wagfopmed at a
temperature of 55°C and a pH of 4.5 with Spirizyfuel (7.5pl.g™%) and Celluclast
1.5L (4 pl.g™?) for four hours. The hydrolysis was performed iorén bottles in a
shaker incubator at 170rpm. The results of thigstigation are presented in Section
4.1.4.
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3.7.5 Effect of enzyme combination on glucose comteation

The effect of different enzyme combinations duriiggiefaction and saccharification
was investigated by using different combinationsTefmamyl SC, Celluclast 1.5 L
and Spirizyme fuel during the hydrolysis steps.llédiunpeeled Cassava roots (1009)
were mixed with distilled water up to 500ml totadlyme in Duran bottles. In all
instances, liquefaction was performed at a temperaif 95°C with a pH of 6 using
Termamyl SC (7ul.g™) for one hour. The saccharification step wasqeréd at a
temperature of 55°C with a pH of 4.5 for 4 hoursing either only Spirizyme Fuel
(7.5 pl.g®) or both Spirizyme fuel (7.5l.g% and Celluclast 1.5L (4l.gY). The
results of this investigation are presented iniSect.1.5.

3.7.6 Effect of enzyme load on glucose yield

Unpeeled milled Cassava roots (100g) was mixed 400®ml of distilled water (20wt
%). The mixture was hydrolyzed with various corications of Termamyl Sc per
gram Cassava (ql.g?, 5ul.g?, 2ul.g?) for liquefaction at a pH of 6 and at a
temperature of 95°C for 1hour, Spirizyme fuel peang Cassava (7u6g™?, 5.5ul.g7,
2.510.g") and Celluclast 1.5L per gram Cassaval.@, 2ul.g’, 1plgh for
saccharification at a pH of 4.5 and a temperatré5C for four hours. The
hydrolysates were filtered for analysis. The ressaf this investigation are presented
in Section 4.1.6.

3.8 Optimization of fermentation step

3.8.1 Separate hydrolysis and fermentation witls. cerevisiae

Termamyl SC, Spirizyme fuel and Celluclast 1.5L 7% andulL.g* Cassava) were

used in the liquefaction and saccharification stegpectively. Four grams of bakers’
yeast was used for fermentation because literauggests 150g in 20L hydrolysate
for bakers’ yeast to effect the fermentation. Theast was first subjected to the
hydrolysate to be used for fermentation for tenuteés so as to revive it from the

dormant state (see Section 3.1.1)

All samples were liquefied (production of dextrimjth 7ul termamyl per gram

Cassava in Duran bottles at a temperature of 9pPC6 for 60 minutes in an oven.
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Samples were collected, filtered and analyzed focase concentration with the
HPLC. All samples were subjected to saccharificafiaroduction of glucose) with a
mixture of {ul Spirizyme fuel per gram Cassava and @elluclast per gram Cassava
in Duran bottles at a temperature of 55°C, pH dr548 hours in a shaker at 150 rpm.
Samples were collected, filtered and analyzed facase concentration with the
HPLC.

Cassava hydrolysates from all samples obtained tr@rwo-step hydrolysis of the

Cassava unpeeled roots were subjected to ethamoérfiéation bySaccharomyces

cerevisiaeunder anaerobic conditions. Four grams of anch&eibs yeast was used
for fermentation in Duran bottles at a temperatfrd0°C and pH 4 for 120 hours in a
shaker at 70 rpm. Samples of the fermented bretfe wollected on an hourly basis
for three hours, and during the first 24hours omientation and thereafter every 24
hours. The results of the SHF process for etharaayzction are presented in Section
4.2.1.

3.8.1.1 Effect of yeast concentration on ethanoleid

The effect of yeast concentration on the final ethayield was investigated using
unpeeled Cassava roots with a 20wt % biomass load wasing different
concentrations of. cerevisiador the fermentation (8g:t, 5g.L* and 3g.[*). The
fermentation broths were filtered for ethanol asalyThe results of this investigation

are presented in Section 4.2.2.1.

3.8.2 Simultaneous saccharification and fermentatio (SSF)

Simultaneous saccharification and fermentation peaformed using three forms of
Cassava i.e. peeled Cassava roots, Cassava ré@bpdeinpeeled Cassava roots. A

substrate concentration of 20wt% Cassava was usedl experiments.

SSF was performed the same way for all three Casfawns. The process was
carried out in 1L duran bottles. Pretreatment ¢ three Cassava slurries with
Termamyl SC at a pH of 6 and a temperature of 95&8 performed for one hour
prior to SSF. A starting batch size of 20wt% (1@apsava + 4009 distilled water) of
the pretreated slurry was used for ethanol ferntiemtaand was suitable for the 1L
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duran bottle. The yeast concentration was setgdt’8of the total sample (batch
sizes), resulting in the amount of yeast addedgodém The yeast and the enzymes
(Spirizyme fuel 7ul.g* and Celluclast 1.5L 4il.g™%) were added simultaneously, but
not until the pH had been adjusted to 4.5 by 0.H}O, and the temperature had
reached 30°C. Samples were taken at time interf@s72 hrs under careful
monitoring of the process. Samples were filterebugh micro filters and later
analyzed with HPLC (Norgard, 2004). The result$hef SSF process can be found in
Section 4.2.2.

3.8.3 Direct fermentation with S. occidentalis

Direct fermentation of Cassava roots was done @Wwt% substrate concentration.
The slurry was inoculated with 1% peptone and wasdaved at a temperature of
121°C for 15min.

The peels were prepared the same wahe mixture was inoculated with 1%
peptone. After the heat pretreatment, the slurrg imaculated with 25 ml of the 24
hour old inoculum at a pH of 4.5 and was processed shaker at 150rpm, at a
temperature of 37°C. Samples were taken for 7 daglsvere centrifuge, filtered and
HPLC analyzed. The method used for the direct émation withS. occidentalis
was adapted from Rojaet al, (2007).
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CHAPTER 4

RESULTS AND DISCUSSION

“Creativity is allowing yourself to make mistakést is knowing which ones to keep”
Unknown

Overview

All the hydrolysis and fermentation experiments avetone according to the
procedures described in chapter 3. In this chaghterresults of the optimization of
the enzymatic hydrolysis of Cassava are presented discussed. The chemical
composition of Cassava is given in Section 4.1cti6e 4.2 focuses on the results of
the enzymatic hydrolysis experiments, after whioh tesults of the fermentation are
documented and discussed extensively in Section &3mmary of results for this

work are tabled in Section 4.4

4.1 Optimization of liquefaction and saccharificaton steps
4.1.1 Effect of substrate form on glucose yield

The effect that substrate form has on the finacgbe yield and rate of glucose
production was investigated by liquefying thredeati#nt forms of Cassava (Cassava
starch, Cassava peels and unpeeled Cassava roatsjliag to the method described
in Section 3.7.1. Figure 4.1 and Table 4.1 illustthat Cassava peels can be readily
degraded by enzymes to glucose, but that a loweogk yield is obtainable than for
the Cassava starch and unpeeled Cassava rootawv@gse=els have almost the same
glucose yield as the Cassava starch. This isatigetfact that Cassava peels consist
of two layers (periderm and cortex), which resuftsa high starch and cellulose
content (77wt %). Furthermore, Sulphuric acid waed to operate the pH during
liquefaction, the acid may have hydrolyzed theutele in the peels since cellulose
can be broken down through acid hydrolysis by sudighacid at high temperatures of
90°C which were used during liquefaction and abovihe combined starch and
cellulose content of the peels is close to thecktaontent of Cassava starch (82wt

