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Preface

The present PhD project was born in Italy whiledswhaving a stage in a dairy industry
(Agroalimentare Asso.La.C, Itglguring my MSc thesis. The main objective of ttege
was a rationalization of the dairy production pss=s aimed at identifying the main

critical points.

One of the conclusions of the study was that on¢hefmost expensive item in the
industrial budget was due to the disposal of theydadustrial wastes, which are mainly

represented by the byproduct of cheese-productioregs, the so nametieese whey

Therefore, with the aim of finding an alternativedasustainable solution to the problem
(...and having a salary...), | applied for a PhD felloipsat the University of Calabria

(Rende, Italy, fatewanted me to win the fellowship and thereforeghmes started.

The PhD started at tHeaboratory of Biotechnologies and Transport Phenoanat the

Department of Chemical Engineering (University oéldbria). Here, most of the
experimental work was carried out and both procésssibility assessment and
optimization were achieved. This part of the Ph3 wapervised by prof. Gabriele lorio,
prof. Vincenza Calabro and engineer Stefano Cutbiass, the first acknowledgement is
addressed to them to have been valuable collalvsratod supporters. A particular
acknowledgement is to be addressed to both Fram&@aacciolo and Emanuele Ricca
(Hammanug for the endless discussions which have both gathrand increased my

interest in Research.

The second part of the PhD, has been spent at ebknical University of Denmark
(DTU) where, first, process modeling was perforns¢dhe Computer Aided Process
Engineering Center (Department of Chemical and WBogical engineering) in
collaboration with assistant prof. Gurkan Sin ameestus prof. John Villadsen whom
invaluable suggestions made feasible this work. asknowledgement goes to prof

Rafiqul Gani who gave me the possibility to workairso challenging environment and,



eventually, to associate professor Krist Gernaey Ifas support with Matlab
programming.

Continuous-mode experimentation, instead, wasethout at the Department of System
Biology (DTU) in collaboration with associate prdimothy Hobley who deserves my
acknowledgement for his endless supply.
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General introduction

The main byproduct of dairy industry is known witie general terrasheese wheySuch
a byproduct is produced in large amount in all dherworld. In some countries cheese
whey is further processed in order to obtain theawedicotta cheesand, still, a large
amount of cheese whey (now with different charasties and calledicotta cheese

whey) results from this stage as byproduct.

Cheese whey is to be considered an industrial wadthough it contains valuable
compounds (mainly lactose and proteins), its lowcemtration of milk constituents (6-
7% of dry matter) makes it a waste, with high valoé€ BOD and COD, that represents

aserious environmental problem due to the neet$ slistainable disposal.

Although several processes for cheese whey disg@sa been developed, still, only
about 50% of the worldwide cheese whey undergoesesibeatment. Besides, much
confusion reigns about the definition of the selv&nads of cheese whey and it is very
hard sometimes to even understand which substsasetually treated in the process

under consideration.

Cheese whey contains a relatively high amountabe (5%) which also represents the
main part of the organic load of such a waste. Thidose content suggests the
possibility to convert it into ethanol through ar@d®c fermentation by a proper

microorganism.

A process aimed at converting whey lactose (frorw ram the termswhey lactose
fermentatiomrandcheese whey fermentatiwiill be used indifferently) into ethanol would
imply several important benefits, first of all, aopess like this would match two
important requisites simultaneously, namely th@aksl of the waste (cheese whey) and
the production of the value-added product (ethandipreover, cheese whey would
represent a non-vegetable source for bio-etharamymtion, which means that none of
the problems related to foodstuffs-competitivenasd soil overexploitation would be

involved.



The present study was mainly focused on the pdggitn ferment ricotta cheese whey.
This particular waste had never been given the chmesideration and, although its
production is now spread all over the world; ibfsen confused as just another kind of
cheese whey but, rather, it should be considerbyg-roduct of the process in which
sweet cheese whefterm to indicate cheese whey that has not undergany
pretreatment) undergoes a particular process iardal get an additional product, i.e.
ricotta chees¢such a matter will be exhaustively discussedhayger I).

In particular, this work assessed the possibibtptocess ricotta cheese whey in order to

both dispose and valorize it by converting mostobrganic content into ethanol.



Motivations and Objectives
The motivations of this PhD project are resumeftbbsws:

Only 50% of the cheese whey worldwide producedaegssed, thus an alternative and
sustainable solution is needed. The process chessgto-ethanol in general has found
rather few industrial applications which demonstsathat further efforts should be done

to make this process attractive.

Data regarding the process ricotta cheese whethtmel are not available in the
literature although in several Countries, suchtaly,lthe main byproduct of the dairy
industry is actually ricotta cheese whey rathentb¢her similar wastes. Furthermore,
fermentation reaction lactose-to-ethanol is stidit rompletely clear and a proper
modeling could give a better insight of the mechars behind the global fermentation

reaction.

By considering that the total amount of cheese wireguced worldwide is around 160
Mt*year it is possible to work out some calculation. Ifythe not-processed whey is
considered, about 80 Mt*yearare available, which means 4 Mt*y&alactose. By
considering 85% ethanol yield, 1.83 Mt*y&ario-ethanol could be produced that would
represent 2.3 Mrhbio-ethanol, namely the 3.5% of the total amodrethanol produced
worldwide in 2008.Now, it should be clear that tpi®cess is to be considered quite

appealing.

The general objective of this thesis was to stuchtta cheese whey as an alternative non
vegetable source for bio-ethanol production. THigective was achieved through the

following steps:

1) Feasibility assessment through a preliminaryeerpentation in batch.
2) Data-driven modeling: Design of experiments @pudimization.

3) Knowledge-driven modeling: a Biochemically Stiwed Approach.

4) Continuous-mode experimentation and knowledge=drmodeling.



Structure of the thesis
The thesis is constituted by 5 chapters, whichstaretured as follows.

Chapter | basically contains the necessary backgrau order to understand the general
characteristics and properties of the fermentaBahstrate that is considered in the
present work, namely ricotta cheese whey. In thigpter an overview of the several
kinds of cheese whey is given and most of the mxeE® aimed at their disposal of and
valorization are reviewed. This chapter should qavelear idea of the actual situation

concerning the biotechnological potential of theydandustry wastes.

Chapter 1l regards the feasibility assessmentauitta cheese whey as substrate for bio-
conversion into ethanol. In this chapter a comparismong the most common kinds of
cheese whey is shown from the point of view offdrenentation performance. First, the
actual growth of the microorganism in this parteoukubstrate is assessed, then, a
fermentation reaction is performed on three difiergubstrates, namely ricotta cheese
whey, sweet cheese whey and cheese whey permaahttheamesults are discussed in

order to evaluate ricotta cheese whey potentiaéfioanol production.

