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Abstract

The PID. project aims ¢ develop and optimiz the fermentative production of diols from
biowastes. In particular 2;Butanediol (2,3BDO), a promising platfimm chemical from which
valuable derivatives such as the monomer-fis@adiene can be producedhe biotechnological
production of 2,3BDO has been mainly studied with pathogenic bacteria under microaerobic
conditionsby using pure sugars. However, the patienicity of such microorganisms, the high
cost of sugarsandthe not optimized fermentation conditions make this process not industrially
competitive.

During the first year, a nonpathogenic bacterial stradadillus licheniformi&TCE®789) was
selectal and its capability to ferment different sugars commonly occurring in biomass
hydrolysates (hexoses and pentoses) and raw agroindustrial biowastes (sugar beet molasses and
cheese whey) was assessed. $akectedmicroorganism is able to ferment hexosesiaucrose

into 2,3BDO Furthermore cheese whey could be potentially partially converted in B30,

and molassesas wellrepresent an interesting feedstock to produce -BBO with the selected
strain.

Since 2,8BDO is produced preferentially under miassobic conditions, i.e., with aeration but

in absence of measurable oxygen in solution, the second year activities have been focused on
the optimization of the oxygen supply conditions in batch fermentation mode using glucose as
substrate. Experimentallyhe application of a statistical design thie experiment allowed the
identification of an optimal stirring/aeration combinatioand the identification ofa rangeof
oxygen transfer rate valugaside which the fermentation performances are maximized.

The possibility of producing 2BDO at high concentration and productivity was evaluated
carrying out feebatch experiments. Since complex media, composed of prateinsubstrate
(Beef extract and Peptone), and the optimal oxygen supply conditionsaiihemandatory to
obtain the best performances, different feed and oxygen supply strategies, were assayed.
Another activity focused on the evaluation of alternative media instead of the complex media
(Beef extract and peptone). Flasks and bioreactor expEntsmnhave been carried out using a
mineral media completely devoid afrganic nitrogen, and meat and bone mépfotein-rich
substrate derived from rendering procesyewhereas,molasses and glucosgere used as
carbon source In conclusion, mimal flourand molasses seem to be suitable alternatives to the

commercial substrates to produce Zatanediol.
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1. Introduction

Elsstomers arepolymerswith high molar mass which when deformed at room temperature
reverts quicklyo their original siz€Hanhi et al., 2007These characteristics make thesuitable
for several application@mong whichtires is the most important application area. For this
reason, more than 12.6 million tonzer yearof elastomers are consumed worldwidEldrket
Study Synthetic RubbeCeresana, June 2013\t present,the production process fldws a
wholly chemical routethe macromoleculesoccurring in the elastomederivefrom monomers

obtained fromnon-renewable natural gas and petroleum resources
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Figurel.1 Scheme of 1dutadieneprodudion, through chemical or biotechnological routessan
intermediate for the production of elastomers ftires. Butadiene couldbe a by-product of the steam
cracking or a product of the catalytilisidratationof butanediols which could be produced from
biomasses. 1,3 and XRutanediol are produced only by genetically modified microorganisms (GM), 2,3

butanediol is produced bwild typemicroorganisms (WT)

1,3-Butadiene is one of the most apprecidtmonomers its simplechemical structure with low
molecular weight and high chemical reactivity makes itseful building block for synthesiziag
wide variety of rubbers,elastomers and polymers upon polymerization of itself or in
conjunction with other monomer@viakshina et al., 2014€urrently, it ismainlyproduced from
petroleum as a byproduct of the eam cracking procesdynch, 2001)However, the not

environmentally friendly process that lead to the generation of greenhouse gasthe


http://www.ceresana.com/en/market-studies/plastics/synthetic-rubber/
http://www.ceresana.com/en/market-studies/plastics/synthetic-rubber/

apparentlyprogressive depletioof the fossil fuelsandthe rising demand for greener products
have made it necessary to look for alternative production methdasn renewable biomass
feedstocksA sustainable way fgeroducing building blockss the biotechnological conversion
of carbon sources such dsomasses In thissense butadiene could be mpduced from the
chemo catalytic conversion of diols i.e. -b@anediol, 1,4butanediol and 2,3butanediol(2,3
BDO)(Makshina et al., 2014)hich in turn could be produced biotechnologically from sugars
and agreindustrial biomassesThus the production of such a butanediols from biomasses has
attracted more and moreinterests in the last few years. Indeeseveral companiesuch as
Versalis, NovamonBASF, LanzaTeBluPont Tate & Lyl&enomatica, M&GGustavsson and
Lee, 2016; Jong et al., 2012; Sanford et al., 2046} investingin the development ofa
fermentative process for the production of butanedidisom biomassesBeing produced by a
fermentation proces, several microorganisms are able to produagehs a butanediols
Nerveless,only genetically modified microorganisntan produce 1,3butanediol and 1,4
butanediol (Figure 1.1), since in nature therel NJB y Q inicrdogg@nismswhich naturally
possessthe gene responsible for the production of thesach abutanediols(Gustavsson and
Lee, 2016; Kataoka et al., 201@n the otherhand 2,3-BDO can be produced frowild type
microorganism® / St A Z&1 | | yKiRo JDdN&t 8.520T1Fon thistedsbn it could be
interesting to develop an industrial productiaf 2,3BDQ.

1.1.2,3-butanediol

2,3-butanediol (also known as 2{8itylene glycol, IUPAC name: buta®@-diol) is a chemical
compound containing two hydroxyl groupOH). Itis characterizé by the molecular formula

GH1002, whose structural formula is shown kigurel.2.

OH
HO

Figurel.2 2,3-butanediol strictural formula

It is an oily liquid or crystal strongly hygroscopic without color and odor, miscible in water and

easily soluble imowmolecularmass alcohols. Its molecular weight is 90.121 g/rand] it can



structurally exist in threstereoisomeridorms: mese optically inactive, (2R,3R))- levorotary

isomer and (2S,3%})) dextrorotary isomerEigurel.3).

OH OH ~_ _-OH
HO HO™ ™ HO™

(2R,3RY-)-butanediol (2R,3S¥butanediol (2S,3S]-)-butanediol

Figurel.3 2,3-butanediol stereoisomer

Its chemical and physical properties depends by stereocisomeric formA y T I Moiling A G Q &
pointsare between 179 and 182 °C.

1.1.1. Applications

Due to its properties, it could be applied in differenindustrial areas, ranging from the
manufacture chemicals,perfumes additives for foods,moistering agents and plasticizer
Furthermore|t is considered alatform chemicalthanks tothe presence ofwo hydroxylgroups
whichmakes it a good substrate for difent reactions. IrFigurel.4 the mainproducts which

could be obtained from the chemical conversion of-Bi8anediolare shown.
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Figurel.4 Derivatives produced fror2,3-butanedbl conversion(modified, based odi et al., 2011)
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The dehydration of 2;Butanediol leads to the production of two prodiscFirst is nethil ethyl
ketone (MEK) which is industrialised assolventfor resins and varnishédulter et al., 2013)

The other main product of thdehydratationis butadieng(Duan et al., 2016)Such compound

is an important monomer for the production of a wide variety of synthetic rubbers such as
styrenebutadiene rubber used as the raw material for tires of automobiles, and styrene

butadiene latex used fdoam rubbers, adhesives, and sealants.

The dehydrogenation of 2;Butanediol leads to the production of acetoin which is a compound
widely used in foods, plant growth promoters, biological pest contemid in addition it can also
be used as a precursdor a variety of chemical compoundghang et al., 2016)The other
product of the dehydrogenation of 2}3utanediol is diacetyl used in the food industry as flavor

(it is responsitd for the buttery aroma and many dairy productghang et al., 2015)

Theketilizationof 2,3-butanediol leads to the formation of the aceton8utanediol ketal wio

is structured with four methyl radicalsThis featureof the 2,3butanediol ketalmakes it a
potential agent for the formulation ofasolinesthanksits chemical structure similar to the
widely used methyl terbutyl ether. Finally the esterification of 2,3utanediol leads to the
production of precursors of different thermoplastic polymers, such as nitrate cellulose, cellulose
acetate butyrate, polyvinyl chloride, polyacrylates apdlymethylacrylates (Rodwell and
Lafayette, 1963)

1.1.2. Production

Due to thebroad spectrumof industrial application, the production of 2l8itanediol has
undergone change®ver the years 2,3butanediol is produced chemically by a reaction
sequence starting from asQiydrocarbon fractionderiving fromthe crack gasesvhich are
composedof butenes and a mixture butane andobutane (ButanediolsButenedio] and
Butynediol). These reactiongead to a mixture of 2 Butanediol isomergroductionand the
application of high temperature and prage. Such extreme operating conditions makes the
upstream and downstream process expensikence anevaluation ofan alternative chep

process has been investigatederthe years.

Since 2,3-butanediol is a product of the metabolismof different microorganisms
biotechnological production could be a feasible alternatigkso due tothe mild operating

conditionwhichmakesthe processnore aiitable.
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The interest in the2,3-butanediol biotechnologicgiroduction started dungthe SecondWorld

War. Howeversince less expensive petroledmased routes became availabtéis interestwas
subsequentlyabandoned Nowadays,with the shortageof fossil fuel supplies and rising

petroleum pricesthe idea of biebased compounds and biorefineries is receiving significant

interest. In fact, Ermentation of biomasss or wastes from agricultural and agiodustrial

residues has gained considerablateation 6/ St A Z& | ' YR ThisNthe2 S1 =X  H AN
biotechnological production of 2;8utanediol become more attractive during the last decade.

Thisshiftand the increasing interest tifie scientific cormunity seems to be particularly evident

considering thathe publications per year related to the 2f3utanediolhave tripledduring the

last 5 year@Figurel.5).
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Figurel.5 Number of publications per year 2f3utanediol.Source:
https://apps.webofknowledge.com/CitationReport.do?product=WOS&search _mode=CitationReport&SI
D=VHnxOQOXUKw3jz986tMm&page=1&cr_pqgid=1&viewType=summary&colName=WOS

According to literature date&,3-butanediolbioproduction is currently performed by Global Bio

Chem Technology from corhtfp://ww w.globalbiochem.com/html/index.phpand LanzaTech

from steel mill gase@irre and Eikmanns, 2019)his means that much meefforts caild be

done to optimize andnake the procesdoth cheaperand industrially achievable.
1.1.3. Metabolic pathway and micoorganisms

2,3-butanediol can be produced frorthe fermentation of simple sugars hexose (glucose,

maltose) or pentoses (xylose, arabinose, etc.). The pathway involvedlu@iolandshown

12
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in Figurel.6 startsfrom the glycolysisin which sugars are converted to pyruvate the second
step, 2,30 dzii F YSRA2f A& LINRBRAZOSR F2ff2Ay3 GKNBS Y
OS2t Ol GS LI NdiefylatddSsynthétasd dndymeS iR codveérsion of alpha
acetolactate2 | OS2 Ay -Qdetylatdd decaBbaxylase, ard iii) reversible reduction of
acetoin to 2,3butanediol, catalyzed by the butanediol dehydrogenase enz{igvas et al.,
HAMHT [/ St AZ&1 . DepéiiingDoNJthe Bitciganism and the fermentation
conditions ethanol, acetateJactate and acetoin are the maibyproducts In general, when
anaerobic conditions are presercetic acid, 2,dutanediol lactateand ethanol are the main
byproducts6 / St A Z&1 I | Y R -jub dih 8& &l.7201iMoredvar, glycerin 2an also
be produced as a branch of tiEmdenMeyerhof glycolytic pathwayin anaerobic conitions
(Wang et al., @01) a behaviorthat has been observed in BacilloscroorganismgJurchescu

et al.,, 2013) On the other hand aerobic conditiondead to the production of biomass and
acetoin which is th@,3-butanediol precursor. 2;Butanediol should bgroduced inanaerobic
conditions, howeverpxygen limitedconditions (microaerobic conditionsqare mandatory to

yield high amounts 2;Butanediol and limithe byproductsormation.