%). Moreover during the liquefactions step, onlg gtarch was liquefied though not
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completely liquefied, most possibly the starch cittal to the peels were more
accessible for liquefaction by the enzymes thanhtjus peels and the swelling of the

starch in the presence of water can hinder the reegyfrom getting the starch

particles.
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Figure 4.1: Influence of Cassava substrate form on the glucose
yield during liquefaction
(¢ - Peelsm - peeled Cassava rooik, -unpeeled Cassava roots)
The glucose yield increases with time for all Caadarms as the starch is converted to
dextrin and glucose by the added enzymes. Thd gheose vyield for the three

different substrate forms are summarized in Talle 4

Table 4.1:Final glucose yield for different Cassava formsidgriquefaction

Substrate form Final glucose yield (g.9)
Cassava starch 0.05
Cassava peels 0.04
Unpeeled Cassava roots 0.09

The unpeeled Cassava roots yielded a much higheosgg yield than the peels or the
starch samples even though the starch contentlftreathree samples are in the same
order of magnitude. The unpeeled roots contaih but peels with the two epidermal
layers (Cellulose) with higher fiber content (3.47#tan the peeled roots (2.01%) and
the starch. The acid (Sulphuric acid) was alsaluUse pH operation for unpeeled
Cassava roots, the acid hydrolysis of cellulose hka$y to take place hence a glucose
yield similar to the sum of the glucose vyield faeps and Cassava starch was obtained.

The difference in glucose yield for the unpeeled<aaa roots and the sum of the peels
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and starch glucose yield is higher than the expartal error (see Section 3.3). The
yield per mass of biomass for the unpeeled Cassata was obtained with the same
amounts of enzymes per gram of biomass as fordbks @mnd the Cassava starch. This
means that the mixture of peels and starch in thpeeled roots were better
utilized/converted to produce glucose than for sespahydrolysis of the two forms of
biomass. This is evident when the glucose prodnatates for the liquefaction of the
different substrate forms are compared. The hdsitsate form for glucose production
from Cassava is thus unpeeled Cassava roots.

The initial rate of glucose production for the #ardifferent substrate forms were

calculated using Equation 4.1 and the values asepted in Table 4.2

ngIucose [4_]_]

rglucose =

dt

Table 4.2:Initial glucose production rate (15 min) for difeart substrate forms

Substrate form Production rate(r)
(9.9%.min")
Unpeeled roots 0.0015
peeled roots 0.0007
peels 0.0002

The initial rate (0.001%).g".min™) of glucose production for the unpeeled roots is
much faster than the other two substrate forms whave rates of 0.0007 .gnin
and 0.0002 g:gmin™ for unpeeled roots and peels respectively. Thelsta bound
by the peels which have a higher cellulose compbaed thus not as accessible to
enzyme attack as pure starch granules, resulting liow glucose production rate
when comparing pure starch and the unpeeled roxturei of starch and cellulose.
The density of the latter is lower due to the pneseof the cellulose pieces in the
starch. A lower density facilitates the easy asagfsenzymes to both the cellulose
and starch components, resulting in a very higlcaga production rate. Starch
swells in the presence of water, forming agglonesrdhat are not easily accessible
for conversion to glucoseK¢molprasert and Ofoli, 200y the enzymes and thus a
lower glucose production rate is obtained for tlueepstarch substrate than for the

unpeeled roots.
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4.1.2 Effect of pH on glucose vyield

The effect of pH on the production of glucose dgrithe liquefaction and
saccharification was investigated according tontte¢thods discussed in Section 3.7.2.
The change in glucose concentration with a changeHi during the liquefaction step

is presented in Figure 4.2.
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Figure 4.2 Effect of pH on glucose yield during liquefaction
(¢ -control,A - pH 6,m - pH 6.5,® - pH 5.5)
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Figure 4.3: Effect of pH on glucose yield during saccharifioati
(¢ -control,a -pH 4.5,m - pH 4,8 - pH 5)

The effect of pH on the enzyme activity and glucosacentration (Figure 4.2 and
4.3) indicates that tha-amylase (Termamyl) is active at pH 6-6.5 and d8vay
declines at pH 5.5. The optimal pH for liquefactwas found to be 6. The glucose
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yield initially increases with time for all sampledAccording to the manufacturer’s
specification sheet, the optimum treatment timesiarch with Termamyl SC is 60
minutes. From Figure 4.2 it can be seen that &@eminutes, the control samples
have the lowest glucose yield and the sample tleatea pH of 6 has the highest
glucose yield. The increase in glucose vyield Fa&r tontrol sample is most probably
due to the acid hydrolysis of starch caused by t8ulp acid during pH operation.
The fact that all samples treated with Termamylta@e a higher glucose yield than
the control sample after 60 minutes indicates tthataddition of Termamyl SC to the
samples had a positive effect on the glucose yaeldl the activity of the enzyme is
thus confirmed. The final glucose for samplesta@at a pH of 6 and 6.5 increased
after 60 minutes and was approximately the samthetend of the liquefaction
process (90 minutes) while the glucose vyield f& shmple treated at a pH of 5 as
well as the glucose yield of the control decreasigghtly after 60 minutes. This
suggests that the best pH to use during liquefadsiohus a pH of 6.

The effect of pH on the glucose yield during sacication is presented in Figure
4.3. It can be seen that the glucose yield ofdbtrol sample remained constant,
while the glucose vyield of all the samples treatdith Spirizyme fuel increased with
time, thus confirming the activity of the enzymectanvert dextrin into glucose. At
the end of the saccharification process, all sampleated at different pH values
yielded approximately the same glucose yield. Tinisans that the pH had no
significant effect on the glucose yield during gearification for the pH range

investigated in this study.

This result is in accordance with the work of OH@008). The optimum pH for
saccharification was found to be 4.5 (Figure 4T®)s result is in agreement with the
work of Srinorakutarat al., (2004) who used the same pH for saccharificatiosh a

obtained 75% glucose concentration.

4.1.3 Effect of temperature on glucose yield

The effect of temperature on the glucose yield rdpriliquefaction and
saccharification was investigated according tontle¢hod discussed in Section 3.7.3.
The influence of temperature on glucose yield dyhguefaction and saccharification
is shown in Figure 4.4 and 4.5 respectively.
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Figure 4.4 Effect of temperature on glucose yield during
liquefaction
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Figure 4.5 Effect of temperature on glucose yield during
saccharification
(¢ -65°C,m -60°C,A -55°C)

From Figure 4.4 it can be seen that all samplestade at different temperatures
initially has the same production rate up to appnately 35 minutes. After 35
minutes the production of glucose increases fdstesamples treated at 95°C than at
the other temperatures. Glucose production dedbstidecreases from 0.05¢ go O
after 60 minutes for samples treated at 85°C wthieglucose yield only levels off at
approximately 75 minutes for samples treated atC95The extra 25 minutes of

increased glucose production for samples treate@bd€C results in a much higher
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final glucose concentration than for samples teeatie85°C and 90°C. This result

corresponds to the manufacturer’s specificatioretsfog Termamyl SC.