Chapter Il consists of a data-driven statisticaldmling study aimed at evaluating the
actual effects of the operating conditions on thecess and optimizing the fermentation
reaction. A proper Design of Experiments (DOE) lanped and the experiments carried
out, thus, the concerning results are analyzedcancklated by means of a statistical
model which is capable to give thest setof operating conditions to carry out the
fermentation reaction and, even more importanfréalict fermentation performances at
different operating conditions.

Chapter IV is still about modeling but, this tim&raowledge-driven approach is adopted.
Although a mathematical model was introduced in gialll, a more appropriate

physically meaningful model was needed in orderhttve a better insight of the

fermentation reaction. Therefore, in Chapter IVbiachemically structured model is

implemented and developed, then, used to représes different batch sets of data.



Chapter V, eventually, concerns the assessmeheqgbdssibility to run the fermentation
process in continuous configuration (chemostat moéiwe different dilution rates are

tested on a lactose-based media and the experintestdts are modeled in order to
evaluate the true product yields. Material balararesapplied to the system to verify the

consistency of the experimental results.

All the chapters of this thesis, but the first dhat represents a sort of introduction,
either are or are going to be published on intéwnat scientific 1SI-certified journals.
Therefore, all chapters were written so as to nthkereader able to understand them
independently. Such a choice unavoidably pays sogpetitions along the text, for
instance the sectionslaterials and Methodghat have common parts in the several
chapters. On the other hand this structure fambta systematic reading approach and,

for this reason, it was preferred to the classiwahograph.



Chapter |

Cheese whey and its biotechnological potential

1.1Introduction

Cheese whey is the main by-product of the dairystg; it is constituted by the watery
portion which remains during cheese-making procaf$sr cheese removal. Such a
byproduct results in large amount, indeed, abolil 9ters cheese whey are produced

per kilogram cheese, thus representing 85-95%eoifirtitk volume.

Cheese whey retains 55% of the milk nutrients whigeemost abundant are lactose (4.5-
5%), soluble proteins (0.6-0.8%), lipids (0.4-0.5%hd mineral salts (8-10% of dried

extract). Cheese whey salts include NaCl and K&tiem salts and others ,but the exact
composition strongly depends on the particular skeraking process that originated
cheese whey. It also contains appreciable amountsher components, such as lactic
and citric acids, non-protein nitrogen compoundgduand uric acid), B-group vitamins

(Siso, 1996).

Cheese whey retains only 6-7% of the milk dry mattbus it has always been
considered a waste. An explanatory example is gbeconsidering that a dairy farm
processing 100 t of milk per day produces approtefgan its effluent the same amount
of organic products as would a town with 55000 dests (Sienkiewicz and Riedel,
1990). Cheese whey is indeed characterized byivelathigh values of both BOD and
COD, 30-50 g [* and 60-80 g L, respectively, with lactose as the main respoasil

such an organic load. Despite of its “poverty”, ebe whey still contains valuable

components that suggest several processes aintsd/alorization.



1.2Sweet cheese whey, cheese whey permeate and ricottaese whey

The termcheese whegftencheesewill be omitted in the following) has been used@o

to indicate the general category represented bynétery byproduct that results from
whatsoever cheese-making process. Actually, thextsin is more complicated and a
rational and systematic classification of the salvéinds of cheese whey is rather
difficult to carry out. However, two main categariean be generally recognized, namely
acid (pH < 5) and sweet cheese whey (pH 6-7). Adidy typically has higher ash and
lower protein content than sweet whey and theirfasalimentation is quite limited due
to their acidic flavor and high saline content (\tékest al., 1974, Kosikowski, 1979,
Mawson, 1994).

Besides, another common byproduct, which actuatlgnes from the satellite dairy
industry, ischeese whey permeat8uch a byproduct (still a waste) comes from the
ultrafiltration process practiced on sweet cheeseywand aimed at separating whey-
proteins which are characterized by a very higholgical value and a large potential in
foodstuffs-market.

Ricotta cheese whag the actual substrate used in most of the curwemk, therefore
some clarification about it is due. Ricotta cheedeey owns to the category aekid
whey but, since this category includes all kinds oéete whey that come from soft-
cheese (cream and cottage cheese) productionsh wfign result in whey of different
composition and characteristics, the specific nanwta cheese wheyill be kept along
the text.

Ricotta cheese whey must be considered, ratheraldassical kind of cheese whey, a
byproduct of a further process which uses swee¢sstevhey and other ingredients in
order to produce a soft-cheese callembtta cheese Figure 1.1 depicts a simplified

scheme of the entire process from milk to ricottaese.



Figure 1.1. Scheme oficotta cheese production process.
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Figure 1.1shows the following ste|. First, milk is added of some agents that ca
casein destabilization with consequent formatioicheesethen, after cheese remov
the watery part constitutes the resulting byprodu&. sweet chee whey. This
byproduct is sent to another unit wher is mixed with acid whey,resh milk (up to
10%), milkfat (cream and an acid solution of mixed salts. The so obthiméxture is
keptat high temperature (—90°C) for about 25 min to promote the precipitatoérmost
of the whey proteins in order to get cottage cheese known @asotta chees. Finally,

the remaining watery portion is actually thecalledricotta cheese wh.

Sweet cheese whey and ricotta cheese whey arectdrézad by different compositiol

and, most likely, different behavictowarda certain process aimed at their valoriza

The averageomposition oisweet cheese whey (SCWicotta cheese whe(RCW) and
cheese whey permea(CWP), with respect to the main compou, are reported in
Tablel.1.



Table 1.1. Average composition with respect to th@main compounds in sweet cheese whey (SCW), ricottheese
whey (RCW) and cheese whey permeate (CWP).

Organic acids

Substrate Proteins [%] Lactose [%] Salts [%] [%]
SCW 0.15-0.22 48-5.0 1.0-1.3 0.20-0.25
CwW 0.6-0.8 48-5.0 0.5-0.8 0.12-0.18
CWP 0.08-0.12 46-438 0.4-0.6 0.12-0.18

There are significant differences between the tlmelestrates considered. The main
difference is in the protein content: ricotta clee@dey has a particularly low protein
content, as well as cheese whey permeate, if cadgarsweet cheese whey; it is due to
both the strong thermal treatment and the additibmacid salts that aided, together,
protein flocculation. As far as cheese whey permeaincerns, proteins have been
removed and what remains is basically lactose aftd.sSuch a difference in protein
content will surely have a certain effect on a pt& process aimed at valorize any
deproteinized whey. Besides, ricotta cheese whesents almost twice concentrations of

salts and organic acids which, most likely, willegt fermentation performances.