This behavior can bexplainedby the pathway involved in the 2.BDO productiorthat is part

of the regulation of the NADH/NALRxatio. The scares availability of oxygen, i.e., the final electron

acceptor, impedeshe regeneration of NAD+ which is associated torgmdng powerthat is

linked to glycolysisand is not consumed by aerobic respiratian/ St AZall | YR DNJ &
Converti et al., 2003; Rodwell and Lafayette, 1963)

13
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Several microorganism species are able to produceb@t&nediol, but onlya few of them are

able to produce enough 2BDOto be considered interestinfpr industrial applications. The

main species belong télebsiellaEnterobacterBacillusand Serratiagenera.

Klebsiells microorganisms are consideradthe major producers, particularly those belonging

to K.pneumoniaeand K.oxytocaspecies. Thesaicroorganisns are able to accumulatquickly

high amounts of 2 dutanediol,moreoverthey grow and convert most of the sugars present in

cellulose and hemicellulose hydrolysates to-Bi8anediol. However, the pathogenicity of these

species is generally nsidered an obstacléor their largescale us€Ma et al., 2009; Qureshi

and Cheryan, 1989; Ramachandran et al., 1990)
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Microorganismsof the generaEnterobactercan bepromising 2,3utanediolproducers; they
have a broad spectrum o$ubstrates (including glucose, xylose, mannitol and various
hydrolysates of biomass) and cgrow rapidly under both aerobic and anaerobionglitions.
However, they are classified as pathogenic bacteria KkebsiellsspecieHazeena et al2016;

Zeng et al., 2004)

Another microorganism knowfor its ability to produce 2,2butanediol isSerratia marcescens
a pathogenigrampositivebacterium. It is widely present in nature aitccan be isolated from
water, soil, air, milk and clinicapecimens(Shi et al., 2014)n addition, i grows rapidly on a
wide range of substrates and some strains can be considered good candidates for industrial
production of 2,3-butadiene However,its pathogenicityis an obstacldike in the cases of the

Klebsiellaandthe Enterobactergenres

Another genusof microorganisms able to produce ZBtanediol isBacillus Recently,the
speciesPaenibacillugpolymyxa(Bacilus polymyxg, B. amyloliquefaciensand B. licheniformis
have been studied. These microorganisms can produceé@ghediol at concentrations even
greater than 100 gl,but use xylose typically less efficiently than gluddsgchescu et al., 2013;
Raspoet et al.,, 1991; Yang et al., 20IA)rthermore, such microorganismsare generally
recognizedas safe sincthey belong to theéviosafetylevel 1, afact that makes thenmmuch more

attractive fora possible industrial application

1.1.4. Substrates

In the development of industrial fermentation processté® substrateis usually the caghat
affects the most the fina product. For thisreason,using substratesderiving froman agro
industrialprocess, such as waste loy products could help reducing the economic aspects of
the production Furthermore, the application of such biowastes for the production of other
products andmolecules is in line with the concept dbioeconomyand biorefinry (Koutinas et
al., 2014; Philp et al., n.d.; Scoma et al., 2014)

The production of 2utanediol fromagro indugrial deriving substrates has beenidely
studied. Agro industrialbiowastes such as molasses, whey or glycerol ltolysatesfrom

vegetable biomassewere the main substrates evaluatgtus far.

Plantderived biomass consists approximately of5 ellulose, 2530% hemicelluloses and

15-20% lignin, although its composition may vary greatly in different plant types. Cellulose and

15



hemicellulose are natural polymers which simple sugars are the monomers, particular,
cellulosein composedof glucase while hemicellulosés composed ofpentoses (xylose and
arabinose) and hexoses (mannoggucose and galactose). However, a pretreatment is
mandatoryin orderto entrap the sugars in the polymer matrix available for thieroorganisms
(Agbkvor et al., 2007; Fitzpatrick et al., 20110) this manner, the vegetal biomasses could be
considereda source of sugaffer producing 2,3-butanediol. Several works on the bioconversion
of different biomas$ydrolysatehave been studied.dm frond tydrolysatewas used asarbon
source with the microorganismEnterobacter cloacaé&sGl and resulting in7.67 g/l 2,3
butanediol(Hazeena et al., 2016Acid hydrolysate adatropha hullsvasused as raw materials
for the production of 2,3utanediol withKlebsiellaoxytoca(Jiang et al., 2012)nanotherstudy,

a thermophilicBacilluslicheniformisstrain wasusedfor 2,3-butanediol productio from corn
stoverhydrolysate resulting in the production 6f4.0 g/L of 2,3utanediolwith a productivity

of 2.1 g/Lh anda yield of 94.6%Li et al., 2014b)

Whey is a liquid wasteriginaing from the transformation of milk into cheesdt has an
important lactose content (4%2 g/L) which promotes a high chemical oxygen demand (COD),
and canalsocause severe pollution problemsdischarged in the environmerfDomingos et
al., 2016; Fernande@utiérrez et al., 2017Wheycan be valorized by biological processes based
on lactose fermentation intdiochemicals suchs 2,3butanediol.Klebsiellapneumoniaehas
beenproven to be the most promisingnicroorganisnfor the conversiorof lactose(that can be
found in whey permeatg into 2,3-butanediol thus obtaining a concentration of.5 g/l 2,3
butanediol representing ield of 0.46 g/glLee and Maddox, 1984)n another study, two
strains ofKlebsiellavere selected for their ability to produce 2titanediol from cheese whey
powder. A twestage pHcontrol strategy with pulsed febatch fermentation resulted in the
maximal 2,3BD production of 57.63 gliGuo et al., 2017)

Molassess a byproduct of the sugar industrycitnsiss of a syrup with a density of abot4 g

cm3. Due to strictly defined processimgethodology,molas®s do not have a very complex
biochemical composition and are mainly made of extremely high sugar concentrations,
substantially due to sucrosedven the highsugars concentration, it is considered a good
fermentation substrate fromwhich different biochemicalscould beproduced, i.e. itric acid

lactic acid isoamyl acetate oxalic acig D-glucaric acid Rhamnolipidsand fructo-oligomers
(Scoma et al., 2016However, onlya limited number of studieshave applied molasses as

substratefor the production of 2,3butanediol. Undea fed-batch operation mode, 99.5 g/L of

16



2,3-butanediol and acetoin was obtaindayusing sugarcane molasses @sbonsource and
Enterobacter cloacaéDai et al., 2015) ThemicroorganismEnterobacter aerogerisave been
used to convert mlassesin 2,3-butanediol resulting in the production 0D.41 g/L of 2,3
butanediol(Perego et al., 2000)

Glycerol is the waste of the fatty acids esterification reaction far productionof biodiesel
Such waste is produced in huge amourtsfact, it is estimated that 1000 thousand tortsas
been produced in Europe in 20{Ripoll et al., 2015V ariousauthors haveapplied glycerol as
carbonsource for the production of 2 ®utanediol.In the work ofPetrov and Petrov@Petrov
and Petrova, 201Ghe influene of aeration and pHvere investigatedn afedbatchprocesses
for glycerol fementation byKlebsiellgpneumoniaewhich led to the production of 70 g/l 2,3
butanediol. In another workawide screening of microorganisms was carried out in order to
evaluae their potential a®,3-butanediolproducer. ThemicroorganismRaoultellaterrigena a
non-pathogenic bacteriawas selected for its ability to produce Z8tanediol (Ripoll et al.,
2015)

1.1.5. Effect of the operating condition

Theaim of the presentsection isto describethe operatingvariableswhichaffect mostthe 2,3

butanediol biotechnological productigorocess.
1.1.5.1. Temperature

The operating temperature is a critical parameter for the succesavefybioprocessn which
microorganism®r enzymes arévolvedsince the activity of th@articipatingenzymes and the
cellularfunctionsdepend on it Althoughthe optimumoperationtemperature depends on the
microorganism used, it cagenerally be arguethat in each case it wibe close to the optimum
temperature of growth of the bacterial specidn.the production of 2,3utanediol,for most of

the 2,3-butanediol producing speciethe temperature range is 387°Co / St AZa{1l | yR
2009)

1.1.5.2. pH

pH is another parameter that stronglpfluences the 2,3butanedol production. As for the
temperature, the pHlepends on the microorganism usda 2,3-butanediolbiosynthesisthe

pHis closely linked tphysiologicafunctions Infact, 2,3butanediolis related tathe prevention
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of intracellular acidification. Theroduction and accumulation gfroductsof the fermentative
acid metabolism, such as succinic, formic, lactic and acetic acid, cau3le thelropdrastially.
Thismedium acidification induces the deviation of the metabolic path to neutral compounds,

sud as 2,3BD, thus avoiding the accumulation of more toxic compounds (Maddox, 1996).
1.1.5.3. Medium composition

Other thanthe essential nutrientsthe production of 2,3utanediol is influenced bgome
exogenous additives, such asino acids, vitamins and growtlactors usually occurring in
culture medium compositiorgXiacjun Jun Ji et al., 2011Jhe application of organic nitrogen
sources, yeast extract, beef extract ammkptone, usually leads to high fermentation
performances Several worksshow the effect of the organic nitrogen sources and its
concentration on the production of 2.BDO(Li et al., 2013; Ripoll et al., 2015; Yang et al., 2011)

In the work ofNilegaonkar(Nilegaonkar et al., 1992 microorganismof the specis Bacillus
licheniformiswas used tgroduce 2,3outanediol from glucoseusing a medium containing 10
g/L ofpeptonefrom soy bearand 10 g/L obeef extract at pH 6.0 and 3Z.This had ledo the
optimum yield 0f0.47 g/g glucoseclcse to the theoretical one of 0.5 g/gfter 72 h of growth

In another work, a medium compositionfor the production of 2,3butanediol by a Serratia
marcescenspeciesmicroorganismfrom sucrosewas optimizedin shake flask fermentations
usingthe responsesurface methodology (RSM). Results indicated that yeast extract and sodium
acetate had significant effects on the B® production. The optimal medium was used
perform fermentation expements leading to the production of 139.92 g/l @ 3-butanediol

with a productivity of 3.49 g/lh andthe yield of 94.67%Zhang et al., 2010)

The effect of the yeast extract conceation was studied in the work éfaliler et al., 2012The
concentration of 60 g/L of yeast extraetcilitated the production of 111 g/L of 2,BDOfrom

sucrosewith the microorganisnPaenibacillugpolymyxa

Notwithstanding the common use dfaditional organic nitrogen sources, such as beef extract,
peptone fromsoy bean yeast extract, et¢.these protein sources are rather expensive and
hence effect negatively the overall cost of gduztion. Therefore, the application ofa nutrient
sourcewhich originates from waste of an agro industrialprocess could be an alternativéhe
next paragraph describebe effect of corn steep liquorbf-product of the corn wetmilling

industry)in the production of 2,3butanediol.
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The effects of organic nitrogen sources on-Bi8anediol production with themicroorganism
Bacillusamyloliquefaciensvas studied in the articlgang et al., 201Zorn steep liguosoybean
meal and ammoniuncitrate were found to be the fermentatiof &ey factors. A response
surface methodology allowetbr the identification of the optimal concentration of nitrogen

sourcewichled to the production of 62.7 g/l of 2;Butanediol.