From Figure 4.5 it can be seen that all treatmentperatures initially have high

production rates and that the saccharification tr@acds almost complete after 4

hours. The highest final glucose yield was obt@ifeg a treatment temperature of
55°C. According the error analysis in appendix Bh2 difference between the

temperatures was insignificant and therefore theesd temperature was chosen for
energy conservation. The best temperature to usegdsaccharification of Cassava
roots with Spirizyme Fuel is thus 55°C.

4.1.4 Effect of biomass load on glucose yield

The effect of biomass load on the glucose yield wagstigated according to the
methods described in Section 3.7.4. The effetti@ihass load on glucose yield can

be seen in Figure 4.6.
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Figure 4.6: Influence of biomass load on glucose yield duriggdfaction and
saccharification
(¢ - 10wt% substratea - 20wt% substrate)
From Figure 4.6 it can be seen that during liguedac(up to one hour) the glucose
yield for a biomass load of 10wt% is higher thanddiomass load of 20wt%. With
more biomass present, the viscosity of the mixisireigher and thus the biomass is
not that easily accessible to the enzymes. Thedawscosity for a biomass load of
10wt% also results in a faster conversion of destrto glucose during the
saccharification step, as can been seen at a tirh@oohours in Future 4.6. After

approximately four hours, enough biomass/dextras lbeen converted to glucose so
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that the effect of viscosity on glucose productisrstarting to become limited and
thus the enzymes can now access all of the avaitiddttrins/biomass for conversion
to glucose. At the end of the hydrolysis process dear that a 20wt% biomass load
gives a higher final glucose yield. The result ms agreement to work done by
Aggarwalet al, (2001) that reported an optimum biomass load%¥t% of Cassava

in their study.

4.1.5 Effect of enzyme combination on glucose yield

The effect of enzyme combination on the glucosé&yneas studied according to the
procedure described in Section 3.7.5. The purpddhis investigation is to verify

whether the addition of Celluclast 1.5L to the tofgsis step would have a significant
influence on the final glucose yield. The effe¢tamlding Celluclast 1.5L to the

hydrolysis step is summarized in Table 4.3

The glucose vyield from enzymatic hydrolysis (5 ®uof 20 wt% and 10 wt%
Cassava flour was 178 ¢*1(0.9 g.g"), and 91g.[* (0.91 g.4") respectively with three
enzymes (Termamyl SC, Spirizyme fuel and CelluclaSt) compared to 156 gL
(0.78 g.g") and 83 g.[* (0.83g.¢") respectively (see Figure 4.7 and 4.8), for two
enzymes (Termamyl SC and Spirizyme fuel) understimae hydrolysis conditions of
pH and Temperature. The results are in agreemeéhttiae results reported by Sriroth
et al.,(2000). The use of additional enzymes also helpedduce the viscosity of the

sample solution and improved starch hydrolysis.

Table 4.3 Effect of enzyme treatment on glucose yield

Cassava Glucose vyield (g.d)

roots and Termamyl SC | Termamyl SC
peels (wt %) | Spirizyme fuel | Spirizyme fuel
Celluclast 1.5
10 0.83 0.91
20 0.78 0.90
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Figure 4.7: The effect of enzyme treatment on glucose yieldMivt% substrate
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Figure 4.8: The effect of enzyme treatment on glucose yield20wt% substrate
concentration.

(¢ - Without Celluclastm - With Celluclast)
4.1.6 Effect of enzyme loading on glucose yield

The effect of enzyme loading on the final glucoseldy after hydrolysis was
investigated with the methods described in SecBoh6. The concentration of

enzymes used is summarized in Table 4.4
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Table 4.4:Enzyme loadings in different treatment combinations

Loading Termamyl SC | Spirizyme fuel Celluclast
(nL.g™) (nL.g™) (nL.g™)
Loading 1 7 5 2
Loading 2 7.5 5.5 2.5
Loading 3 4 2 1

The results of hydrolysis of a 20wt% biomass loladlrg with the different enzyme

loadings is presented in Figure 4.8.
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Figure 4.9: Influence of enzyme concentration on glucose cdratém
(A - Loading 1,m - Loading 2¢ - Loading 3)
Enzyme combination 1 gave a better glucose yie@2®g.g'") followed by loading 3
and loading 2 though the difference was insignificgiven a 5% error. The lower
glucose yield at higher enzyme loading can bebatted to the fermentation of by-
products when more enzymes are present, resutiingss glucose being produced.

This corresponds with was reported by Ku Ismea#l., (2008).

4.2 Optimization of fermentation step

For the study on glucose consumptionSaccharomyces cerevisj&@dwt% substrate
concentration was used, and the concentration wa®lyzed with 0.7% T, 0.75% S
& 0.4% C.
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4.2.1 Separate hydrolysis and fermentation witls. cerevisiae

Separate hydrolysis and fermentation was carri¢dvidh a 20 wt % biomass loading
according to the method described in Section 3.&a&nditions used are summarized
in Table 4.5.

Table 4.5:Hydrolysis conditions used during separate hydislgnd fermentation
(SHF) process

Process pH| T (°C) Termamyll SC Spirizymel fuel Celluclai\st
(rL.g7) (pL.g7) (pL.g7)
Liguefaction 6 95 7 - -
Saccharification | 4.5 55 - 7.5 4

The increase in glucose yield during liquefactiord aaccharification is shown in
Figure s 4.10 and 4.11 respectively.
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Figure 4.1Q Increase in glucose yield during liquefactiontive SHF process
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Figure 4.11: Increase in glucose yield during saccharificatiarthe SHF process
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The glucose rich hydrolysate from hydrolysis wascudated withS cerevisiagor
ethanol production. Figure 4.12 shows the etharedtl yduring fermentation and the
ethanol yield in comparison to the glucose uptakend fermentation are shown in
Figure 4.13. The initial ethanol concentration jufvthe broth was 9.6%.
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Figure 4.12:Ethanol production in shake flasks by Saccharomgeesvisiae using
the SHF process
From Figure 4.12 it can be seen that a final aweethanol concentration of 75¢-.L
corresponding to a yield coefficient {(y of 0.38g.¢' (gram of ethanol per gram
biomass) was reached after only 24 hours. Thalirgtucose yield in the 20wt%
biomass load hydrolysate was 0.92.d he ethanol yield per gram of glucosedy
was 0.49.9.
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Figure 4.13:Ethanol production in comparison to glucose uptekshake flasks by
Saccharomyces cerevisiae using SHF
(¢ - Ethanol,m - Glucose)
From Figure 4.13 it can be seen that the final @decyield in the fermentation broth

was 0.006g.9. Equivalent amounts of ethanol and carbon diox®®,) are formed
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during the fermentation reaction. TheoreticallyktOof sugar will produce 5.1 kg of
ethanol and 4.9 kg of carbon dioxide (Salle, 1998Brefore if 40 % of the available
glucose in the initial hydrolysate was utilized filve production of ethanol as the
fermentation results above show, theoretically,raxmately 38% must have been
utilized for the production of CO From a mass balance on glucose it can then be
said that approximately 21.4% of the glucose wdied for yeast production. The
same analogy was used by Yusaku et al., (2004) study focusing orethanol
fermentation of raw cassava starch whilizopus kojiin a gas circulation type
fermentor. These results are in agreement witlrdkelts reported by Srinorakutara
et al., (2004) for the production of ethanol from Cassava fermentor. In other
studies (Thailand Institute of Scientific and Teclugical Research, 2002) a
maximum ethanol concentration of only 5% after 69urls of fermentation was
reported. It can be thus be concluded that opétium of the hydrolysis steps had a
positive effect on the final ethanol yield in tisisidy.