Moreover, in addition to the chemical differencestj highlighted above, physical
differences are expected as well. The prolongednrtalketreatment, for instance, that
ricotta cheese whey went through can modify thecsire of the few remaining proteins,
thus changing their solubility. This is one of treason, together with the particular
acidity, because ricotta cheese whey is unsuittdslenost of the food applications of

sweet cheese whey and cheese whey permeate.

Eventually, it should be remarked that the intgnsiature of ricotta cheese whey
precludes several applications usually adoptedigpode of, totally or partially, sweet
cheese whey. A fractionation procedure of the sgv@mpounds in sweet cheese whey,

for instance, is one of the most common processe®da at the disposal of or



valorization of this waste. The economics of thisgess is almost entirely sustained by
the first step that consists of protein separagiomed at the food-integrators market. As a
matter of fact, this step would not be feasible riootta cheese whey since the protein

content is so small that it makes this step ecooaligiunsustainable.

An estimate of the total amount of whey (includadgthe typologies) produced globally
is around 160 Mt*year (OECD-FAO, 2008), therefore, an enormous quartftypy
product that is to be disposed of. Currently, oalyout 50% of the cheese whey
worldwide produced is processed into various foomtipcts (Becerra et al., 2001). With
regard to the European Community, 45% is used tiirecliquid form, 30% in the form
of powdered cheese whey, 15% as lactose and dsdalctoy-products, and the rest as

cheese whey-protein concentrates (Marwaha and Kisna888).

It is clear that an effective solution to the peahlhas become urgent, therefore, during
the last thirty years several processes aimed awlisposal and/or valorization have

been developed. A brief review of these processgs/en in the next section (1.3).

1.3Cheese whey disposal and/or valorization processes

Cheese whey can be processed whole or may bdrargtonated into rich-streams in
compounds such as lactose or proteins. The mairpa@onas in cheese whey and the
relative amounts are reported in Tablel1.2.

10



Table 1.2. Mean composition of cheese whey.

Compound [g LY
Proteins 6-8
Peptides 0.83
Lipids 0.41
Lactose 50
Lactic acid 0.08
Citric acid 1.66
Monovalent cationic salts 1.66
Polyvalent cationic salts 1.01
Monovalent ammonium salts 0.92
Polyvalent ammonium salts 0.99

The choice of the process to be run strongly depemdthe plant scale that produces
whey (Modler, 1987). The most common processesdahelisposing and/or valorizing

cheese whey are reviewed in the following.

1.3.1 Direct utilization of cheese whey

Cheese whey can directly be used by adding itittkkithg waters for farm animals, even
though, excessive lactose and mineral proporti@mslienit whey consumption for this

purpose (Sienkiewicz and Riedel, 1990). Anotheediruse of cheese whey is as
agricultural fertilizer with the inconvenient oflsee deposits formation that, after some
years, affect land productivity. One of the mostiling factor in the direct use of cheese
whey is represented by the very high cost for tiqwhey transportation (Kosikowski,

1979).

1.3.2 Production of cheese whey powders (PCW)

One of the main problems in cheese whey valoripat® that it tends to undergo

microbial degradation. In order to preserve itslitgiand characteristics, it may be dried

11



and kept for a longer period of time (thus makiagier transport operations).Among the
most common PCW's are sweet-whey powders, deminedal whey powders,
delactosed whey powders and deproteinized whey pmnvKosikowski, 1979; Yves,
1979; Anon, 1983; 1990). These powders are maishduas dietary integrators for
animal uses, although a small amount is also ambéabd for human utilize. Since often
cheese whey conditions are not appropriate for Indimed products (high mineral
concentration and/or small protein/sugar ratioyesal processes have been developed to
adjust its condition (Coton, 1976; Coughlin and &g 1980; Anon, 1983; Marwaha
and Kennedy, 1988).

1.3.3 Production of single-cell-proteins (SCP)

Production of biomass from cheese whey is periapearliest application of this waste.
Several processes have been developed for thisgeirpuch a¥ienna procesandBel
procesgMoulin and Galzy, 1984). The first industrial ajgpktion of biomass production
from cheese whey is as earliest as 1958; the mdsesimed at adding value to food-
products by incorporating SCP. Cheese-whey perméatanstance, is used to grow
three yeast species in equilibri(fn lactis, K. fragilis, T. bovina)Whole cheese whey is
not used for this purpose because these microagancannot metabolize its proteins;
moreover, proteins promote yeast flocculation, Whithibits the fermentation process
(Siso, 1996).

Yeasts are usually grown in continuous cultures avperiod of more than 1 year at pH
3.5 and 38°C temperature so as to reduce the fislortamination (Castillo, 1990).
Cheese whey permeate is pasteurized at 80°C ahdoiggen-transfer rates must be
ensured to avoid the anerobic pathway toward etHanmation (Mawson, 1994).Dried
biomass yield on substrate is 50%. It contains abb% proteins, essential amino acids,
lysine and B-group vitamins (Yves, 1979).Such antass is mainly used as animal
dietary supplement but also in human-foods (OlsehAdlerman, 1991).

12



Several microorganisms mutants have been produoedmprove the nutritional
characteristics of the biomass (Meyrath and Bal@v9; Pellon and Hernandez, 1986;
Kitamoto and Nakahara, 1994; Moulin and Galzy, )98 several mixed cultures have
been proposed as well (Carlotti et al., 1991a, b98allel-Mhiri et al.,1994).

1.3.4 Production of whey protein concentrates (WPC)

Whey proteins are constituted bf-lactoglobulin  (50%), a-lactalbumin (12%),
immunoglobulins (10%), serum albumin (5%) and prs&epeptones (0.23%).

The PER (protein efficiency ratio) value of wheyfains is high (3.4) compared to
standard casein (2.8), and the proteins have a&hjgloportion of essential amino acids
than casein (Evans and Gordon, 1980). Their biolgialue exceeds even that of whole

egg protein (Siso, 1996).

Whey-protein-concentrates are usually obtained bsama of tangential membrane
filtration processes so as to reach a protein core30-60%. This process is the most
common for cheese whey valorization and, almostyetimes, the first step of all other

processes aimed at its valorization. The adoptiomembrane filtration processes is
generally convenient if compared with other sepamatechniques because of the
particular proteins sensitivity toward thermal psses (Coton, 1976; Kosikowski, 1979;
Evans and Gordon, 1980; Gardner, 1989).