The effect of theinitial concentration of corn steep liqguam 2,3butanediol production from
glucose by thenicroorganisnBacillus subtilisvas studied byrang et al., 201&orn steep liquor
affectsnot only 2,3butanediolproduction,but alsothe ratio of 2,3BD to acetoin. When a high

concerration of CSkas supplementeghe ratio of 2,3BD to acetoin increaske
1.1.5.3.1. Meat and bone meal

An interesting substrate rich in proteins and amino acids is meat and bone meal, a product of
the rendering industry. The latter converts the animal tissue (i.e.vlaste of the animal
slaughter industry) ivalue addedoroducts, fats and arotein richsubstrates called meat and

bone meaklsoshownin Figurel.7 (Mekonnen et al., 2014)

Animals slaughtered

l

Grinding
Disidrating
'
Solvent extraction
Fat Meat and Bone Meal

Figurel.7 Meat and bone meal production process, figuiglaboratedfrom Mekonnen(Mekonnen et
al., 2014)

High content in proteins and high heating value makes meat and bone meal suitable for pet
feeding (Liang et al., 2011and production of energyCascarosa et al., 2012 owever, the
recentemergence of bovingpongiform encephalopathgesulted ina drastic decrease of the

use of this byproduct as animal feetfloreover, he high content in protein makes such

substrate interesting asrganicnitrogen source irfermentative process(Pleissner and Venus,

19



2016) Todate, only two works have applied this substrate in biotechnatagprocesses, the
production of omege8 polyunsaturated fatty acidgLiang et al., 2011and cyanophycin
(Solaiman et al., 2011)

1.1.5.4. Oxygen supply

Oxygen supply isindoubtedly the most influencing parameter for théiotechnological
production of 2,3putanediol. Adescribed in the paragraph on the influence of the pH; 2,3
butanediol has a cepihysiologicatole, in fact,it prevents acidificatiorand participates in the
regulationof the intracellular NADH/NADatio. Likewise oxygen supplplays a key role irthe
regulation of the NADH/NADatio (Xiacjun Jun Ji et al., 2011)

In generalpacteria involve in the 2,3butanediol production are anaerobic facultative,fad,
suchmicroorganismsare able toproduce energyfrom the metabolism via respiratiowhenin
the presence of oxygen, ardb the samevia fermentationwhen in the absence of oxygen
Furthermore, they are able to produce several byproducts depending on exyayailability

(Figurel.8).

Sugar

Aerobiosis Anaerobiosis

&

Pyruvate

(.

Aerobic respiration Fermentation

- :
Krebs cycle

- 2 3-BDO Fermentation
CO: ’
products

Figurel.8 Schematiaepresentationof facultative anaerobes respiration pathwéyodified from

(Rodwell and Lafayette, 1963)
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In terms of regeneration of NADrom NADH 2,3-butanediolis a product ofthe anaerobic
fermentative metabolism However, if oxygen is absentthe production of fermentation
byproducts, i.e. acetic acid, lactic acid, etc. is much migeficanthan 2,3butanediol On the
other hand under aerobic conditions, the complete substrate oxidation through respiration

occurs,thus leadng to the deviaton of the metabolism towards the production of carbon

dioxideand biomas® / St A Za 1| | yFRrth@midre@rSXcass of oxygdmads tothe
RS OGA DI A 2 y-acktdlactatéshtetdsgah énxgBe imvolved in the synthesis of-2,3
BDO frompyruvaté / St AZa1lF YR DN} 2S13Z HAanoo

These conflicting effeciadicate thatthe production of 2,3BDO presenta maximum for certain
oxygen availability conditions, as can be seeRigurel.9. Moreover, notonly the production
of 2,3BD but also the distribution of the&ther fermentative roue products depends directly on

the availability of oxygefRodwell and Lafayette, 1963)

1.0 4
2,3-BD
7 v ACETATE »
)
Q
3. ACETOIN
g v
©
e
Q
©
g LACTATE
2
8 ¥ ETHANOL
&
'Y
relative oxygen availability 1.0

Figurel.9 Effect of the oxygen availability on the product distributiorPiploymyxa(Figure based on
/| St AZall FYR DNI}2S13Z HAngo

Therefore the conditionrequired to maimize the production of 2;BDCOis characteized by the
supply of oxygen in the brotlin fact,the concentrationof dissolved oxygeis close to zero and

lower than the detection limit of the electrod&uch condition is calladicroaerobiosis

Being the oxygen supply the parameter that affdtie processghe most and considering that
2,3-butanediol is mainly produced under microaerobic conditions, ftiglamental to study

the oxygen mass balance in such a conditions.
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1.1.5.5. Oxygen Mass transfer in microaerobic conditions

The following section aim® explainthe theory of oxygen mass balancis aerobic and

microaerobic fermentation.

The oxygen mass balan¢#sthe perfectly mixed fluid dynamic model can be assurneth in

the liquid (equation 1)and the gagequation 2)phasescan berepresented in the following

manner:
wo— 0°Ymw 07w (@)
wW3— 0 B 0 D 0 "Y'%o 2)

where6 andd are theoxygen concentrations in the liquid and gas phase respectiwend

@ are thevolume ofliquid and gas phase respectively is the gas volumetric flow rate and
the indexQéndé 6 réfersto the inlet and the outlet streamd “Y"™dnd (0 "Y ¥re respectively
the oxygen uptake rate in the liquid phasend the oxygen transfer rate from the gas to the

liquid.
Thel "Y'¥an be calculated as:
0 "YY QO2O6* 6 (©)

where Q®isthe oxygen volumetric mass transfer coefficigit,is thevalue of dissolved oxygen
in equilibrium with the gas phasandd isoxygen concentration in the liquid. The OUR can be

expressed as:
07YY R ab 4

where 11 is the specific oxygen uptake rate amdis the biomass concentration in the

bioreactor.

Microaerobic conditions are characterized by a concentration of dissolved oxygen close to zero
and lower than the detection limit of thelectrode. If6 1 and the pseudo steadgtate

condition are assumed, equatis(2) and (3) become:

0 7YY 0YY Qod’ (5)
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O0YYO B 0 D (6)

Hence, in the pseudo steadyate described by equations 5 and 6, being oxygen uptake rate
equal to the oxygen transfer rate, the latter controls the actual bioprocess ratel) Tévan be
controlled through the™Qd which in turn dependon rheological characteristics of the

fermentation broth, on the stirringandon theaeration intensities.

A limited number of studies investigated the effeof aeration and agitation, and therefore of
"Qdand OTR, 08@,3-BDO production(Qureshi and Cheryan, 1989; Ramachandran et al., 1990;
Silveira et al., 1993; Yang et al., 20HRamachandraiiRamachandran et al., 199®sted the
effect of different" Q¢ values on2,3-BDO production from lactose with &lebsiella oxytoca
microorganismby varying the stirring rate at a constant air flow rate. Higtbvalues (120 #)
led to negligible2,3-BDO concentrations, whereas lowéR dvalues (7&?) led to an increase
in 2,3-BDO productivity. However, at very loW2¢ (47 hY), BD yield and productivity dropped
again. The effect of the air supply on the productior2#BDO by Klebsiella pneumoniaeom
sucrose was studied by Silve{&ilveira et al., 1993he maximum BD productivity (1.54H

1) was obtained at @ ®equal to 120 H, whereas lower (&5 h') and higher (32820 hY) Q&
values led to lower productivities. The effect of agitation on the proawctf BD from glucose
by aBacillus amyloliquefacisnwas studied by Yarfgang et al., 2011)vho oliained a higt2,3-
BDO vyield (042) at low rpm (100), and high values2)8-BDO productivity (0.86) at high rpm
(200).

1.2.Bibliography review

Tablel.1 shows the results published necent yeargegarding the production of 2,38BD0, in
terms ofmaximumconcentration reached, yield and productivity particular, tiis bibliografic

researchtook into considerationdifferent fermentationconditionssuch as:

Microrganism
- Carbon substrate (pure sugars or fragro industriabiomasse}

- Nutrients added (medium composition, organic nitrogen sources added to the

medium);

- Operation mode (batcHed-batchz. X ® 0 @
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Tablel.1 Summary of the major results foundftime literature for the biotechnologeal production of 2,3BDO.

Microorganism Substrate Nutrients Operation mode 2,3-BDO final Productivity Yield References
added Concentration (g/L) (g/Lh) (9/9)
Klebsiella oxytoca Molasses yetarl }sl';);xr:;act, fed-batch 98.2 1.0 0.48 (Afschar et al., 1991)
Klebsiella peumoniae Glucose Col_rirclmsgcreep fed-batch 150 4.21 0.43 (Ma et al., 2009)
Klebsiella oxytoca Glucose - fed-batch 130 1.64 0.48 (Ji et al., 2009)
Serratia marcescens Sucrose Yeast extract fed-batch 139.92 3.49 0.41 (Zhang et al., 2010)
. . Corn Steep
Bacillu subtilis Liquor fed-batch 39.2 0.68 0.39 (Yang et al., 2013)
Bacillus Corn Steep
) : Glucose Liquor, Soybear Batch 66.5 2.22 - (Yang et al., 2012)
amyloliquefaciens
meal
Bacilludicheniformis Glucose Yiﬁ;ioe:gad fed-batch 144.7 1.14 0.4 (Jurchescu et al., 2013)
Bacillus spp. glucose Yea_st extract fed-batch 100 0.6 0.4 (Yan etal., 2017)
triptone
Enterobacter aerogene: glucose Yeast extract fed-batch 93.75 1.74 0.4 (Jun et al., 2017)
Serratia marcescens Sweet sorgum Yeast extract fed-batch 109.44 1.40 0.4 (Yuan et al., 2017)

juice
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Table 1.1continued

Microrganism Substrate Nutrients Operation mode 2,3-BDO final Productivity Yield References
added Concentration (g/L) (g/Lh) (9/9)
Klebsiella pneumoniae cheese whey - fed-batch 48.9 - 0.43 (Guo et al., 2017)
powder
Klebsiella variicola Glycerol Yeast extract fed-batch 82.5 - 0.62 (Charles et al., 2017)
peptone
Enterobacter cloacae Sugarcane Urea, porn fed-batch 90.8 151 0.39 (Dai et al., 2015)
molasses steep liquor
Klebsiella oxytoca Glucose veast _extrac_t fed-batch 142.5 147 0.42 (Cho et al., 2015)
Casamino acids
Bacillus licheniformis Apple ponace Yeast extract fed-batch 113 0.69 0.49 Al O126all
hydrolysate
Enterobacter cloacae glucose - fed-batch 85 1.7 0.48 (Priya et al., 2016)
Klebsiella oxytoca maltodextrin - fed-batch 88.1 1.13 0.42 (Chan et al., 2016)
Serratia marcescens Glucose Yeast extract fed-batch 87.8 1.6 - (Shi et al., 2014)
peptone
Yeast extract,
Bacillus licheniformis Inulin Corn steep fed-batch 103 3.4 - (Li et al., 2014a)
liquor
corn stover Yeastextract,
Bacillus licheniformis Corn steep fed-batch 74 2.1 0.47 (Li et al., 2014b)
hydrolysate liquor
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2. Aim of the work