4.2.2 Simultaneous saccharification and fermentatiowith S. cerevisiae
4.2.2.1 Influence of yeast concentration on ethangield

The influence of yeast concentration on ethandtyieiring the SSF was investigated
on a 20wt% biomass load of unpeeled Cassava ramsrding to the methods
presented in Section 3.8.1.1. The process conditised to investigate the influence

of yeast concentration on the ethanol yield duBi&f- is given in Table 4.6.

Table 4.6:Influence of yeast concentration on ethanol yield

Process T(°C)| pH| Termamyl | Spirizyme fuel | Celluclast | Yeast
(nL.g™) (nL.g™) (uL.gh | (gL
Liguefaction 95 6 7 - - -
Saccharification 30 4.5 - 7.5 4 8,5,3
and Fermentation

The ethanol yield and glucose vyield during fermigatausing SSF process for a
20wt% biomass load of unpeeled Cassava and diffeyeast concentrations are

presented in Figures 4.14 and 4.15 respectively
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Figure 4.14:Effect of yeast concentration on ethanol yieldraf&hours, using the
SSF process
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Figure 4.15:Glucose uptake during fermentation by Saccharomges=visiae
in the SSF process
(¢ -8¢g.L', m-5g.L" A-3g.LY
From Figures 4.14 and 4.15 it can be seen thathellyeast concentrations used
resulted in approximately the same ethanol yidlitle initial ethanol production rates

for the different yeast concentrations used arergin Table 4.7

Table 4.7 Initial ethanol production rate for different yeagtncentrations

Yeast Concentration (g.L") | Initial ethanol production rate
3 0.025
5 0.029
8 0.035

From Table 4.7 it can be seen that the initial mbhgroduction rate is faster at the
higher yeast concentration. This is expected smoee yeast organisms will convert

the glucose faster, but in the end, given enougk the same ethanol yield should be
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reached. In this study all three chosen yeast emdrations resulted in almost
complete utilization of glucose, implying that 3d.yeast is sufficient to convert all

available glucose formed in the SSF process tethanol within 72 hours.
4.2.2.2 Influence of substrate form on ethanol yidl

Simultaneous saccharification and fermentation wasied out with a 20wt%
biomass loading according to the methods present8eéction 3.8.2. The hydrolysis
and fermentation process conditions for all thresgava substrate forms (Cassava
starch, Cassava peels and unpeeled Cassava n@otgyen in Table 4.8.

Table 4.8: Hydrolysis and fermentation process conditionsaibthree Cassava
substrate forms

Process T(°C)| pH| Termamyl | Spirizyme fuel | Celluclast | Yeast
(uL.g™) (nL.g™) (uL.gh | (gL
Liquefaction 95 6 7 - - -
Saccharification 30 4.5 - 7.5 4 8
and Fermentation

The increase in the glucose concentration duriggefiaction in the SSF process is

presented in Figure 4.16
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Figure 4.16 Increase in glucose concentration during liquefatstep of the SSF
process
(¢ - Peelsm - peeled Cassava rooik, -unpeeled Cassava roots)
From Figure 4.17 it can be seen that the unpeetsddva roots gave the highest final
ethanol yield. The higher ethanol yield for ungeelCassava roots compared to
Cassava starch and Cassava peels is due to ther agicose production during
liquefaction (see Table 4.8).
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The hydrolysate for liquefaction was inoculated hwi. cerevisiaeas well as
saccharification enzymes. The influence of substiam on the final ethanol yield
and glucose uptake during SSF at a yeast condentraf 8g.L" is presented in
Figures 4.17 and 4.18 respectively.
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Figure 4.17 Influence of substrate form on ethanol yield

(¢ - Peelsm - peeled Cassava rooik, -unpeeled Cassava roots)
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Figure 4.18 Glucose uptake during fermentation of peels, geadets and unpeeled
roots

(¢ - Peelsm - peeled Cassava rooik, -unpeeled Cassava roots)

The results graphically presented in Figure 4.¥/ saitmmarized together with yield
coefficients for the SSF process in Table 4.9.
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Table 4.9:Ethanol and glucose yield coefficients for the pBicess

Substrate Glucosé® Ethanol
form Y pis( 9.9") Yp/sb (9.9) Yorg ( 9.9") Yp/sd (mlg?) | Yoqg ( ml.g")

Unpeeled 0.90 0.42 0.45 0.53 0.58
roots
Peeled roots 0.70 0.30 0.40 0.40 0.50
(starch)
Peels 0.55 0.16 0.30 0.20 0.37
(cellulose)

& gram glucose per gram Cassava substrate;
®gram ethanol per gram glucose hydrolysate
¢ gram ethanol per gram Cassava substrate
4mL ethanol per gram glucose hydrolysate
°mL ethanol per gram Cassava substrate

The conversion efficiencies for the SSF procesgiaen in Table 4.10.

Table 4.10:Conversion efficiencies for SSF process in wt%

Substrate Substrate | Glucose Glucose Glucose Total
form utilized for | utilized for | utilized for | utilized for | glucose
glucose ethanol CO; cell growth | conversion
production | production | production | and other
products
Unpeeled rootg 90% 45% 43% 11.4% 0.994
Peeled roots 70% 40% 38% 20.8% 0.988
Peels 55% 30% 29% 40.5% 0.995

From Table 4.10 it can be seen that the unpeeleda®a roots performed better than
the other substrate forms in terms of conversidioiehcy for substrate to glucose, as
well as glucose conversion to ethanol. The totahlfglucose to products is
approximately the same for all the substrate formihis implies that more by-
products were formed during the fermentation ofepGassava starch and Cassava
peels than for the unpeeled Cassava roots. Thdifidation of the formed by-
products fell outside the scope of this investmati In conclusion it can be said that
unpeeled Cassava roots are the best substratetdouse for the production of bio-

ethanol and that a 45% conversion of substratéotethanol can be achieved.

4.2.3 Direct fermentation with S. occidentalis

Direct fermentation with unpeeled Cassava roots ®itoccidentallisvas done with
20wt% biomass loading according to the procedueeriged in Section 3.8.3. The

final ethanol yield obtained was only 0.00254.gThe final yield was too low to be
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economically feasible; therefore this productionswet investigated further. From
this it could be concluded that direct fermentatismot an ideal method for bio-

ethanol production from starch crop that requirdrbiysis.
4.3 Comparison of bio-ethanol production processes

The different production processes (SHF, SSF anjl fbiFthe production of bio-
ethanol from Cassava roots were quantitatively amegbto select the best process to
use. The ethanol yield for the three differentcesses is compared in Figure 4.19.
The ethanol yield obtained from DF process waddwaoto show on Figure 4.19.
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Figure 4.19:Comparison of ethanol production betwee®F,and SHF in shake
flasks
(A- SSF,m - SHF)
From Figure 4.19 it can be seen that although e @ ocess initially produces more
ethanol faster, the final ethanol yield for the §8écess is higher. The final ethanol
yields and conversion efficiencies for the threecpsses investigated is presented in
Table 4.11.