Whey proteins are also used for other purposes ttrardirect addition to supplement
foods. Protein-hydrolisates productions, for insggnproduced by enzymatic processes
have been considered in the literature (Moulin 828a1984; Gonzalez-Tello et al.,
1994a, 1994b; Margot et al.,1994). Such hydrolsate constituted by peptide-mixtures

with very interesting characteristics (Moulin andlgy, 1984; Perea et al.,1993).

13



Whey protein concentrates can also be used inblirgcttransformed food products
(Kosaric and Asher, 1985; Kinsella and Whitehe&B891 Mort and Foegeding, 1990)

and in the production of iron proteinate, an argrait preparation (Dalev, 1994).

On the other hand protein recovery does not stlegtoblem represented by the needed
disposal of cheese whey, indeed, about70% of the solids in cheese whey is

represented by lactose.

Eventually, a process aimed at protein separasonoi feasible if applied to ricotta
cheese whey, indeed, the protein content is tootdomake the protein recovery process

economically sustainable.

1.3.5 Production of lactose and its derivatives

Lactose is the main compound in cheese whey (ab¥)t It is usually obtained from

cheese whey or cheese whey permeate (after ulaéibh) by crystallization.

The main applications of lactose are, again, irdfpomoducts (as supplement for baby-
foods) and in pharmaceuticals (as excipient). Lseie characterized by high formability
that makes it very useful in the sweets-marketckes preparations and other similar
applications. Nevertheless, the amount of lactesel dor the above mentioned purposes
is very small if compared with the available qugntrom cheese whey (Coton, 1980),
therefore, several processes aimed at its tranatamin other value-added products
have been developed (Shukla, 1975; Friend and 8hal@79; Hobman, 1984; Gekas
and Lopez-Leiva, 1985; Champagne and Goulet, 1988ng et al.,1991; Tin and
Mawson, 1993; Nolan et al., 1994). All these preessare based on fermentation
reactions of either lactose, directly, or glucosel galactose (the two monomers that

constitute lactose).

Among the most common products there is galactagech is obtained by lactose
hydrolysis and selective glucose uptake by yeds#zy and Moulin, 1976; Moulin et

14



al.,1977; Moulin and Galzy, 1984) to replace sallitnore expensive) in many products
(Kosaric and Asher, 1985). Another product is laghorea that represents a non-protein
nitrogen source to be used in animal food in ofdeavoid high levels of ammonia
(Moulin and Galzy, 1984; Sienkiewicz and Riedel, 90p Lactitol (48-
galactopyranosyl-o-sorbitol) production is anotltemmon process used to obtain a
product with a higher sweetening power or to predlactitol-palmitate to be used in
human nutrition. Eventually, lactose can be isomssti to lactulose (4-@-D-
galactopyranosyl- o-fructose) that has a higheuevalue to its several possible uses in
pharmaceutical industry (Dendene et al., 1994; Kugmd and Kurantz, 1994a, 1994b).

In general, lactose hydrolisates are more frequersttd than lactose solutions since they
have a stronger sweetening power and do not céweseadmmon problems due to the
difficult lactose digestibility. Moreover, a hugeimber of microorganisms are able to
metabolize glucose and galactose, while direct keptaf lactose requires particular
species. Therefore the hydrolysis significantlyr@ases the number of bioproducts that
can be obtained from cheese whey (Van Huyn andebecl1982).For this reason
lactose hydrolysis has become an important prdoesshich two main procedures have
been developed, namely acid and enzymatic hydsolyKosaric & Asher, 1985).
Enzymatic hydrolysis is the preferred one. It isrf@ened with the enzymes-
galactosidase that is usually isolated from fewcEse of yeast and microfungK(
lactis,K. fragilis, A.nigeandA. oryzag (Coughlin and Charles, 1980; Gekas and Lopez-
Leiva, 1985; Machado and Linardi, 1990).

Enzyme produced by Microfungi is excreted outside tell so making the enzyme
recovery quite easy; the problem is that microfliregayme production is aided by acid
pH thus limiting its application to acid whey onlijor lactose in sweet cheese whey,
instead, intracellular yeast hydrolysisis usednetf®ugh, in this case, the recovery of
the enzyme3-galactosidase is very expensive because of thdedeextraction of this

enzyme from the cells (Shukla, 1975; Coughlin anthr@s, 1980; Fenton, 1982;
Greenberg and Mahoney, 1982; Moulin and Galzy, 188kas and Lopez-Leiva, 1985;
Gonzalez and Monsan, 1991; Stredansky et al., 1983)rder to avoid this problem,
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direct utilization of the whole cell has been prepd (Van Huyn and Decleire, 1982;
Van Huyn and Decleire, 1985).

Lactose hydrolysis in cheese whey is almost alwar$ormed in heterogeneous-phase
processes, by adopting particular procedures irerotd immobilize the enzyme on
specific supports. (Coughlin and Charles, 1980ydme 1980; Baret, 1982; Gekas and
Lopez-Leiva, 1985; Piesecki et al., 1993; Sisol.etl®94).Very interesting is the use of
B-galactosidase in two-phase aqueous systems thatsathe loss of activity during the

immobilization step (Chen and Wang, 1991).

Much attention during lactose hydrolysis must beidp# the possibility of
polymerization of galactose or lactose with formati of oligosaccharides that
remarkably lower the hydrolysis yields (Guy and @iam, 1978; Gekas and Lopez-
Leiva, 1985).

As far as lactose-permease system of the micromgaris concerned, lactose
transportation through the cell membrane is theting step (Dickson and Barr, 1983;
Joshi et al.,1987, 1989). Several procedures ierdaimprove membrane permeability
have been developed (Decleire et al., 1986; 19&wda et al., 1991; Siso et al., 1992;
Siso and Suarez Doval, 1994).

1.3.6 Biogas

A gas mixture mainly constituted by methane, capioeluced by anaerobic digestion of
cheese whey (actually always fermented togethemn wiher substrates such as cattle
manure).Several kinds of anaerobic digesters ditemature (Mendez et al.,1989; Yan et
al., 1989; Mawson, 1994) and practically all theiserg plants aimed at biogas
production from biomasses (mainly cattle manure) loa fed with mixtures of cheese
whey and other biomasses. With the only use of sshedhey as substrate, loading rates
0f30 kg COD/ni per day have been successfully treated with COibval efficiencies
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up t095% (Kemp and Quickenden, 1989). However, dongams of this process are

generally not suitable for pouring into water stnsa

1.3.7 Other compounds

Maybe one of the most studied processes regardiagse whey, other than the others
mentioned above, is glycerol production. It hasnbpmposed as an alternative process

to the organic synthesis (Rapin et al., 1994).