This work was supported by the Italian project ALBEgrnative Biomasses for Elastomers
which is a part of the Italian cluster for the green chemistrygtelr Spring)Thefinal objective

of the project waghe development of the entire chaiior the production of rubber made from
renewables in whichbiobutadienewould be a real breakthrough in the industrial production of
building blocks for rubbersBidbutadiene is currently produced fromil based feedstock
however, it could be produced from thehemocatalyticconversion of some diols i.e. 1,3
butanediol, 1,4butanediol and 2,3butanediol which in turns could be produced

biotechnologically from sugaend agreindustrial biomasses.

2,3-butanediol is a platform chemical which coulddmnverted irto different moleculeseside
butadiene Unlike 1,3 and 1,4 butanediathich could be produced only by genetically modified
microorganisms, 2;Butanediolcould be produced byvild-type microorganismsHowever, tis
industrial production is still limited, indeed different problenmsake its production not

industrially competitive.

Asa project partner, thelndustrial and Environmental Biotechnology Group of Brepartment

of Civil, Chemical, Environmental and Material Engineering (DICAM) of the University of Bologna
hadthe aim of atvelopinga competitive fermentativeprocesgor sugar (orrenewable sources)
conversion to butaadiols suitable to be further conved to bio-butadiene In particular,my

PhD project focused on the optimization of 28utanediol production from sugars and

biowastes using wild-type microorganism.

The process has beauwbdivided ito five main objectives:

Microorganism preselection ad evaluation of the growth and productiogonditions(culture
media, temperature, and pH).In any pure culturdermentation process the selection of a
microorganism able to produce the target molecule is the first mandatory airdo@ghediol

is preferentially produced by potentially pathogen microorganisms whigdkeits production

not industrially feasible. Thus the first aim of the project was the identificationwilditype
nonpathogenic bacteria able to produce hBtanediol available in microbigublic cultures.
Afterwards, the selection of the microbial growth and production conditions was carried out

experimenting different literature conditions for the selected microorganism.
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Evaluation of the possibility of producing 2BDO from differentsugars and biowastesNow
a day, the application of pure sugars for the fermentative production of biochemical is
preferential. However the application of such compoundésreaseghe production costsThus,
the evaluation of sugars or biomasses comingifthe agroindustrial proces®r the production

of 2,3butanediol was evaluated.

Optimization of the oxygen supply conditionsThe microorganisms able to produce32
butanediol are facultativeanaerobicbacteria which means thagénergy can be produced by
bacteria when oxygen is preseat not. Depending onoxygenavailability the metabolism is
shifted towards different products. In particul&,3-butanediol is preferentially produced when
oxygen is supplied but it is not measurable in solution. Tkius aim of this stage is the
identification of the suitable oxygen supply conditions that allow the optimization of the

fermentation performances.

Study of the fedbatch operation mode In order to make the process more industrially
competitivebyincreasinghe product concentration, the application of fdzhtch fermentation

modehas beertested.

Replacement ofthe complex media.The fermentative 2,3-butanediol production is also
influenced bythe organic nitrogen source, indedt brings amino acids vitamins or growth
factors thathelp microbial metabolismUsually commercial nitrogen organic sources such as
yeast extractsBeefextract, and soy pptoneare used. Howevethe price ofsuch compounds
makes the fermentation process industrially not compgeét Thus,in thiswork, the possibility

of replacing the commercial organic nitrogen sources with a cheap one comingtfi®@m

agroindustrial proceskas been studied.
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3. Materials

3.1.Chemicals

All the chemical compounds were supplied by Sigma Aldrich(Blitdn. Italy).

Molasseswas kindly provided by Coprobi (ltalyJhe tested molasses had the following

composition: glucose 30%, fructose 24%, ashes 7%, humidity 13%

Meat and bone mealised in this work wakindly supplied by the group of the Professor
Giacomo Biagi (Department of Veterinary Medical Sciemdesiversity of BolognaMeat and
bone meal used in this work, originated from poultry slaughterhouse, had the following
composition: proteins 65.7%, fats 14.1%, carbohydrates 4.5%, ashes 15.5%ith0ri@Po. In
thisthesis they are calledthicken meat and bone meal (CMBM)

3.2.Culture medium

In this paragraphculture medium employed in eactageof this workis listed. Table3.1
describes the composition of the medium useaif the preparation of theprecoltures Table
3.2,Table3.3Table3.4Table 3.5 describes the compositions of the medium used during the
selection of the érmentation medium.Suchmediuns were selectedorm the literature. The
medium described ifable3.2is the same used in the wodk Jurchesci@Jurchescu et al., 2@).
The medium describeth 3.3 is the sameused in the workPerego et al., 2003¥inally, the

medium described itable 3.4is the same usely NilegaonkaNilegaonkar et al., 1992b

Table3.1 Preinoculum medium composition

Compound Concentration (g/L)
Beef extract 3
Peptone 5
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Table3.2 Medium composition IJurchescu et al., 2013)

Compouwnd Concentration(g/L)
Yeast extract 5
Tryptone 5
KHPQ 7
KRPQ 55
(NH,)2SQ 1
MgSQ-7HO 0.25
NaMoO;-2H0 0.12
CaG2H0 0.021
Glucosio 20

Table3.3 Medium composition ZPerego et al., 2003)

Compound Concentration (g/L)
Yeast extract 5
KHPO, 6
K:HPQ 14
KHPQ 6
(NHy):SQ 2

MgSQ-7H0 0.25

sodiocitrato diidrato 1
Glucosio 20

Table3.4 Medium composition 3 (Complex medi@ilegaonkar et al., 1992b)

Compound Concentration (g/L)
Bed extract 10
Peptone 10
NaCl 5
Glucosio 20
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Table3.5 Mineral salt medium (MSM)

Compound Concentration (g/L)
KHPQ 0,7
NaHPQ 0,9
NaNQ 2
MgSQx 7HO 0,4
CaGIx2H0 0,1
Trace element solution (bil) 2

3.3. Microorganism

The micr@rganism employed in this worktise BacilludicheniformisATCC 978%btained from
American Type Culture Collection (ATA@&}his section the techniquesof conservation and

preparationof theinocula employedn thisthesisare described
3.3.1. Conservation

The straindelivered asa lyophilizedform, wasresuspendedn the rich medium Nutrient Broth
(Table3.1) asrecommendedby ATCCand incubated at 30°C and 150 rpm. After 2grbwth,
the culture was suspended in gyl in order to obtain a solution 20% v/v of glycerol. The
solution obtained in this way was aliquoted in 2 ml tubes amintainedat -80°C as stock

solution
3.3.2. Precultures

Thepreparationof the inocula is a crucial stage in arfemtation process. In this work all the
inocula were preparedtartingfrom a-80 stock solutionvhich was slowly thawedntil ambient
temperature,then, working under the laminar flow hood, 0.5 ml cell stock were placed into 250
ml flasks each containirg) ml preclture medium. The flasks were incubated at 30 °C and 150

rpm for 24 h.
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3.4.Flask experiments

All flasksexperiments have been conducted in 250ml flasks filled with 50 ml mediuthisin
thesis, flaskexperiments have been carried out in order to kxade different experimental
conditions at the same time. The fermentation conditions were defined according to the

experimental phase and they are described mordetailin the following paragraphs.
In generalgach flask experiment was preparadcordingto the following procedure:

- Medium and carbon source preparation: media components soluiiag prepared
by weighingeachcompoundexcluding the carbon source. The solution of carbon
source (sugars or biomasses) was prepaeghratelyin order to avoidhe Maillard
reaction (during the sterilization) which couddiversely affect the performance of

the fermentation

- Sterilization: the medium and carbon source prepared vwaegilizedseparatelyin
autoclaveat 120 °C for 21 minutes. Aftsterilization medium andcarbon sources
were aliquoted in eacllasksup to the desired medium and sugar concentration,

according to the experimental design, and the final volume of 50 mi;

- Inoculum: under sterileeonditionsthe flasks were inoculated with aaliquot of
preinoculum preparedaccordingto section3.3.2 in order to have a final biomass

concentration of 0.06 g/L. Each experiment started when the flask was inoculated;

- Fermentation: the flasks were incubated at controlled agitatind temperature, in
accordance with the experimental scheme. Periodicallakguot of the medium

was sampled in order tanalyzethe medium compsition (analyteand biomass).
3.5. Bioreactor experiments

Batchandfed-batch experiments have been carried ouBIOSTAT-Bwin bioreactor (Sartorius
AG, Germany), shown kigure3.1, equippedwith pH, temperature, foam and dissolved oxygen

probes.
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Figure3.1 Bioreactors employed in thiwork BIOSTAT-Bvin bioreactor (Sartorius AG, Germany)

N
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Figure3.2 Bioreactorcharacteristic dimensionsessela)and Rushton turbingb). Internal vessel
diameter Tjmpeller diameterd, total vesseheightH, turbine height from the vessel bottofs, baffles

width J,impeller blade heighW, impeller blade width_

32



All the bbreactor experiments started from 1 L fermentation medium. The bioreactor employed
(Figure3.1) is chaacterizedby the dimensions irFigure3.2 and Table3.6 230 mm total high
(Hr), 81 mm liquid high ()i 130 mm internal diameter (T) and a section S = 0.013Four
baffles of 1 cm depth are arranged the walls of the bioreactor The agitation was transmitted

to the liquid by a single sidade Rushton turbine located 35 mm from the vessel bottom (E),

and characterized by 50 mm diameter (D), each blade is 10 mm high (W) and 15 mm wide (L).

Air was intoduced through a perforatedipe shapeding (4.5 cm diameter) located under the
turbine. Table3.7 shows the comparison between the dimension of the fermenter used and the
RAYSyaArzy Ay | G&LhA Ot G02/yRInNGREdE: Snitte §& Hagickt, |
1985).