Table 4.11:Comparison of glucose and ethanol yields of diffeleo-ethanol
production processes

Process Y oig (9-9_1) Ypis (g-g_l)

SHF 0.92 0.38
SSF 0.90 0.43
DF - 0.03

From Table 4.11 it can be seen that although thié @idcess produced more glucose
from the same amount of biomass, more of the grieess converted to ethanol in

the SSF process, making the latter economicallyenatiractive and promising. The
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better conversion of glucose to ethanol in SSF gg®ds because the end-product
inhibition from glucose formed during enzymatic hylgsis is relieved by yeast

fermentation.
4.4 Summary of hydrolysis and fermentation results

A comparative summary of all results obtained irs ttudy is presented in Table
4.12. The Table shows that this work has beerdawd through other sources of
similar work. The different forms of Cassava haeen used for ethanol production,
but peels has not been done extensively hencestiily shared a focus on that as
well. Therefore this table strives to reveal howcmwork has been done on Cassava
ethanol production. This study adds value to tlesgnt work as well as it might be

seen as an expansion of it.
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Table 4.12 Conclusion and validation of results against liteenae

Theoretical/ Literature

Ngquma et al., 2009 (this
study)

Moisture content

Unpeeled root- 60-72% (wet bas
(Ngoet al. 2005 and Tonukari, 2004)

peels — 8.50wt% (db)

1% (wet basis)- unpeeled ro
9.2% (db)- unpeeled root
9.2-9.7wt% (db)- peels
10.2wt% (db)- peeled root

t

=

peeled root--------
Starch content (db) 70-88% (Aryeeet al, 2006 and 83% - unpeeled root
(unpeeled roots) (Lasztity,1999) 51-67% - peels
( peels) 61% (Obadinat al, 2006) 70-82% -peeled root

(peeled roots)

Glucose Yield
conversion (Yp/9)
(unpeeled roots)
Peeled roots

60-93% (Ejioforet al. 1996)
(Krzysztoét al, 2007)

60-92%, (0.9,06 gy ) -
unpeeled roots

70% (0.7 g. §)- peeled roots

(peels) 55% (0.55g. §)- peels
Ethanol Yield coefficient | 0.45 ml.g" ( Drapchoet al, 2008) 0.53ml. g'(SSF); 0.4 ml. ¢
(Yp/s 0.419.¢" 0. 42 g.g" — unpeeled roots
(peeled and unpeeled | ---

roots) 0.3 g.g" — peeled roots
(peels) 0.16 g.g" —peels

Ethanol Yield coefficient | 0.51 g. g (Ejiofor et al, 1996) 0.41 g.g° (SHF); 0.45 g. ¢
Ypgp | - (SSF); - unpeeled roots

(peeled and unpeeled
roots)
(peels)

0.4 g. g — peeled roots
0.3 g.g" —peels

Ethanol percent
(peeled and unpeeled
roots)

Roots-8-12% (Atthasampunnet al.,
1987)
Peels-1.05% ( Adesany al., 2008)

9.8% (SHF); 10.6% (SSF);
unpeeled roots

(peels) 7%- peeled roots
4% -peels
Substrate concentration | 25-30% (Aggarwakt al, 2001); (Ku| 20%

Ismail et al, 2008)

Enzyme concentration

0.3% Term, 0.2 % Spir ( Ku Ismagit
al., 2008)

0.2% Term, 0.25 % Spir arjd

0.1% Caell

Yeast concentration

10g.L" -5 g.L'* ( Norgard, 2008)

3gtL

Optimum pH

6 (lig), (Oboh, 2008). 4.5 (Sacc)
(Srinorakutaraet al.,2004)

6 (liq), 4.5 (Sac)

Optimum Temperature
°C)

100-85 (lig), 55-65 (Sac) (Ejiofoet
al. 1996 and Srinorakutasd al. 2004)

95 (lig), 55 (Sac)

Efficient enzyme
combination

Termamyl, Spirizyme and Cellulas

sdermamyl SC, Spirizyme Fug

(Srirothet al,.2000)

and Celluclast 1.5L
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CHAPTER 5

CONCLUSIONS

5.1 Conclusions
This study was undertaken to investigate the ogttion of ethanol production from
enzymatic pretreatment of the Cassava roots. Fhagnstudy some conclusions and

recommendations can be made.

* In this dissertation it was shown that Cassavasrbave a high starch content
that can be enzymatically utilized for the prodatiof glucose that can be

converted to bio-ethanol.

» All Cassava root material used in this study hawlogsture content of between
9 and 10 wt% (dry basis).

* The starch content of all Cassava roots used snstidy was determined to be
between 69 wt% and 87wt%.

* lodine solution was used successfully in this sttmydetermine complete

conversion of starch to dextrins during liquefactio

* It was shown conclusively in this study that sudiistrform has a significant
influence on the glucose produced during liquefaxtiand that unpeeled

Cassava roots are the best substrate form to use.

* It was found that pH significantly influences theulefaction step, but not the

saccharification.

» Liquefaction of Cassava unpeeled roots should bee dat a pH of 6 for

optimum glucose production.
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It was found that temperature significantly infleed the amount of glucose
produced during hydrolysis, and that a temperatofe 95°C during
liquefaction and a temperature of 55°C during saag@ibation will produce
the highest glucose vyield.

A 20 wt% biomass load resulted in a higher glucget during liquefaction

and saccharification.

Enzyme loading had a significant influence on timalfglucose yield during
hydrolysis and it was found that an enzyme loadihg pL.g™* Termamyl SC,
2.5uL.g" Spirizyme fuel and LuL.g™* Celluclast 1.5L resulted in the highest

glucose vyield.

It was shown in this study that the addition ofl@ahst 1.5L to the hydrolysis

step had a positive effect on the glucose yiel@iokd.

Direct fermentation of unpeeled Cassava roots medwa very small amount

of ethanol.

The SHF process showed a better conversion of Esitwaglucose, while the

SSF process showed better conversion of glucosthémol.

It was shown that a yeast concentration of only3ds sufficient to convert

the available glucose to ethanol in 72 hours.

An ethanol yield of 45wt% (g ethanol per g subsfratas achieved with the
SSF process, resulting in a production potentidd&§L of ethanol per ton of

unpeeled Cassava roots.
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APPENDIX A

CALIBRATION CURVES

Overview

In this Appendix the preparation of calibration\as for the determination of sugar
concentration and ethanol concentration in a Cas$awnentation broth using high
performance liquid chromatography (HPLC) is presdnt The Appendix is
subdivided into two sections. The results forrdducing sugar calibration curves are
given in Section A.1. The tabulated results andbcaion curve for ethanol is given
in Section A.2. The Chromatograms for the sugatsethanol are shown in Section
A.3.

In order to use high performance liquid chromatpgyaas an analytical tool, a
calibration curve is required. Standard mixturkedifferent glucose concentration are
analyzed with HPLC and the response area of thk foe@ach concentration used is
recorded. The areas of the peaks are then plagjathst the concentration used to
obtain each of the peaks and a straight line tedito the data to obtain an equation
that can be used to determine the glucose contientia any Cassava fermentation
broth.

y=mx+Dhb

m: gradient

X: Amount (concentration)
y: Height (area)

Where m is the gradient, for every sample, y isvkm@nd thus x can be calculated.