Calcium magnesium acetate can be also produceddsra@bic fermentation as deicer
(Yang et al., 1992).0Other products that are wartheé mentioned are compounds such as
organic acids (acetic, propionic, lactic, lactobooncitric, gluconic and itaconic),
vitamins (BI2 and B2), amino-acids (glutamic, lysirthreonine) (Hobman, 1984; Blanc
and Goma, 1989; Nielsen et al.,1990; Fairbrothealei991; Chiarini et al., 1992;
Colomban et al.,1993; Fournier et al.,1993; Noebal.,1994).

Last, but not least, ethanol production from laetssto be considered; since this process

is the object of the present thesis, it is treagtguhrately in the next section (1.4).

1.4Ethanol production from cheese whey

1.4.1 Introduction

Ethanol production from biomasses of every kind tegeived much attention in recent
years and several processes aimed at its produtdiem been developed and optimized.
On the other hand, nowadaysearly all bio-ethanol is obtained by fermentatioin

vegetable biomasses, essentially sugar cane aedlsethus contributing to the observed
increase of foodstuffs price and causing all trecuisions about soil overexploitation

and use of fertilizers.
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It is, then, necessary to identify alternative kealkle and non-vegetable sources for bio-
ethanol production. Therefore, biomasses that cloame process waste streams may be

particularly attractive for bio-ethanol productidar example cheese whey.

Cheese whey contains a high amount of lactose {#%gh also represents the main part
of the organic load of cheese whey. Such a lactos¢ent suggests the possibility to
convert it into ethanol through an anaerobic feragon by means of a proper
microorganism thus achieving a double target, chedsey disposal and value-added

product production.

Cheese whey fermentation into ethanol has beendsyesd for a long time, since at least
1940s to our knowledge (Whittier, 1944; Rogosal,ei@47; Webb and Whittier, 1948).

The global reaction, often reported in literatusegs follows (Reaction 1.1).

east

y
C,,H,,0,, + H,0 — 4CH .CH,OH +4CO, (1.1)

In words, one molecule of lactose gives four mdieswf ethanol which, on a mass basis
means that 0.538 g ethanol are theoretically predluper each gram of lactose
consumed. Actually, as it will be discussed latar the reaction framework is more
complicated, but, for the moment, that is enougtefwesent the bio-conversion reaction.
The process is an alcoholic fermentation thus iset@arried out in anaerobic conditions

at appropriate operating conditions of pH, agitatiate and so forth.

1.4.2 Cheese whey-to-ethanol: state of the art

During the last years plenty of studies concerniacfose (whey lactose, actually)
fermentation have been published. The many parasetk the process(bio-reactor

configuration, initial lactose concentration, migrganism type etc.) make very difficult
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to present a systematic review of the several ssuidi the literature. A first classification
can be done with regard to the particular microoiga exploited to achieve the

fermentation process.

Although lactose is easily metabolized in aerolmoditions by many microorganisms,
this is not true in anaerobic conditions. Mainlguif categoriesof microorganisms have
been used to achieve lactose fermentation, nanélyyveromyces marxianys
Kluyveromyces fragilisCandida pseudotropicaliandSaccharomyces cerevisiakt this
point, before continuing with the discussion, saroasiderations must be done. Most of
the works in the literature were presented with #dove cited names for the
microorganisms but, in a “recent” taxonomic studyitzman and Fell, 1998) the first
three categories were reported all as synonynis. aharxianus so, nowK. fragilis is
included inK. marxianusspcies andC. pseudotropicaliss recognized as the anamorph
form of K. marxianus However, to keep easy to understand the sevenaparisons, the
original nomenclature used in the relative workd e used hereaftelS. cerevisiae
instead, has been mainly used for hydrolysatescdgke and galactose) since it is not
suitable to directly ferment lactose. Nevertheld#iss,construction of lactose-consuming
S. cerevisiaestrains has been attempted by protoplast fusixpression of heterologous
B -galactosidases secreted to the extracellularumedr simultaneous expression of the

permease anglgalactosidase d&f. lactis

Kluyveromycesspecies ands. cerevisiaadiffer mainly for glucose repression which
inhibits galactose utilization. Indeed, not Kll lactis strains show glucose repression or,
at least, the effect is less pronounced tha®. inerevisiaelt holds also foK. marxianus
species, which are mostly adapted to environmeotdaming lactose and galactose
(Gancedo, 1998; Rubio-Texeira, 2005).

Candida pseudotropicali¢called alsoC. Kefy) has shown high efficiency for lactose
fermentation into ethanol and several studies h&éesn performed aimed at
characterizing the behavior of such a microorganigmh regard to anaerobic

fermentation performances, such as in extractiv@datation (Jones et al, 1993) and in
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fermentation-pervaporation systems (Shabtai and d&lanl993). Probably, the most
interesting studies on lactose-to-ethanol fermentaby C. pseudotropicalidave been

performed by Ghaly and El-Taweel. The effect of nma@ration was investigated in
batch configuration (Ghaly and El-Taweel, 1995&),dffect of nutrients addition to
cheese whey was assessed (Ghaly and El-Taweelpb)1885well as how the initial

lactose concentration can affect the fermentatieriopmance (Ghaly and El-Taweel,
1995b). Furthermore, a continuous-mode experimentatt different dilution rates was
carried out (Ghaly and El-Taweel, 1997a) and tha daed to develop a kinetic model
(Ghaly and EI-Taweel, 1997b).

Kluyveomyces speciebas been extensively studied for several biotdognal
purpose¥. lactis for instance was studied in comparisonSo cerevisiaeas “non-
conventional yeast” (Breunig et al., 2008). lactis is not commonly used for ethanol
production, although it has been exploited for pthietechnological applications such as
the production of heterologous proteins (van Oogéral.,, 2006) from cheese whey
(Maullu et al., 1999). This yeast is capable toahetise lactose due to the presence of a
lactose permease (encoded by the LAC12 gene) apdjadactosidase (LAC4 gene)
(Rubio-Texeira, 2006)p-galactosidase hydrolyses lactose into glucose gatdctose.
Intracellular glucose can enter glycolysis whildagtose follows the Leloir pathway
(Breunig et al., 2000; Schaffrath and Breunig, 2@R0bio-Texeira, 2005).

K. marxianus has recently received much attention regarding bitstechnological
potential, motivated by some advantages that itrnasmparison td. lactis (Ribeiro et
al., 2007).K. marxianushas been used in a wide range of biotechnologmalications
(Fonseca et al., 2008).