Table3.6 Bioreactor dimensions

Acronym Value Unit
T 0.13 m
d 0.05 m
\% 0.003 m3
A 0.013 m2
Hr 0.226 m
E 0.035 m
J 0.007 m
W 0.001 m
L 0.0015 m
L 1 L

Table3.7 Bioreactor geometry for this work and for a standard mechanically agitated vessel.

DIT HLU/T JIT E/T W/D L/ID Refrence
This work 038 0.63 0.08 0.27 0.20 0.30 This work
(McCabe et al.,

Typical configuration  0.33 1 0.08 0.33 0.20 0.25 1085)
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Fermentation conditions were defined according to the experimental scheme described more
in detail in Resultgparagraphs. lgenemal, each bioreactor experiment was preparadcording

to the following procedure:

- Medium and carbon source preparatiomedia components solution was prepared
by weighing each components excluding the carbon source. The solution of carbon
source (sugars dyiomasses) was preparegpasately in order to avoid the Maillard
reaction (during the sterilization) which couddiversely affect the performance of

the fermentation

- Sterilization: bioreactor, filled with the required medium, and carbon source were
sepaately sterilizedin anautoclaveat 120 °C for 21 minutes. After tisterilization,
under sterile conditions, carbon sources was aliquoted in bioreactor up to the

desired sugar concentration and the final volume of 1000 ml;

- Inoculum: under sterileonditions, the bioreactorwasinoculated with araliquot of
preinoculum preparedaccordingto section3.3.2, in order to have a final biomass
concentration of 0.06 g/L. Each experiment started when Higreactor was

inoculated:;

- Feamentation: in accordance with the experimental scheme, temperature, pH,
stirring speed and agitation wesetup to the bioreactor. Periodically aliquot of
fermentation broth was sampled in order t@nalze the medium composition

(analtesand biomass)
3.6. Analyticd procedures

Analyticalprocedures are necessary to evaluate the composition of the fermentation broth and
the parameters that can influence or control a fermentation process. This chapter aims to

describe theanalyticaltechniques applied in ik thesisand themeasuremenprocedures.
3.6.1. Biomass determination

During the fermentation, @®ll growth has been measureds optical density (OD) The
measurementakesinto account theurbidity of the fermentation broth. The measuremehas

been carried ot at 600 nm wave length with a spectrophotometer (Prixma, Fulltech
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Instruments). Before eacmeasurementthe culture was diluted with the culture medium so

that the absorbance was between 0.1 and 0.8. The culture medium was used as references.

Optical demity was convertedto cell dry weight (CDW) multiplying the OD for the
proportionality factor 0.32 obtained from the OD vs CDW (g/L) calibration curve. The
calibration curve was obtained from the slope between optical density and celveight of
samples, at different optical density, collected duringladicatedfermentation. The samples
collected were centrifuged (8000 rpm for 10 min) and the cells washed in order to remove the
residual analytes. The cell dmeight was obtained after drying cells oveght at 105 °Crrigure

X shows the calibration curve.

Experimental data

12,0

10,0 y = 0,382x
8,0 Rz = 0,95

6,0

CDW (g/L)

4,0
2,0

0,0
0,0 5,0 10,0 15,0 20,0 25,0 30,0

OD (600 nm)

Figure3.3 Optical Density vs Cell dry weight correlation

3.6.2. Highperformanceliquid chromatography (HPLC)

The qualitative and quantitativanalysisof the compoundsnvolvedin the fermentation could
be measured inmany ways. Theanaltical technique applied in this thesis is the High
Performancd.iquid Gromatography (HPLCIf consistof achromatographigorocess in which
the various constituents of solution are separated according physicalor chemicatechnique
between a stationary phase and a mobile phase. Depending on the relative dimmhth

between the compounds, to be separate@nd the mobile and stationary phase, each
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compound elute from the column at different retention times. Each compound can be
gualitative recognized depending on the retention time. While the concentration of the
components could be evaluated fromcalibration curve between the concentration of the

compounds and therea subtended by the peak that identifies thempound.

In thiswork, the analysis of theubstrates, 2,8BDO and the main bgroducts (ethanol, acetate,
succinate, lactic acid, acetyiin the fermentation broth wer@erformed witha system Agilent
1260 hfinity Isocratic LC System, coupled with refractive index detector.(Rh&)column used
wasan AgilentHi-Plex Hcharacterized by00 mmlength, 7.7 mm internal diameter and 8 pm
poresdiameter. Theanalytes were quantified as follownobile phase 5 mMLSQ; flow rate
0.6 mL/min; injection volume2 ¥  ni; dopjumrrtemperatureof 65°C

Before theanalysisthe samples otulture brothwere centrifugedat 10000rpm for 10minutes

to remove the cells and the supernatant was [ filtered in order to renove particulate and
suspended solidahich could damage the column stationary phase. Then the liquid was diluted
with ultrapure water in order taapproximatdy keep the concentration of the analytes inside

the calibration range.
3.6.3. Total proteins

In the prent paragraph the procedure for the analysis of the proteins content inside the
fermentation medium is describedl'his method is based on the Bradforgrotein assay
(Bradford, 1976)which is a simple procedure for determinitigg concentration of the protei

in sdution. It involves the addition of an acidic dy@opmassie Brilliant Blue-Z50) to the
protein solution and subsequent measurement at 595 nm with a spectrophotometer.

Comparison to a standard curve provides a relative measurement of protein concentratio

The calibration curvevasdoneusing thecomplexmedia(whomthe compositionis described in
Table3.4 as standardin order to have aseferenceproteins as much as similar to the proteins
usually insidehe fermentation broth excluding the biomass. Dilution of thengplex media
were prepared by ajuoting decreasingolumes ofcomplexmedium (3.20, 1.5, 0.5, 0.2, 0.15,
0.10, 0.05 ml), adding the same amount of reagent (0.4tardach solutiorand bringing each
solution tothe final volume of 4 mivith the addition of water. Finally, the optical densijf
each of the prepared samplegas measuredat 595 nmwavelength by a spectrophotometer.
The chart below shows the calibration graftigure3.4).
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Figure3.4 Proteins calibration curve

3.6.4. kiaand OTR determination: experimental and mathematical methods

Inthis chapter methodsfor the determination of the oxygen transfer rate coefficiel2 ) and

oxygen transfer ratel{ "Y)Wsed in this work are described.

Paragraphl.1.5.50f the Introduction describe that oxygen transfer in the production of-2,3
butanediol is the parameter that most influence the fermentation pemiances. In particular,
2,3-butanediol is produced preferentially in microaerobic condition, whicth&racterizedy a
concentration of oxygen in solution close to zero below the low detection limit of the oxygen
probe. Thus the measurement or estimatioof Qcand( “Ydre crucial in order to evaluate
the fermentationprocess Thus, numerous methodsave been developed to determine the
oxygen transfer rate in bioreacton this work,different methods for the measurement or

estimation of Qoor U "Y'Nave been used.
3.6.4.1. kiadetermination

"Qd could be determined in dfferent way the adoption of more than one determination
technique allowed the validationy comparingf the data obtainedln thisthesis,the Qwas
experimentally andempirically quantified applying a physical method based on the

measurement of the oxygen concentration variation in the fermentation br{inamic
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method) and appying empirical correlation obtaied from literature. Both the ndodologies

are describedelow.
3.6.4.1.1. Dynamic method

Different dynamic andsteadystate methods can be used to experimentally determiiasid
(Pinelli etal., 2010) In this studyk.a wasmeasured in the actual fermentation mediyimefore

each fermentation testfor eachcondition studied in the2,3-BDO production experimentsn
bioreactor, using a variation of the conventional dynamic meth®tiese measrements were
made with a Hamilton Visiferm electrode (Hamilton, Bonaduz, Switzerland), characterized by a
0.008 mgJL quantification limit and a 10 s response timEhis method is based on the
measurement of the transient dissolved oxygen concentratiothe medium in absence of
biomass (no oxygen consumption) while applying a step change between two different
conditions(from zerooxygen in the liquid to air saturation or vice veéxdeor all experimental
conditions, kia was measuredby stripping oxygenfrom the fermentation mediumthrough
nitrogenspargingthen airwasfed at the flow rateof the studied agitation/aeration condition.

The step change from air saturated liquid oxygen absence by,Nparging at the samairflow

rate Q) was also perfaned in some cases. As very simi@cvalueswere obtained withthe

two approachesthetwo estimateswere averagedThe experimental) cevaluation method is
based on theD, mass balance in the liquidritten for a perfectly mixed system in serbatch

mode with nooxygen consuption:
— Qoo — 6 (7

Integratingequation 7between two different times, the following equation is obtained:

aE——— Q20 o ®)

Therefore, Qcan be assessed as the slope of a graph of the logarifrimecconcentrations
versustime (GarciaOchoa and Gomez, 2009; Scargiali et al., 2H6)vever, if the inpugas is
not a single componenbut a mixture of oxgen and nitrogen, chacderized by different
solubilities and diffusivitigghe slope obtained may differ from traetual’Qc The influencef

this aspecton the estimated slopecan be analytically predictegBcargiali et al., 2010Dn the

other hand,if the mass transfeis not too high(kia <0.15 1/9, the deviaion between the real
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and experimentalQdis generally< 2% (Scargiali et al., 2010\ more severe limitation in all
dynamic methods ighe probe time lag orelectrode responsetime, which influences the
instantaneous slope of the cugv This effect can be neglected onlyhié probetime lag is one
order of magnitude lower than the mass transfer characteristic tim&Xdy. This constrain is
easily satisfied in case of relatively I@cdvalues, such as those in this work where fully aerobic
conditionsmustbe avoided. The response time of the oxygen probe is generally specified by the
probe producer and caalso be experimentally determineth our case the response time was

10 s, corresponding to'@threshold value of 0.01/s for complete negligibility of the probe

response time.
3.6.4.1.2. Empirical correlations

As for the theoretical evaluation & ¢y numerous correlationsvere proposed in the literature
The most commorone, valid for a stirred tank reactor, relate¥2¢to the mechanical power
dissipated in the aeration condition®J and to the inlet gas flow rate expressed in terms of

supefficial velocity ¥s), defined as ratiof the gas flow rate to the tank transversal section:
QO VLO— ©))

GKSNB Y> h3x i NB SYLANROIFt O2ST¢drdmelgpasa G KI G
and impeller type. The gassed power inpB§, in turn, can be estimated according to the

following equation:
0 YOQ) Q) 300 (10)

whereN; is the impeller power number (aboutfbr the sixblade Rushton turbine in turbulent
regime (Re>1) used in this study]) the impeller diameter; the liquid density andRPDthe
relative power demand. The latteran be calculated a¥ 0 O 1 (DOI & 00 8, where
"Oi (0 J0rQis the Froude number an®©a 0 ¥ 5’0 s the gas flow number. Therefore,
once the tank and impeller geometry are fixd&da is an increasing function of the operational
conditionsN and Qg (kia =consti N2737 ¢%4/%) Theka vaues in the experimental conditions
tested in this work were predicted usitgyo sets ofY X~ andli valuesreported inthe literature
for a standard bioreactor for a liquid with coalescent behayi@ble3.8). Density and viscasi
were approximated to those of pure water at 30e geometric ratios typical of a standard
bioreactor are reported iTable3.7.
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Table3.8 Constants for the empirical correlatis used to estimat&a equation 9