The same principle holds for all the calibratiomvas used in this study.

A.1 Sugar calibration curves

The fermentable sugars available in Cassava the weepared as standards are;
glucose, sucrose, fructose, maltose and maltotrioBee calibration curves (slope)

were used to determine the amount/yield of sugeesenmt in a specific hydrolysate
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and fermentation broth, reported in chapter 4. Tobecentration prepared for
standards are concentrations that were expectdae tobtained during and after
hydrolysis. The amount of water and sugar used repge the standard sugar

mixtures for the calibration curves are given irb[EaA.1.

Table A.1: Preparation (dilutions) of sugar standards

Concentration Volume of sugar | Volume of water | Final Volume (ml)
(gL (ml) (ml)

200 2 0 2
100 1 1 2

50 1 1 2

10 0.4 1.6 2

5 1 1 2

1 0.4 1.6 2

Table A.2: Peak areas obtained for each sugar concentrationguslPLC

Concentlration Glucose | Fructose| Maltose Sucrose Maltotriose
(9.L7)
1 8.09E+04| 7.89E+04 1.06E+05| 7.23E+04 9.04E+04
5 3.85E+05| 2.66E+054.33E+05| 3.71E+05 4.06E+05
10 6.76E+05| 4.73E+0p8.28E+05| 7.96E+05 7.99E+05
50 3.79E+06| 2.90E+0b 3.95E+06| 3.90E+06 3.96E+06
100 7.76E+06| 5.82E+067.83E+06| 7.78E+06 7.98E+06
200 1.54E+07| 1.30E+0[71.47E+07| 1.53E+0Y 1.56E+07
1.8E+07
1.6E+07 - y = 77039x S
1.4E+07 - R2=0.9999 .
o 1.2E+07 -
S 10407 -
T 8.0E+06 - e
& 6.0E+06 - "
4.0E+06 - e
208406 | .
0.0E+00 4 . : . :
0 50 100 150 200 250
Concentration (g.L?)

Figure A.1: Glucose calibration curve
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Figure A.2: Fructose calibration curve

Peak Area

1.8E+07
1.6E+07
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Figure A.3: Sucrose calibration curve

Peak Area
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Figure A.4: Maltose calibration curve
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Peak Area

1.8E+07
1.6E+07
1.4E+07
1.2E+07
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y = 78404x .
RZ : 0.9998...-”.4“.".-..4
50 100 -

Concentration (g.L?)

250

A.2 Ethanol calibration curve

Figure A.5: Maltotriose calibration curve

The ethanol concentrations in each of the standahgtions used were determined

with HPLC. The concentration prepared for standands concentrations that were

expected to be obtained after fermentation of tigass. The amount of water and

ethanol used to prepare each of the standard @adus given in Table A.3.

Table A.3: Preparation of ethanol standard solutions

Concentration Volume of ethanol| Volume of water | Final Volume (ml)
(g.L™) (ml) (ml)
150 2 0 2
100 0.7 1.3 2
50 1 1 2
25 1 1 2
15 0.8 1.2 2
7.5 1 1 2
3.75 1 1 2

Table A.4: Ethanol peak areas obtained for each standard smiut

Concentration (g.L™) Area
15 5.70E+05
25 9.30E+05
50 2.00E+06
100 3.66E+06
150 5.56E+06
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6.E+06
y = 37149x =
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Figure A.6: Ethanol calibration curve

A.3 Sugar and ethanol chromatograms

L p o o o = e e sy

RID1 &, Refractve Index Signal (STANDARDS 200&8-12-04 11-52-04\028-0801.0)
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Figure A.7: Typical glucose chromatogram obtained from HPLClgsia
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Figure A.8: Typical ethanol chromatogram obtained from HPLC lsgis
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APPENDIX B

ENZYMATIC HYDROLYSIS

Overview

In this Appendix the glucose yields obtained duremgymatic hydrolysis of Cassava
for different values of the manipulated variables listed. The results given in this
Appendix is graphically presented and discussexhapter 4 of this dissertation.

B.1 Optimization of liquefaction and saccharificaton steps

The glucose yield is recorded a§,s\(g.g'1) (gram glucose per gram Cassava).
B.1.1 Effect of substrate form on glucose yield

Table B.1: Glucose yield (g:§) obtained during liquefaction of different subséra
forms of Cassava

Substrate form
Time Peels Peeled roots Unpeeled roots
(minutes) | (Cellulose) (Starch) (Starch and Cellulose)
0 0.0240 0.0250 0.0075
10 0.0250 0.0260 0.0150
15 0.0265 0.0360 0.0300
30 0.0315 0.0360 0.0450
45 0.0325 0.0375 0.0800
60 0.0400 0.0500 0.0900

B.1.1 Effect of pH on glucose yield

Table B.2: Glucose yield (g.g) obtained at different pH values during liquefactiof
unpeeled Cassava roots

Time (min) | Control pH 6.5 pH 6 pH 5.5
0 0.0036 0.0060 0.00646 0.0060
15 0.0036 0.0084 0.0126 0.0270
30 0.0186 0.0216 0.0300 0.033p
45 0.0246 0.0366 0.0318 0.0378
60 0.0240 0.0312 0.042 0.0372
75 0.0288 0.0300 0.0432 0.040p
90 0.0102 0.0186 0.0498 0.048p6
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Table B.3: Glucose yield (g:g) obtained during saccharification of unpeeled
Cassava roots at different pH values

Time(h) | Control | pH5.5| pH4.5| pH4
0 0.0102| 0.0186 0.0498 0.0486
1 0.1320| 0.7620 0.7680 0.7980
2 0.0900| 0.9420 0.8580 0.8040
3 0.078 | 0.9180 0.9180 0.8640
4 0.1200| 0.9300 0.8580 0.7920
8 0.132 | 0.9600 0.8400 0.8520
12 0.162 | 0.9300 0.8640 0.8640
24 0.330 | 0.8020 0.9720 0.9420
28 0.306 | 0.8580 0.8880 0.8520

B.1.3 Effect of temperature on glucose vyield

Table B.4: Glucose yield (g.g) obtained during liquefaction of unpeeled Cassava
roots at different temperatures

Time (min) | 95°C 90°C 85°C
0 0.0025| 0.0055 0.007C
15 0.0140| 0.0108 0.0125%
30 0.0200| 0.025Q0 0.0230
60 0.0535] 0.0350 0.0500

Table B.5: Glucose yield (g.g) obtained during saccharification of unpeeled
Cassava roots at different temperatures

Time (h) | 65°C 60°C 55°C

0 0.063 0.000| 0.0415

1 0.713 0.325] 0.640(
2 0.750 0.765| 0.715(
3 0.760 0.790] 0.765(
4 0.820 0.840| 0.775(
28 0.870 0.800| 0.8500
48 0.850 0.830f 0.9050
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B.1.4 Effect of biomass load on glucose yield

Table B.6: Glucose yield (g:§) obtained during liquefaction of unpeeled Cassava
roots at different biomass loadings