Most of the works concerning lactose/whey fermeaiainto ethanol involves the use of
Kluyveromycesspecies such as. marxianusand K. fragilis (Gawel and Kosikowski,
1978; Janssens et al., 1983; Vienne and von StotR&5; Kamini and Gunasekaran,
1987; Grubb and Mawson, 1993; Dale et al., 1994arZat al., 2005; Silveira et al.,
2005; Ozmihci and Kargi, 2007c, d, e).
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The common thing in all these works is the intaleea of the microorganism to both
high lactose concentrations( > 75g)land high ethanol concentration ( > 25 .LThe
mechanisms behind these phenomena is still not ledehp clear but it seems that both
osmotic effects on the cells and low ethanol toleeabe the reasons. The problem of
high lactose concentration inhibition can be cirgented by adopting a fed-batch
configuration, while higher ethanol tolerance candbtained with improved strains by

means of the so-callexlolutionary engineering/Visselink et al., 2009).

Whey nutrients can play a key-role in lactose fertaton. Far better results, for
instance, were obtained by supplying the media efijosterol and Tween 80 (Janssens
et al., 1983), indeed, in strictly anaerobic cands, the added lipids were, most likely,
incorporated in the cell membrane, which is in adaoce with the importance of sterols
and unsaturated fatty acids for yeast fermentatperformance and ethanol
tolerance(Casey and Ingledew, 1986; You et al.328@uilera et al., 2006; Guimaraes
et al., 2006;). The role of such lipids (ergosteisito suffice for the complete lack of
oxygen (strictly anaerobic conditions) which shob&lpresent in a minimum amount for
the biosynthesis of membrane lipids. Therefore, dkggen is extremely important in
lactose fermentation processes and its effect bas bxtensively studied (Castrillo and
Ugalde, 1993; Castrillo et al., 1996; Breunig et 2000; Goffrini et al., 2002; Snoek and
Steensma, 2006).

Eventually, perhaps the most important characterist K. marxianusstrains is its
capability to grow and ferment at elevated tempeest which results in a reduction cost
of the cooling operation on a large scale. Ethgmroduction from lactose has been
obtained with a particular strain (IMB3) at 45 °Brddy et al., 1994, 1995; Brady et al.,
1997; Kourkoutas et al., 2002a).

S. cerevisiaés undoubtedly the most studied yeast ever. Amitmgain advantages, it
should be remarked the capability to grow fast,hhgghanol tolerance and good
fermentative performance in general. Hundreds wdiss have been carried out on this

microorganism (Antoni et al., 2007; Cot et al., 2ZD0OBesides the well known
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physiology, one of the main reason because it ienofpreferred for industrial
applications is that it may grow very well in ara@c conditions which makes the
industrial fermentation process much easier (SrmvekSteensma, 2007) and, moreover,
its biomass can be used as animal feed so as agofdrther disposal processing

downstream (Bai et al., 2008).

Although all these advantages and despite tharttake up galactose through Leloir
pathway,S. cerevisiads not able to metabolize lactose. For this reasmst of the
works concerning ethanol production from cheeseywineS. cerevisiagnvolve two
steps, a first one where lactose is hydrolyzed angecond one where the mixture
glucose-galactose is fermented. However, such @epsodoes not seem to be convenient,
the pre-hydrolysis is an expensive step that il®Ilthe use offi-galactosidase and,
moreover, glucose repression effect must be takem account. This effect can slow
down the reaction and cause a diauxic growth whkreose is preferentially fermented
before galactose (O'Leary et al., 1977; Mehaia@hneryan, 1990; Gancedo, 1998). The
problem of catabolite-repression was overcome Whghproduction of resistant- mutants
(Bailey et al., 1982; Terrell et al., 1984). Theeusf a co-immobilized biocatalyst (in
calcium alginate)was proposed for whey fermentaasnwell (Hahn-Hagerdal, 1985;
Roukas and Lazarides, 1991). Similar biocatalystgehbeen used in other works, for
instance, in simultaneous hydrolysis-fermentatiath wermeabilizeK. marxianuscells

as the source of 3-galactosidase, so obtainingrbetsults than the direst marxianus

fermentation (Rosenberg, 1995).

Concluding this first section where the severatigs have been reviewed with specific
regard to the characteristics of the microorganisad to perform the fermentation,
another important distinction can be done in fuwctiof the particular process

configuration.

Most of the studies in the literature have beemi@drout in batch configuration (Gawel
and Kosikowski, 1978; Janssens et al., 1983; Bothaal., 1986; Grubb and Mawson,
1993; Castrillo et al., 1996; Kourkoutas et al.028; Longhi et al., 2004; Silveira et al.,
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2005; Zafar et al., 2005; Kargi and Ozmihci, 20B&far and Owais, 2006; Ozmihci and
Kargi, 20074, e).

Several other studies have considered the contsaoonfiguration (Linko et al., 1981,

Cheryan and Mehaia, 1983; Janssens et al., 198H-Hagerdal, 1985; Gianetto et al.,
1986; Kleine et al., 1995; Ozmihci and Kargi, 200¢b2008; Teixeira et al., 1990) and
the fed-batch configuration as well (Ferrari ef 4894; Grba et al., 2002; Ozmihci and
Kargi, 2007d).

In order to keep a logical path through the thakis,most remarkable points and results
obtained in both batch and continuous studies cébdve will be discussed and

compared, when relevant, later on in the text.

1.4.3 Cheese whey to ethanol: industrial applications

Only a few companies, in Ireland, New Zealand anddd States are currently operating

a cheese whey-to-ethanol fermentation process.

Carbery Milk ProductgCork, Irelang started its ethanol production in 1978 by adaptin

a batch fermentation process where, at presentt didothousand tons per year ethanol
are produced from whey permeate. Eleven batch oeaetre used, the biomass is re-
circulated and a continuous distillation train @ecated downstream the reactors. The
fermentation lasts up to 20 houarberys ethanol production was mainly for potable

purposes (pharmaceuticals and food) but, since 2@@tol for both E85 and E95 fuels

has been produced.

Anchor Ethanol(Auckland, New Zealands operating three batch plants with a total
production of 17 million liters ethanol per year psocessing cheese whey permeate.
Eight different grades of ethanol are producedmfiootable alcohol for beverages to

pure alcohol for bio-fuels production. Whey permeeet concentrated up to 8% lactose
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and a batch fermentation is run for about 24 h tbiigining ethanol concentrations

around 4%, then, the fermentation broth is proakaséifferent degrees.