ID K h i Reference
1 0.026 040050 o0l yQi wj
2 0.0037 0.59 0.35 (Scargiali et al., 201(

3.6.4.1.3.  Oxygen transfer rate

In this work, the oxygen transfer rate has been calculated in two waglsed,equations 5 and

6 therefore represent two alternativefor evaluating thed "Y™Yor each tested experimental
condition.Equation 6 is obtained from the oxygen mass balance in the gas phasg) thdgan

be calculated from the difference in oxygen concentration between the inle{@a$and the

outlet gas(0 ) (bioreactor headspace in a perfectly mixed systemhil&/equation5 is
obtained fromthe oxygen mass balance in the liquid phdsethis casep "Y'¥ derived from

the product between the concentration of oxygen in the liquid phase at therattun ©°) and

the oxygentransfer coefficient Q¢). 6 Oty ©6S O f OdzZ F i SR FTNRBY (GKS
between , & the gas/liquid partition coefficient for oxygeand 6 the gas phase
concentration In this work the analysisof the gas headspaasomposition was carried out by
using a MicroGC 3000 Agilergdinologiescoupled with a TCD detector (injector temperature

90 °C; column temperature 60 °C; sampling time 20 s; injection time 50 ms; column pressure 25

psi run time 44 s; carrier gas, N2).
3.7.Mathematicalmethods

In thisparagraph mathematical methods and calculation used for the process optimization and

determination of the main fermentation performance parameters are described.
3.7.1. Design of experiment

Design & experiments (DoE) is procedure of planningand analysis of experimentsising
mathematical and statistical approachesith the aim of obtaining information about the

process studiedThe gplication ofa statistical approach anithe analysis of the reultsallow
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reducingthe number of experiments leading the optimization of the proceséMontgomery,

2001) Such aechniquecould be applied to different field from the research to the industry

Such amethodology allows to test more than one factor atime as usuais done. The DoE
shows how variables are interconnected each overs, outputting a mathematical oeefalto
predict the behavior of the response inside considered range and optimize the responses

(Mandenius and Brundin, 2008)

Given its ability to predict théehaviorof a process, its application depends on teecific
objective of a study and itequires a deegknowledge of the process. The DoE sists of
different steps whichgo from the selection of thebjectto the obtainmentof the results you

need,Figure3.5 outlines the steps of the process.

Input factors of Output responses
the bioprocess Objective

>

v v v

Comparison Screening Response surface

\ 4
Experimental design selection

v

Experimental

!

Statistical analisis
(ANOVA)

¥

Optimization
and Validation

Figure3.5 Schematic representation of the [Bostages
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The stagesepresentedin Figure3.5 could besummarizedasfollow:

1- Aim: First of all the aim of the application of the Diwds to be clear.Usually DoE

can be applied for different reasons:

a. Screaming evaluation of theinput variables which more affects the
resporses Often there are many possible input variables, some of which
may be critical and others which may have little or no effect on a response.

It may be desirabléo reduce the number of factors

b. Comparison: lsoosing between dternatives (which input variableis the

most effectiveon the responses)

c. Response surfaceptimization often is an ambiguous word indeed it could
contain different meanings. In thisase the optimization consists in the
building ofa suface of the responseq a polynomialfunction of the input
variables) which tells which combination of variables are ahlenaximize

or minimize the procesdaking a Process Robust, hit a target.

For this reason, a deep knowledge of the process is a@ng, sinceit could

helpto identify thefactorsthat could affect the responses.

2- Variables selection: Once identified the objective of the experimentation the
identification of theresponseqoutput variables) and the process variables (input

variables) which could influence the responses, is needed.

3- Planning: in thisstage the experimental design is selected. The choice of an
experimental design depends on the objectives of the experiment and the number
of factors tobe investigated. ITable3.9 are summarizethe main design that could

be applied depending on the number of factors and objectives.
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Table3.9 summary of the possiblexperimental designnjodified from (Croarkin et al., 2012)

Input Comparative Screening Response Surface
factors
1-factor completely
1 . . - -
randomized design
5.4 Randoml_zed block Eull or factorial Central Composite
design or BoxBehnken
Randomied block  Fractional Factorial
5 or more . -
design or PlackettBurmann

4- Experimentation: this step consists in the conduction of the experiments suggested
by the experimental design and elaborate the data obtained in order to obtain the

responses;

5- Analysis: once #h plamed experiments are done, the data obtained (responses)
have to beanalyzedgraphically and statisticallfaraphically the distribution of the
responses versus factor like histogram or plot, could help in the identification of the
variables effect. Sometimes the right graphsr plots of the data lead to obvious
answersFurthermore a statistical analysis such as the analysis of variance (ANOVA)
for the identification of the pvalues,residualsand thelack offit could help in the

identification ofthe lesssignificant parametersand simplify the model;

6- Validation: this last step has the aim to validate the results obtained and to answer
the questions of the experimental objectives. Furtb&perimentsare done in order

to confirm,evaluate,optimize etc. the data obtained.

In thiswork, the software for the DoE used is callstODDDE 10.1 (Umetrics, Umed, Sweden).
The same software was used for the analysis of variance (ANOVA) and the optimization of the

variables.

DoE is extensively applieddifferent field of fermentation processe@Mandenius and Brundin,
2008). The design of experiment has been already applied to the production tiuzaBediol.

However, usually it is applied to the optimization of culture mgdai et al., 2015; Li et al.,
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2013; Yang et al., 2012nd only few works about fermentation conditions such as @ jaid
(Lee et al., 2013; Xin et al., 2016)

3.7.1.1. Central Composite Design

In the presentthesis,a Central @mposite DesigriCCD)has been appliedCCDhas the aim of

the response surface buildingnd it is used when 2, 3 or 4 input factocur.

The CCD is a very efficient design to describe seoot®l models and consists of three types

of experimental point$-actorial, axiband central as shown Figure3.6.

¥ s

" | ,’f___l_ | @®  Factorial points

: : + *'__'I'__'* :“:Lil-—-+——:—\*' * Axial points

l_____i l \\\L___:___‘/l @ Central points
* ek

Figure3.6 Central Composite Design fatwo factorssystem

¢o2 LI NIYSGSNER 2F GKS SELISNAYSy(dlf RSaAady Ydzaid o
and thenumber of replicasinthecentrall2 Ay 1 & ® ¢ KS OK2A0S 2F h Ay GKS
608 UKS NX3IA2Yy 2F Ay i SNBatd ave arrdnged in dndintedngpditet 12 m X
position between the factorial values at the top of the drawing virtually corresponding to the

center point of the faces of a cube; in thenteryou have the central points and at the top the

points of fact).Central pants usually have replicates so as to estimate the experimental error

and make the model more robust.
3.7.2. Calculation

This paragrapldescribesthe main calculatiomecessaryn order to evaluate the performances

of the fermentation process.

Sevenresponse vadbles were used to characterize the fermentation performar&BDO
yield (Yapg, 2,3BDO productivity Psm), acetoinyield (Yag), glycerolyield (Yey) ethanolyield
(Yeron and selectivity in 2;BD0 (Smo) expressed as the ratio between the mas2&BDO

44



produced and those of all the products from glucose (with the exception of biomass). They were

calculated, as follows:
() i (11
0 — 12

wheret indicates the sum of the growth argj3-BDO production phases

® — (13
o — (14)
® — (15
Y (16)

whered  (g) and CBD are the mass and the concertation o&iBD(g) is the mass of acetoin,
a (9) is the mass of glycerol aad (g9) is the mass of ethanol at the complete conversion

of glucose andt  (g) is the mass @flucose initially present in the fermenter.
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4. Results and Discussion

4.1.Microorganism selection and media evaluation: preliminary study

The first stagéor the development of @ure culture fermentativdioprocess for the production
of chemicalsis the ®lection of amicroorganism able to producethe target molecuk and
applicableatindustrialscale, and the selection of the operating conditions (culture medium, pH,

Temperature)
4.1.1. Microorganism selection

2,3-butanediol as extensively described chapta 1.1.3 is preferentially produced by
pathogenic microorganisiithese featuresmake thatthese bacteria are hardly industrially
applicable In this thesis, the microorganism selection has been carriedlyutonsulting the

avalablescientificliterature, according to the following features:
i) wild-type microorganism (not genetically modified);

ii) ability to produce 2,3butanediolfrom carbon sources commonbccurringin

biomasses of plant origin;

iii) production performances comparabl® that of the main pathogenic bacteria

in terms of max concentratiomroductivity,and yield;

iv) the microorganisnmust be considered safe thus it must belong to the class 1 of

risk that means that is unlikely to cause human disease;
V) occurring inone of the microbial culture collection.

Themicroorganisnchosen is theBacilluslicheniformisATC&789which was boughtfrom the
Americantype culture collectionThese bacteridelong to the class 1 of risk and it is generally

recognized as safe (GRAS).
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4.1.2. Medium selection

The second stage @fbioprocess upstream is the selection of appropriatemedium for the
fermentation. This stage imandatoryin order to supply to thenicroorganismall the elements
and substances necessary for the growth and the producfian this purposgn thiswork, it
has been decided to test the growth and production of-B[3O with themicroorganism
selected in the previous paragraph, on three medium whiehe selected from thditerature.
In particular, three papers, in whicha microorganisnof the same specieselected forthis work

was usegdwere selected Thepapersselected ae describechere below:

Jurchescu et al2013 the production of 2,2utanediol is studied with thenonpathogenic
bacteriaBacilluslicheniformisDSM 8785 using glucose as substrate. In this article the effect of
the initial concentration of glucose in flasks experiment was studied leadinttetproduction

of 72.5 g/L of 2,8DO from 180 g/L of glucose, the production of 144 g/L of 2,3 BDO was
reached infed-batch experiments inthe bioreactor. Furthermore,the production of 2,2BBDO

with the microorganisnin immobilized form waassessedThe &periments were performed in

250 ml flasks with 50 ml medium whom the compositioshiewnin Table3.2 at 30°C, 100 rpm

and initial pH 6.6;

Perego et al., 2003n the article of Perego et alhe effect of different carbon sources (gluegs
sucrose and cornstardhydrolysatg anddifferent operating conditions (temperature, inoculum
size,and starting substrate concentration) have been studied usimgicroorganismof the

specieBacilludicheniformis resulting ina high performanceavith the cornstarchhydrolysate

Nilegaonkar et al.,, 1992bthe production of 2.3butanediol from glucose byBacillus
licheniformiswas studied in the article dNilegaonkar In this paper the effect of diferent
operating parameterstémperature and pH) and initial glucose concentration was studied on
the production of 2,8BDO using 8acilluslicheniformis In thiscase the medium usedTable

3.4) is a complex medium composed &eef extract andPeptone from soybean the
performances obtained are better in terms of yield of-BBO (0.47 g/g) than the other articles,
however, the productivity (0.12 g/L/h) and the production of glycerol adyproduct are
undesiable In this paper the experiments were conducted in flasks at 37°C statically thus

without agitation and pH 6 not controlled.
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In this paragraph are described the results of the fermentations conducted in flasks with
different media composition and conditioagcording tahe experimental schemdescribed in

Tabled.1, in which are reported the experimental conditions adopted

Table4.1 Selection of the culture medium: experimental scherrethe seond columnare reported the

name of the tables of materials and methodswvhichthe mediumusedare described.