Time(min) 10wt% 20wt%
0 0.01 0.010

15 0.04 0.040

30 0.05 0.045

45 0.05 0.075

60 0.11 0.085
120 0.66 0.470
180 0.71 0.710
240 0.75 0.775
300 0.83 0.890

B.1.5 Effect of enzyme combination on glucose yield

Table B.7: Glucose yield (g.g) obtained during hydrolysis of unpeeled Cassava
roots using a 10wt% biomass loading with and withitbe addition of Celluclast 1.5L
to the hydrolysis mixture

Time(min) | Without Celluclast 1.5 L | With Celluclast 1.5L
0 0.01 0.01
15 0.04 0.03
30 0.05 0.04
45 0.05 0.04
60 0.11 0.12
65 0.46 0.56
73 0.54 0.57
88 0.57 0.63
90 0.64 0.62
120 0.66 0.65
180 0.71 0.65
240 0.75 0.69

300 0.83 0.91
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Table B.8: Glucose yield (g:) obtained during hydrolysis of unpeeled Cassava
roots using a 20wt% biomass loading with and withttbe addition of Celluclast 1.5L
to the hydrolysis mixture

Time(min) | Without Celluclast 1.5L With Celluclast 1.5L

0 0.010 0.010
15 0.040 0.030
30 0.045 0.045
45 0.075 0.016
60 0.085 0.085
65 0.330 0.525
73 0.365 0.575
88 0.375 0.780
90 0.410 0.815
120 0.470 0.835
180 0.710 0.860
240 0.775 0.865
300 0.780 0.890

B.1.6 Effect of enzyme loading on glucose vyield

Table B.9: Enzyme loadings (wt %) used in different combimestio this study

Combination Termamyl SC Spirizyme Fuel Celluclast 5 L
Combo 1 0.2 0.25 0.1
Combo 2 0.5 0.55 0.2
Combo 3 0.7 0.75 0.4

Table B.10:Glucose yield (g.¢) obtained during liquefaction of unpeeled Cassava
roots using different enzyme loadings

Time(h) Combo 1 Combo 2 Combo 3
0 0.010 0.005 0.005
0.25 0.030 0.015 0.015
0.5 0.045 0.020 0.020
0.75 0.080 0.040 0.035
1 0.085 0.060 0.050
1.08 0.575 0.750 0.750
1.25 0.780 0.760 0.760
1.5 0.815 0.770 0.790
2 0.835 0.810 0.795
3 0.860 0.870 0.860
4 0.865 0.890 0.890
5 0.890 0.860 0.924
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APPENDIX C

FERMENTATION

Overview

In this Appendix the ethanol and glucose yield eal@data) during fermentation will
be given. The manipulative variable which was teementation route for the
optimization of ethanol yield are reported in dédem with respect to Section C.1,
SHF and Section C.2 SSF. The ethanol yield is osmbas Ys (9.g%) of cassava.

C.1 Separate Hydrolysis and Fermentation

Table C.1: Ethanol yield (g.d) obtained during SHF of Cassava roots by
Saccharomyces cerevisiae

Time (h) Y (9.99)
0 0.031
0.25 0.190
0.5 0.200
1 0.190
2 0.285
3 0.275
24 0.380
48 0.390
72 0.380
96 0.395
120 0.375
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Table C.2: Ethanol yield compared to glucose uptake during ®HEassava roots
by Saccharomyces cerevisiae

Time (h) | Ethanol (g.g%) | glucose (g.d)
0 0.031 0.8250
0.25 0.190 0.4600
0.5 0.200 0.3550
1 0.190 0.3550
2 0.285 0.1825
3 0.275 0.1900
24 0.380 0.0150
48 0.390 0.0185
72 0.380 0.0080
96 0.395 0.0065
120 0.375 0.0060

C.2 Simultaneous Saccharification and Fermentation

Table C.3 Ethanol yield (g.gd) and glucose uptake (g-yduring SHF of Cassava
roots using different yeast concentrations

Ethanol (g.g") Glucose (9.9)
Time (h) | 8g.L! | 5g.L* | 3g.L? 8g.L?! 59.L! 3g.L?!
0 0.025 0.0200| 0.0175 0.620 0.625 0.6200
0.5 0.040 0.0450| 0.0300 0.555 0.735% 0.58%0
1 0.050 0.0525| 0.0400 0.560 0.55( 0.5900
2 0.055 0.0550| 0.0500 0.565 0.545 0.6100
3 0.140 0.1100| 0.0700 0.390 0.52( 0.5700
4 0.155 0.1450| 0.1300 0.460 0.445 0.5250
8 0.205 0.2075| 0.1700 0.320 0.22( 0.3250
24 0.280 0.3350| 0.2100 0.155 0.04( 0.0200
48 0.395 0.3800|  0.4000 0.010 0.01( 0.0085
72 0.420 0.415 0.4250 0.065 0.009 0.0030

Table C.4 Ethanol yield (g.§) obtained during SHF of different forms of Cassava
roots with S. cerevisiae

Time Peels Peeled Cassava Unpeeled Cassava

(h) (Cellulose) (Starch) (Starch and Cellulose)
0 0.017 0.020 0.025
0.5 0.052 0.055 0.040

1 0.06 0.055 0.050

2 0.075 0.060 0.055

3 0.050 0.070 0.140

4 0.065 0.085 0.155

8 0.110 0.130 0.210

24 0.130 0.140 0.280

48 0.150 0.270 0.395

72 0.160 0.300 0.420
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Table C.5 Glucose uptake (g7 during SHF of different substrate forms of Cassav
using S. cerevisiae

Time Peels Peeled Cassava Unpeeled Cassava
(h) (Cellulose) (Starch) (Starch and Cellulose)
0 0.550 0.710 0.9200
0.5 0.330 0.630 0.5600
1 0.260 0.540 0.5600
2 0.120 0.490 0.5700
3 0.120 0.390 0.3900
4 0.060 0.290 0.4600
8 0.055 0.190 0.3200
24 0.027 0.120 0.1600
48 0.008 0.015 0.0100
72 0.005 0.012 0.0065

Table C.6 Ethanol yield (g.g) compared to glucose uptake (§)gluring SHF of
Cassava peels using 8 @IS cerevisiae

Time Ethanol yield Glucose uptake
(h) (9.99) (9.99
0 0.017 0.550
0.5 0.052 0.330
1 0.060 0.260
2 0.075 0.120
3 0.050 0.120
4 0.065 0.060
8 0.110 0.055
24 0.130 0.027
48 0.150 0.008
72 0.160 0.005
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Figure C.1: Ethanol yield (g.g) compared to glucose uptake (§)gluring SHF of
Cassava peels using 8 .S cerevisiae

Table C.7 Ethanol yield (g.§) and glucose uptake (g'yduring SSF of peeled
Cassava roots using 8 glof S. cerevisiae

Time Ethanol yield Glucose uptake
(h) (9.99) (9.99
0 0.020 0.7050
0.5 0.055 0.6250
1 0.055 0.5400
2 0.060 0.4850
3 0.070 0.3900
4 0.085 0.2900
8 0.125 0.1900
24 0.140 0.1200
48 0.270 0.0150
72 0.30 0.0115
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Figure C.2: Ethanol yield (g.§) and glucose uptake (g*pduring SSF of peeled
Cassava roots using 8 g'lof S. cerevisiae