Golden CheesdCorona, Californig is disposing of its cheese whey via a protein
recovery step and then a batch whey permeate féatremto produce an alcoholeer
with a process similar to ti@arberys one. Another plant has been built and operated i

Wisconsin, USA, but no data have been found irLttezature.

Eventually, theDansk Gaeringsprocess was developed in Denmark in the 1970s to
produce ethanol from cheese whey permeate by mafaascontinuous fermentation
process but, to our knowledge, it has never mditegthinto an industrial process.
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Chapter II.

Batch fermentation of ricotta cheese whey: feasibily

The aim of the present chapter is to investigageféasibility of bio-ethanol production
by batch fermentation of ricotta cheese whey. Sachubstrate could represent an
effective non-vegetable source for renewable enprggluction. The microrganism used
to carry out the fermentation process was the yédayveromyces marxianus
Preliminary experiments, performed in aerobic cbads on different volumes of ricotta
cheese whey, have shown the actual growth of thsty@he fermentation experiments
were carried out, in anaerobic conditions, on thi#kerent substrates: ricotta cheese
whey, sweet cheese whey and deproteinized whey. &tperimental data have
demonstrated the process feasibility: ricotta chegbey is an excellent substrate for
fermentation and exhibits better performance wapect to both sweet cheese whey and
deproteinized whey. Complete lactose consumptiaead, was observed in the shortest
time (13 h) and with the highest ethanol yield (89Pthe theoretical value).
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2.1Introduction

Nowadays nearly all bio-ethanol is obtained by fermentatmnvegetable biomasses,
essentially sugar cane and cereals; thus conmidputo the observed increase of
foodstuffs price. It is, therefore, necessary tenidfy alternative renewable and non-
vegetable sources for bio-fuels production. Ricolteese whey could potentially fit this
requirement and may potentially represent an isterg fermentation substrate owing to
its main characteristics, namely the significantteat of fermentable sugar and its low
cost, as determined by the fact that — as a wasterequires a proper (and costly)
treatment, which prevents from serious environmeptablems. The relatively high

content of lactose does indeed suggest the passibfl bio-conversion into ethanol,

according to the overall Reactionl (reported intisacl.4.1).Such a stoichiometry

predicts a theoretical yield equal to 0.538 g ethaer gram lactose consumed.

In the scientific literature, only few papers dewitth ricotta cheese whey and its possible
utilization; none of them, however, identified ritsocheese whey as a potential source
for bio-ethanol production. Several authors, indtemnsidered both sweet cheese whey

and cheese whey permeate as potential substratethémolic fermentation.

Gawel and Kosikowski (1978) assessed concentrdiedse whey permeate (24%) as
batch fermentation substrate by mean& ofragilis; 3 L bottles were used in anaerobic
conditions and final ethanol concentrations of 80 gwere obtained with 0.2 g*(L*H)

ethanol productivity.

Mahmoud and Kosikowski (1982) adopted the same aorganism and the same
substrate with reduced ash and performed a batchefgation in a 14 L bioreactor

obtaining ethanol productivity of 0.6 g*(L*H)

Cheryan and Mehaia (1983) checked several reactuigorations withK. fragilis in
enriched media(5% lactose); batch ethanol prodiagif 3 g*(L*h) *was obtained.

Janssens et al. (1983) used deproteinized cheesgepawvder added with 0.5% peptone
and 15% lactoseobtaining2 g*(L*Méthanol productivity by using 1 L stirred flasks.
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Gunasekaran and Kamini (1991), in batch and \itHragilis, fermented a complete
media (20% lactose) obtaining 0.74 g*(L*hpthanol productivity but only 55 gL
ethanol. The same authors immobilized the yeastlcium alginate and performed the
batch fermentation obtaining ethanol productivify0s88 g*(L*h)™* and higher ethanol
concentrations (63 g1). Eventually, the same authors, immobilized ircicath alginate

a mix of K. fragilis and Z. mobilisand, in the same conditions obtained an ethanol
productivity of 1.0 g*(L*h)* and 72 g [* ethanol concentration.

Ryu et al. (1991) fermented a semi-synthetic medi20% lactose) in a 20 L batch bio-
reactor by using . fragilis, and obtained 2.1 g*(L*fethanol productivity with 72 gt

ethanol concentration.

Rosenberg et al. (1995) obtained 0.52 g*(C*réthanol productivity by means ¢f.
marxianusin a 5 L batch bioreactor; the substrate was depriaed whey enriched with
yeast extract and salts (6.5% lactose).

Ghaly and El-Taweel (1995a) adopté€ll pseudotropicalisas microorganism and
fermented lactose-added cheese whey (10-20%) ik &&tch bioreactor so obtaining

0.7-1.0 g*(L*h)* ethanol productivity and 40-45 g'lethanol concentrations.

The same microorganism was used by Szczodrak €1397) to ferment both a semi-
synthetic medium (12% lactose) and deproteinizedywh0% lactose) obtaining 1.2 and

0.85 g*(L*h)* ethanol productivity, respectively; the reactoerevactually shake flasks.

Grba et al. (2002), by using. marxianusfermented deproteinized whey added with
yeast extract and salts (10% lactose) and obtaineaml 2 L batch bioreactor, an ethanol
productivity of 3.1 g*(L*h)".

Silveira et al. (2005) performed the fermentatidnwhey permeate solution (17%
lactose), byK. marxianus in a 1 L batch stirred flask in both hypoxic aadoxic

conditions obtaining 1.0 and 1.5 g*(L*hethanol productivity, respectively.
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Kargi and Ozmhici (2006) with the same microorgamisn shake flask, fermented
cheese whey powder solutions (15% lactose) achjevd g*(L*h)* ethanol

productivity.

Eventually, a mix oK marxianusandS. cerevisiag@vas immobilized in calcium alginate
and concentrated cheese whey solution (10% lacteas)fermented in anaerobic shake
flask (Guo et al, 2010); ethanol productivity eqteaD.88 g*(L*h)* was obtained.

As it results clear from this brief review, nonetbhé works in the literature have been

concerned about ricotta cheese whey.

The work presented in this chapter is intendedniestigate the possibility of using
ricotta cheese whey as a source for bio-ethanalyatmn, evidencing the differences
existing between ricotta cheese whey and otherskaidubstrates, namely sweet cheese
whey and deproteinized whey. Batch fermentationegrpents were performed by.
marxianus evaluating the time evolutions of lactose, etharamd biomass
concentrations, thus obtaining preliminary indica on the influence of the actual

substrate on the system performance.