Medium Culture
Test s o References
composition  conditions
Initial pH 6.6
M1 Table3.2 T30°C (Jurchescu et al., 2013)
100 rpm
Initial pH 6.0
M2 Table3.3 T30°C (Perego et al., 2003)
100 rpm
Initial pH 6.0
M3 Table3.4 T37°C (Nilegaonkar et al., 2b)
Static

Figured.1 showsthe evolution of the maifiermentation parameters (concentration of biomass,
glucose, 2,3utanediol and the main bproducts)in the experiments for the selection of the
culture medium It is evident thathe microorganismis not able to growtkendproduce 2,3BDO

in the experiment M2Figure4.1b(Perego et al., 2003)probably thisbehavioris due to the
absence ofprotein-rich substratessuch astryptone, peptone or beef extract. Indeed, such
complete absence of growth it is not éuo the growth conditionswhich are similar to the
conditions used in the experiment figure4.1c. InFigure4.1a (Jurchescu et al., 28} the
maximum concentration of 2;BDO (6.7 g/L) was reached after fa8urswhen the complete
consumption ofglucose occurs which correspond to gield of 0.26 g/g of glucose. The
concentration of 9 g/L of 2;BDO is reached experiment M3(Figure4.1c) correspondingo a
yield of 0.40 g/g of glucose, such a productwasreached when the media and conditions of
the article of Nilegaonkar et al., 1992vere applied However, such a 2,3utanediol
concentration iseachedonly after 56 fermentation hours, and the glucose is nompletely
consumed, thisuggestshat extending the fermentation or increasing the fermentation rate to
reach the complete substrate consumption ibutd be possible increase the ZBDO
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concentration and consequently the vyield and productivity. The medium used in the
fermentationM3 seems to be the most promising, not only because of the higher concentration
of productobtainedbut also for its greateselectivity, indicating that a larger fraction of the

substrateis converted to the desired product and not inbsoducts or biomass.
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Figure4.1 Bvolution of the concentration of substrate,3-butanedid, byproducts and Biomassn the
experiments for the selection of the mediuxperiments(a)M1 (Jurchescu et al., 201,3b)M2

(Perego et al., 2003}c)M3 (Nilegaonkar et al., 1992b)
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Another fermentation has been conducted in order terify whether the fermentation time
could be reduced using the same medium of the fermentatit®and the conditions of the
fermentation inM1 and M2 Inparticular,the main obstacle was probably the differemixing
conditions. IndeediermentationM3 was conducted in absence of agitationliketo the others.

In Figure4.2 are shown the corentration evolution of the biomass, substrat2,3-BDO and

byproducts.
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Figure4.2 Bvolution of the concentration of substrate€,3-butanediol byproductsand Biomass
obtainedwith the medium of the work oNilegaonkar et al., 1992t the conditions of T 30°C an@Q

rpm in theflask

Application of different growth conditions allowed to obtain a concentration ofE[30 and
yieldscomparable to those obtained previously with the same cultivation medixperiment
M3) as well as complete substrate consumption, louta much shorter time (18 hours) and

therefore with a significant increase in process productivity.

In conclusion, given the higher concentration of 2BDO and higher fermentation
performances, the complex medium shownTiable3.4 has proven to be the best medium at

the fermentation conditions of 30°C and 100 rpm for a process in the flask. This condition will
be applied for the nextlaskexperiments.The best performances obtained in this experiment

could be due to thepplication of e medium reactaminoacids vitamins and growth factorsf
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which the medium used is ricfurthermore, the evaluation of oxygen transfer condition more

suitable could improve more the fermentation performances.
4.2.Conversion of sugarsom agroindustrial biomassesn 2,3-butandiol

In the present chapter, the possibility of producing -BBO from sugarccurring in
lignocellulosic biomass or waste from the food industry assayedFor this purpose, the ability

of the microorganisnBacilludicheniforms ATCE789 to converdifferent hexose and pentose
monosaccharides, typicallyoccurring in enzymatic hydrolysates ofkecondgeneration
lignocellulosic biomass was assayddoreover, two agroindustrial wastes were assayed,
namely cheese whey, i.e¢he dairy industry waste rich in the disaccharide lactose, and molasses,

the waste of the sugar production process rich in the disacchatideose
4.2.1. Conversion of monosaccharides in Zh8itanediol

First, 2 hexoses (glucose and mannose) and 2 pentoses (xyldsarainose) were tested
individually. Furthermore, the strain was grown in absence of sugar, in order to verify microbial
growth and 2,3BDO production only in presence of the proteins and amino acids of the culture

medium The experimental scheme is shoim (Beef Extract and Peptone).

Table4.2 Flask experimentsvith monosaccharides: experimental scheme (test name and

monosaccharide assayed).

Test Monosaccharides
SL Glucose
Y Mannose
3 Xylose
S Arabinose
S9) No sugar

Both hexoses (glucose and mannose) weoavertedto 2,3-BDO. In particular, as shown in
Figure4.3, the fermentation profiles of the two hexoses were comparable in terms of biomass,
glucose consumption, 2BDO production and byproducts accumulation, as well as in terms of

substrate conversion, producbncentration and yield
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Figure4.3 Microbial growth (Biomass) and concentration of analytes (substmtajuctand by-

products) over time, during the fermentation of the monoshaddes: glucos&1(a) mannoses2(b)

xyloseS3(c)arabinoseS4(d) and without sugaB5(e)
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After 13.5 hoursfermentation, the microorganism reaches the maximum growth (optical
densities of 7.1+0.5 and 7.1+0.6 on glucose and mannose, respectively). The maximum
concentration of 2,8BDO is reached after 18 hours both from glucose (8.2 + 0.1 g/L, yield equal
to 40.4 + 1.0 g/100g of glucose) and mannose (7.8+0.2 g/L, yield of 39.4:Q(ygy Aetoin

and acetic acid are produced after the complete consumption of the monosaccharide in

concomitance with the degradation of 2EDO.

The results also indicate clearly that the strain does not produc8PR@ from pentoses, which

are little coasumed during 48 hours of fermentation, akown in Figure4.3c and d. In the
presence ofpentoses the growth of the strain is markedly slowed down, leading to the
achievement of a biomass of about )& after 38 hours of fermietation for xylose and about

1.3 after 18 hours for arabinose. The microorganism grows slowly even when grown only on the
proteins and amino acids of Beef extract and Peptone without any suggatioular,after 48

hours the highest biomass of 208 is reached. This growth is in line with that observed in the
presence of the pentoses, indicating that the strain grows more slowly on the amino acidic of
the media and that the production of 2;BDO occurs from sugars, particular, hexoses.
Microorganisns ofKlebsiellaspecies are able to metabolize a broader spectrum of suansg

et al., 2011xhan the Bacilluslicheniformisstrain used in this work. However, the yield of-2,3
BDO obtained from glucose I{lebsiella sppUsually ranges from 43 to 50 g BBO/100 g
glucose, which is comparable with that obtained in this work \itlcheniformisATC®789.
Higher 2,3BDO titers, up to 150 g/L, have been also reportedi@bsiellgpneumoniagfrom
glucose under fedbatch conditions(Ma et al., 2009) suggesting that similar 2BDO

concentrations might be obtained after process optimization vidtlicheniformisATCC 9789.

4.2.2. Conversion of lbwastes in 2,3butanediol

Afterwards cheese whey and molasses were tested individually as substraaedition, the

pure disaccharidesccurringin the wastes were tested, in order to verify the possible presence
of inhibitory effects on the process lmther substances of the waste. Furthermore, the two
monosaccharides that constitute the disaccharides were assayed singulalgubstrate in
order to verify the ability of the strain to convert both and the possibility of using the enzymatic
hydrolysde of the disaccharide, if the latter is not efficiently used hydrolyzedby the

microorganismTable4.3 summarize the experimentsarried out
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Table4.3 Fask experimentsvith biowastes and the di and monosaccharides occurring in them:

experimental scheme (test name and sugars or biowastes assayed).

Test CwW Test MOL
Cwl Cheesavhey MOL1 Molasses
CW2 Lactose MOL2 Sucrose
Cws3 Galactose MOL3  Fructose
Cw4 Glucose MOL4  Glucose

When cheese whey was used assubstrate the initial concentration of lactose in the
fermentation broth was about 10 g/L (instead of 20 gligcause the content of lactose is about
50% w/w. The organism slightly consumes the lactose present in the cheesebwhit does
not ferment it to 2,3BDO Likewise, purdactoseand pure galactose are not converted in-2,3
BDO by the straifFigured.4). This evidence indicates that cheasbey is not an agrindustrial
waste suitable for theproduction of 2,3BDO with this microorganisnizurthermore, when
cheese whey, lactosandgalactose are used asubstratethe microorganism grows slowly on
the amino acidic fraction of the medium as described abbaetose is apparently not converted
to 2,3-BDO also bitlebsiellaoxytoca(Champluwr et al., 1989)while can be fermented to 253
BDO byKlebsiellgpneumoniaewith yields comparable to those obtained from glucose (46-92,3
BDO/100g of lactos€).ee and Maddox, 1984)
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Figure4.4 Microbial growth (biomass) and concentration of analytes (substgateductand by-
products) over time, during the fermentation gfucose CW4{a), galactos€W3(b), lactoseCW2(c),
cheese wey (lactoselCW1(d).

Figure4.5 shows the Biomass and the concentration of the substrateduct, andby-products

versus fermentation time when sucrose occurring in molasses, pure sucrose and the
monosaccharides occurring insose (glucose and fructose) are use@asbstrate As regards
glucose and fructose, the biomass reaches the maximum of 2.6 and 2.5 g/L, respectively, after
14.5 hours. The maximum 2BDO concentration and yield are reached after almost 19 hours
for both monosaccharides, with a yield of 42 g/g and 30 g/g respectively. When pure sucrose is
used, the same 2;BDO concentration is reached with a yield of 0.36 g/g. The lower yield
obtained with sucrose with respect to glucose probably is not due to a phytiblysis of the
disaccharide in the twanonosaccharidesbut to the lower conversion efficiency of fructose,

which represents 50% by weight of sucrose.
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Figure4.5 Microbial growth (Biomass) and concertioa of analytes (substrateproductand by-
products) over time, during the fermentation of glucdd®©L4(a), fructoseMOL3(b), sucroseMOL2(c),

molasses (sucros&JOL1(d).