Table C.8 Ethanol yield (g.§) and glucose uptake (g'yduring SSF of unpeeled
Cassava roots using 8 g'S. cerevisiae

Time Ethanol yield Glucose uptake
(h) (9.9 (9.99
0 0.025 0.9200
0.5 0.040 0.5600
1 0.050 0.5600
2 0.055 0.5700
3 0.140 0.3900
4 0.155 0.4600
8 0.210 0.3200
24 0.280 0.1600
48 0.395 0.0100
72 0.42 0.0065
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Figure C.3: Ethanol yield (g.§) and glucose uptake (g"yduring SSF of unpeeled
Cassava roots using 8 ¢'lS. cerevisiae

Table C.9: Comparison of ethanol yield (g“yfor SHF and SSF

Time Ethanol yield(g.g")

(h) SSF SHF
0 0.025 0.030
0.5 0.040 0.190
1 0.050 0.200
2 0.055 0.275
3 0.140 0.285
24 0.280 0.380
48 0.395 0.390
72 0.420 0.380
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APPENDIX D

EXPERIMENTAL ERROR

Overview

In this Appendix the experimental error values &jlatduring liquefaction,

saccharification and fermentation will be given.eTAppendix is subdivided into
three Sections with respect to Section D.1, ligcteda, Section D.2 saccharification
and fermentation in Section D.3.

The experimental error was done according to thevitng principles to validate this

study.

Average (7) - The arithmetic mean, and is calculated by addirggoup of numbers

and then dividing by the count of those numbers.

Z score (Z)-The z score for an item, indicates how far and/lvat direction, that an
item deviates from its distribution’s mean, expeds#n units of its distribution's
standard deviation. The equation (2) is used fanptes less than 100 (small
samples), where TINV returns the inverse of théstrdbution, which is used in the

hypothesis testing of small sample data sets.

STDEV (o) - The standard deviation is the unit of measurdénoérihe z-score. It
allows comparison of observations from differentmal distributions, which is done

frequently in research (see equation 1)

Confidence Limit () - Returns a value that you can use to construzindidence
interval for a population mean. The confidenceridkis a range of values. Your
sample mears, is at the center of this range and the range SONFIDENCE (see

equation 3)
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Experimental error - The approximation error in the data is the discrepancy

between an exact value and some approximation (gek equation 4)

ra

D.1 Liquefaction

—s

o= g ()

4 (n—1J)
Z =TINV (0.05,COUNT (’rt)) (2)
onfidence Limit =2 X Z I;_| (3)
Error ¥ = (—CD'“"{:.L'EME\] * 100 (4)

The experimental error for the liquefaction stepsveletermined by repeating the

liuefaction of raw Cassava starch at a pH of 6 atemperature of 95 °C five times.

The glucose concentration (g)gobtained for each time interval for the five rafssl

experiments are listed in Table D.1. The stat$tgarameters used to calculate the

experimental error are listed in Table D.2. Thecgke concentration determine at

each time interval for the five repeated liquefactiexperiments is graphically

presented in Figure D.1.

Table D.1: Glucose concentration for repeated liquefactionezkpents at pH 6 and

95°C.
Time (min) | Sample 1 Sample 2 Sample 3 Sample 4 Saep
0 0.0155 0.015 0.0155 0.014 0.014
15 0.025 0.026 0.029 0.0275 0.026
30 0.048 0.0505 0.0505 0.0535 0.051
45 0.07 0.0765 0.074 0.0705 0.075
60 0.079 0.0805 0.0795 0.0795 0.081

Table D.2: Statistical parameters used to calculate the expenital error for the

liquefaction step

Sample Final Glucose Concentration

1 0.079

2 0.0805

3 0.0795

4 0.0795

5 0.081

Mean 0.0799

Standard deviation 0.0008
Confidence limit (95%) 0.002
Experimental error 2.36%
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Figure D.1: Five replicates of increasing glucose yield durliggefaction in the SHF

process

D.2 Saccharification

The experimental error for the saccharificatiorpstas determined by repeating
the saccharification of a liquefied Cassava hydralg at a pH of 4.5and a
temperature of 55°C five times. The glucose comaénn (g.g') obtained for

each time interval for the five repeated experiment listed in Table D.3. The
statistical parameters used to calculate the exygetal error are listed in Table

D.4. The glucose concentration determine at eacte tinterval for the five

repeated saccharification experiments is graplyigaésented in Figure D.2.

Table D.3: Glucose concentration for repeated saccharificatoperiments at pH
4.5 and 55°C. Five replicates of samples

Time(h) | Sample 1 | Sample 2 Sample 3 Sample4  Sample 5
0 0.079 0.0805 0.0795 0.0795 0.081
0.3 0.875 0.905 0.915 0.905 0.905
0.7 0.91 0.915 0.915 0.895 0.89
1 0.85 0.85 0.865 0.855 0.865
2 0.865 0.885 0.89 0.89 0.89
3 0.885 0.905 0.905 0.905 0.91
4 0.905 0.92 0.93 0.915 0.93
6 0.915 0.93 0.93 0.935 0.925
8 0.93 0.94 0.93 0.93 0.935
24 0.925 0.935 0.93 0.93 0.935
28 0.925 0.935 0.93 0.905 0.93
48 0.935 0.89 0.9 0.935 0.93
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Table D.4: Statistical parameters used to calculate the expenital error for the
saccharification step

Sample Final Glucose Concentration
1 0.935
2 0.89
3 0.9
4 0.935
5 0.93
Mean 0.918
Standard deviation 0.021
Confidence limit (95%) 0.049
Experimental error 5.36 %
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Figure D.2: Five replicates of increasing glucose yield durgagcharification in the

SHF process

D.3 Separate Hydrolysis and Fermentation

The experimental error for the fermentation steps watermined by repeating the
fermentation step using a yeast concentration df Bfjve times. The ethanol yields
(g.g%) for each experiment at different time intervaie &isted in Table D.5. The
statistical parameters used to calculate the exyertal error is listed in Table D.6.
The ethanol yield for each experiment at each tinterval for the five repeated

fermentation experiments are graphically preseimétgure D.3.
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Table D.5: Ethanol yield (g.g) at different time intervals for five repeated
fermentation experiments

Time (min) | Sample 1 Sample 2 Sample3 Sampled  Sdep
0 0.031 0.031 0.031 0.031 0.031
0.25 0.245 0.1765 0.1775 0.2 0.17
0.5 0.23 0.195 0.195 0.2 0.175
1 0.19 0.19 0.19 0.18 0.19
2 0.215 0.35 0.255 0.295 0.32
3 0.275 0.3 0.27 0.26 0.275
24 0.365 0.38 0.385 0.385 0.375
48 0.38 0.395 0.39 0.39 0.39
72 0.375 0.39 0.395 0.395 0.375
96 0.38 0.395 0.405 0.4 0.395
120 0.385 0.375 0.37 0.365 0.38

Table D.6: Statistical parameters used to calculate the expenital error for the
liquefaction step

Sample Final ethanol yield
1 0.385
2 0.375
3 0.37
4 0.365
5 0.38
Mean 0.375
Standard deviation 0.008
Confidence limit (95%) 0.018
Experimental error 4.85 %
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Figure D.3: Five replicates of ethanol production in shake Kby Saccharomyces
cerevisiae using the SHF process graph of fermemaamples
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