As regards molasses, the initial concentration of sucrose in the fermentatiabdut 10 g/L
(instead of 20 g/L), since the content of sucrose in molasses is about 50% by weight. Sucrose is
completely consumed after 14.5 hours, although complete sucrose consumption might have
been reached earlier. The corresponding maximumBID® oncentration of 2.6 + 0.3 g/L and

yield (0.27 g/g sucros@yerecorded after that time (14.5 h). This yield is significantly lower than
that obtained with pure sucrose and lower than that reported from cane molasséddbeiella
oxytoca(42 g 2,3BDO/1® g;(Afschar et b, 1991) It should be recognized, however, that the
initial concentration of sucrose in this fermentation was about the half of that used for pure
sucrose, and that sucrose may have been completely consumed before the first sampling carried
out after 145 hours of incubation. Thus, it is possible to speculate that a higher concentration
and yield of 2,8DO from molasses could be obtained during the first 14.5 hours of
fermentation, at the moment of complete sucrose consumption. Similarly, a higher

concentration of the product and a higher yield could be obtained afterl84hours of

56



fermentation using a double concentration of molasses, corresponding to an initial
concentration of sucrose of 20 g/L. The data obtained indicate thiattherefore, possble to
produce 2,3BDO from molasses, and suggest that concentrations and yields comparable to

those obtained from pure sucrose might be obtained after process optimization.

In conclusionthe possibilityof produdng 2,3-BDO with the straiBacilluslicheniformis ATCC

9789 from sugars occurring in lignocellulosic bioreass biowaste from the food industrigas

been evaluated The results show that the microorganism is not able to use and produee 2,3
BDO from pentoseéxylose and arabinogeand the hexosegalactose, from the disaccharide
lactose and the cheese whey. i@@riwise, it grows and produces 2BDO starting from
hexoses monosaccharides such as glucose, mannose, fructose, from the disaccharide sucrose,
and from molassedMolasses could be consid® a good substrate for the following stages of

process optimization.

4.3. Effect of the oxygen mass transfer rate on the production of -B&tanediol

The production of 2utanediol, as shown in the introductio(ParagraphO), is highly
influenced by the oxygen supply conditions. In particular when microaerobic condioaus,
high 2,3butanediolfermentation performancesake place Thus, a fine tuning of the oxygen
mass transfer rate({ "Y)¥is crucial in order to maintain ioroaerobic conditions and maximize
BD yield and productivity. The optimization of the aeration conditions is therefore critical in
order to scaleup the process. In particular, aerobic fermentation are typically seagety
maintaining a constant volumet mass transfer coefficienf(¢), whereas for microaerobic
fermentations the most #ective scaleup criterion isconstant0 “Y'{GarciaOchoa and Gomez,
2009) The goal oftie work described in the present paragrapht@s perform an optimization

of the 2,3-BDO productionprocess by identfingthe 0 "Y'¥ange that maximizeg,3-BDO yield
and pioductivity usingglucose agarbonsources “Y'¥ontrol can be attained by varying the
Q¢ which is in turris determined by two operating parameters: agitation and aeration in the
fermenter. If a conventional mechanically agitated vessel is ,usgithtion is regulated by the
impeller rotational speed (N) and aeration by the air flow rate)(@ this work fermentations

experiments have been carried out different combinationsof N and @ values in order to
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increase the robustness of the press optimizationand this in turn means different values of

OTRFor this scopea design of experiment®pB approach is particularly suitable and useful.

In order to assess the optimal conditions of agitation and aeration, it was decided to apply the

following general approach:

1) visual analysis to evaluate the N and QG operating range to guarantee correct fluid

dynamic conditions and complete gas dispersion,

2) application of the Central Composite Design approach (CCD) to define the set of

experiments N and @ values) required to identify the optimal (NgXZombination;

3) conduction ofthe fermentations proposed by the CCD and determination of the
oxygen tranter rate of each of the conditions assaybyg means othe dynamic

method,empirical estimatioror exhaust gas analysis
4) identification of the optimal operational conditions:

a. application of the response surface methodology approach to the results of
the fermentation carried out according to the Central Composite

Circumscribed Design scheme;

b. empiricalapproachbased on the interpolation of theénd of performance

parametersversusl “Y.Y

Huid dynamicin abioreactormust be reserved in order tkeepa complete mixing and thus a
complete dispersion of the bubble in the bioreactor in order to awaidesiredbubble flow

such as both agitator flooding (too high and too low() ) and surface aeration by formation of

a pronounced central vortex (too high). This is the reason why the impeller rotational speed
was confined between 250 and 550 rpm, whereas the gas flow rate could vary between 0.1 and

0.5 L/min.Table4.4 summarize the conditions described above.
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Table4.4 ranges of N and €input variables of the Dokised in this worlor the optimization of the

oxygen supply conditions.

Symbol Units  Low imit High limit

Impeller rotational speed N rpm 250 500
Gas flow rate Qe vvm 0,1 0,5

The application of a Design of experiment, as describadaterial and methodgparagraph
3.7.0) requires the definitionof input and response parameters. In tliase,the aim is the
identification of the optimal oxygen transfer conditions able to maximize the process
performancesThus the input variables are the Gas flow rate and timpellerrotational speed

in the rang described inTable4.4. Furthermore,the responsevariables applied are the
fermentation performances described in material amgthods (paragraph3.7.2 named 2,3
BDO Yields®§ ), 2,3BDO Productivity ) 2,3BDO Selectivity'Y ), Acetoin Yield® )

and Glycerol Yiel@» ). The experimental design applied is a central composite design as
describedin (paragrapt8.7.1.1), which includes 4 factor points (vertices), 1 central point and 4
axial points. Since the DoE is a statistitdtware,the center point has been repeated 3 times.
The experimental schem@-igure4.6) and the listof tests performed(Table4.5) are shown

below.

600
550
500
450
400
350
300
250
200
150

N (rpm)

90

Qg (vwm)

Figure4.6 Experimental scheme of the tests proposed according to the design CCD of the DoE
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Table4.5 List of tests performed. *Central point carried out in triplicate

Test N QG
Rpm Vvm
o1 250 0.1
(074 198 0.3
o3 250 0.5
4 375 0.05
O5* 375 0.3
06 375 0.58
o7 500 0.1
o8 500 0.5
09 552 0.3

4.3.1. Fermentations

All the fermentationlisted in Table 4.5 have beencarried out as shown ifrigure4.7. As

described in M&M were conducted at 30°C changing aerationajiichtion according to the

experimentl schemgTabled.5). At the moment of thénoculum the concentration of oxygen

Ay GKS o0A2NBIFOG2NI Aa GKS YI EAYdhowlinfFigured. i Q& Slj dzl f
which means aerobic conditions. After a time lap of few hdtrsn 4 to 15 h depending on the

operating condition), as the biomass grew, the metabolic oxygen consumption (namely the

0 "Y)Yoverwhelmed the oxygen mass transfer (namely Ghev;Yhot controlled), the dissolved

oxygen decreased and microaerobic conditions were reached. In these conditions, glucose is

rapidly converted into pyruvic acid and, then, into either acetoid ar8-butandiol orglycerin

and ethanol.
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Figure4.7 Example of a fermentation. Time evolution of the main concentrations in the batch.
Experiment O4Qe=0.05L/min, N=375rpm.

The results of the 11 fermentains designed through th€CCD approach are shownTiable

4.6 (central pointrepeated 3 times, average values reportedable4.6. In the fith column of
Table4.6 are shown he conditions reached during the fermentation. All the fermentation,
except the experimen©9, have been conducted in microaerobic conditions and consequently
were proved to be suitable for 2BDO productionindeed with exception of experimenD9,

the 23-BDO yield varies between 0.37 and 0.45 g/g with productivities between 0.62 and 0.98
g/L/h confirming that microaerobic coiittbns are mandatory to obtainigh performances from

the process. The only experimental test that gave very poor results waexiherimentO9
(N=552 rpm, QG=0.31 L/min), corresponding to more extreme test toward aerobic conditions:
a very low2,3-BDO concentration (2 g/L) and a high level of acetoin (11 g/L) at the end of the
experiment were observed. Indeed, this experiment whmast fully aerobic with an oxygen
concentration in the liquid phase always higher than 2 miylareover, Table4.6 shows the
values of Qdand U “Y'tor each fermentation) "Y'Wascalculated applyingooth, equation5

from the liquid mass balance and equatiéroxygen mass balance in the gas phase. However,
preliminary calculations indicated that the first approach was affected bbwer relative error

than the second one. TH@TRevaluated for each experimental condition with the first approach
was therefore utilized in this workdence Q¢ calculated by mean of the dynamic method
(Material & Methods3.6.4.1.3 and0 "Y;Ycalculated from the liquid mass balance(Material &
Methods3.6.4.1.3 are showrin Table4.6.
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Table4.6 Fermentation results of the CCD teatsthe complete glucose conversidaverage of experiments in triplicatenicro = microaerobic condition, aerobic = aerobic

condition.
Experimental scheme Oxygen tr.arlsfer rate Oxygen transfer rate Concentrations
coefficient

ID Test N QG | Condition kLa dynamic method OTR 2,3BDO Acetoin Glycerol Ethanol Biomass
test type mean dev.std mean dev.std conc. conc. conc. conc. conc.

rom L/min s1 s1 mmol/L/h  mmol/L/h g/L g/L g/L g/L g/L
0O1 CCCD 250 0,10 ( micro 0,0018 0,0006 14 0.5 17,6 0,0 9,4 0,1 4,5
02 CCCD 198 0,31 micro 0,0024 0,0002 1.9 0.2 15,6 0,0 9,5 1,0 31
03 CCCD 250 0,51 micro 0,0036 0,0007 2.8 0.5 17,0 0,1 7,6 0,8 4,2
04 CCCD 375 0,05 micro 0,0038 0,0004 2.8 0.3 19,7 0,2 6,8 1,2 51
O5* CCCD 375 0,31 micro 0,0061 0,0007 4.7 0.5 18,0 0,1 5,8 0,4 4,8
06 CCCD 375 0,59 micro 0,0090 0,0009 7.1 0.7 17,1 0,8 3,9 0,7 51
o7 CCCD 500 0,10 micro 0,0130 0,0011 7.6 0.8 18,4 1,7 0,3 0,0 6,6
08 CCCD 500 0,51 micro 0,0225 0,0024 16.6 1.8 16,3 24 0,1 0,0 6,3
09 CCCD 552 0,31 | Aerobic 0,0235 0,0016 17.9 1.2 2,0 11,0 0,0 0,0 5,2
10 Optimization 460 0,10 | micro 0,0096 0,0008 6 0.7 19,7 2,1 1,2 0,0 6,4
11  Validation 430 0,24 | micro 0,0073 0,0013 5.7 11 16,8 14 0,4 0,0 6,0
12  Validation 375 0,14 | micro 0,0057 0,0001 4.4 0.1 17,5 0,0 55 0,7 4,9
13 Validation 405 0,51 | micro 0,0109 0,0007 8.3 0.5 19,3 3,8 0,0 0,0 6,1
14  Validation 425 0,43 | micro 0,0107 0,0015 8 11 19,0 2,7 0,0 0,0 4,3
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