2.2 Materials and Methods

2.2.1 Controlled bio-reaction system

A controlled batch bio-reactor, consisting of a litér autoclavable plexiglas cylinder
(Applikon Holland), was used to perform the present experimentalystlihe main
operating parameters (pH, @oncentration, temperature, agitation and foarel)evere
monitored by a set of sensors and controlled bynsiesf anADI 1030 Shelf-top

controller.
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2.2.2 Yeast Strain

Lactose bio-conversion experiments were performgdabyeast, i.eKluyveromyces
marxianus var. marxianus CBS 397solated at the Centraalbureau voor
SchimmerculturegUtrecht, the Netherlandis This yeast was selected for its particular
performances toward lactose fermentation (see ehdpt The yeast, initially freeze
dried, was revived suspending the microorganismduying it into a cylinder containing
1-2 mL of sterile water and, then, shaking andistpthe suspension at 20°C for 12 h.

2.2.3 Maintenance culture

Kluyveromyces marxianugvas maintained in a generic yeast medium having the
following composition: agar 10 g™, lactose 20 g I, bactopeptone 10 g™, yeast
extract 5 g [*. The culture was sterilized in an autoclave at@2fbr 30 min, then it was
poured onPetri dishes for solidification and, eventually, the steimoculum was spread
on the surface and incubated at 20°C for 48 h.réwth completed, the dishes were kept
at 4°C.

2.2.4 Inoculum medium

The inoculum medium was prepared with a single mplwithdrawn from thePetri
dishes and incubated iNGRANT OLS 20@hermostated bath, maintained for 12 h at a
temperature of 37°C with an orbital shaking velpat 150 rpm. In all the experiments
100 mL of medium were poured in a 300 mL steritskl Each of the used materials,
before performing this stage, was autoclaved at@2ar 30 min. The inoculum medium
was constituted by lactose, 50 g, lbactopeptone, 10 g'and yeast extract, 5 g'L
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2.2.5 Fermentation medium

Three kinds of fermentation medium were used,ricatta cheese whey, sweet cheese
whey and deproteinized whey in order to assespén®rmance oK. marxianuswith
respect to bio-ethanol yield. All the tested rawtenals came from the same lot of cow
milk, originally designed tanozzarella cheesgroduction; both ricotta cheese whey and
sweet cheese whey considered in the present papesented, respectively, by-product
and raw material of the same production cycle aiatedcotta cheese obtainment. The
deproteinization of sweet cheese whey was performeditrafiltration (UF) through a
cellulose membrandjadir CO05 Filtration having a nominal molecular weight cut-off
of 5000 Da. The UF system was operated at a Z2&@as-membrane pressure with a feed
flow rate of 2 L*min™. It is worthwhile to remark that each of the comgpens hereafter
presented was performed on samples not subjectadytother pre-treatment, but those
normally carried out in the production plant. Aletsamples, kindly provided by a local
dairy industry,Agroalimentare Asso.La.(taly) were stored at4°C; each fermentation
test, however, was performed within 6 h from thedoction time. The average
compositions of ricotta cheese whey, sweet chedssyvand deproteinized whey are

reported in tablel (see section 1.2).

2.2.6 Analytical methods

The samples were periodically withdrawn from eittiee flasks or the bio-reactor in
aseptic conditions in order to determine, by HPL& time evolution of lactose and
ethanol concentrations. A 0.1% (v/v) phosphoridadlution was used as mobile phase
at a flow rate of 0.5 mL*mih. A 50x4.6 mmSupelcogepre-column, a 300x7.8 mm
SupelcogelC-61@olumn and a refractive index detectdasco RI 930constituted the
experimental equipment. Biomass was evaluatedBagtoScan FC(Foss Integrator,
Denmarl an instrument capable to determine, on the bafsen optical method, the

number of cells contained per milliliter of solutiorhe amount of cells, on a mass basis,
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was obtained multiplying the cells concentration 383 ng per cell (Ghaly and EI-
Taweel, 1995a; b).

2.2.7 Experimental protocol

A set of preliminary aerobic tests was carried iaubrder to assay the actual growth of
K. marxianusgn ricotta cheese whey. The microbial growth expents were performed
withdrawing a single colony from l&. marxianusculture, contained in Betri dish, and
then inserting this colony in a flask containingreown volume of ricotta cheese whey.
Four volumes of ricotta cheese whey were investjate 50, 75, 100 and 150 mL. The
volume range was chosen according to the considerttat the amount of fermentation
starter should be in the order of 10% the fermenamedium which, on a typical

laboratory scale, is in the range 0.5-1.5 L.

The flasks were placed inGRANT OLS 20€hermostated bath and maintained for 12 h
at 37°C temperature with an orbital shaking velooit 150 rpm. A 100 puL sample was
collected, every hour, from the bulk and poure@3m€mL of a 2% sodium citrate solution
and eventually analyzed to obtain the amount ofmbigs formed. The above-described
steps were performed in aseptic conditions by umsénts and tools previously

autoclaved at 121°C for 25 min.

Anaerobic fermentation experiments lasted 18 h amde carried out startinglL
fermentation medium with 100 mL inoculum. Each ekpent was repeated twice to
assess data reproducibility; the average concesrigabf lactose, ethanol and biomass
were reported versus time, together with an “epaot’ indicating the maximum variation
of each measured point from the corresponding Gtk mean value. Operating
conditions were as follows: temperature 37°C, estixrelocity 200 rpm, pH 5, dissolved
O,-level ranging between 0 and 0.2%. The pH of thméntation broth was controlled
by means of a 6N sodium hydroxide solution. Two [gas of fermentation broth were
withdrawn, every hour, during the experiment: a 100 sample was destined to
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microorganism quantification, as described for gtoexperiments, a 1 mL sample was,
instead, centrifuged at 5000 rpm for 15 min, fegthrough a 0.45 um filter and finally

sent to the HPLC for assaying the evolution of Hatihose and ethanol concentration.

2.3 Results and Discussion

Figure 2.1 shows biomass concentrations versus residting from the experiments of
biomass growth in ricotta cheese whey.

Figure 2.1. Time evolution of average biomass conueations during aerobic fermentation of ricotta cheese
whey (T = 37 °C, orbital shaking velocity=200 rpm).
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For each considered volume, the typical growth ebafaracterizing a batch cultivation
are shown; it is worthwhile to observe that aftdagphase of 3.5 h the linear growth
phase takes over and after 17 h from the beginointhe experiment, the so-called

stationary phase starts. These results are ofatrimgportance to demonstrate the actual
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growth ofK. marxianudn ricotta cheese whey and to prove that, in thesicered range,
volume does not significantly affect the systeméwdr. However the actual working
environment of the microorganism, in order to praEethanol, is anoxic (or hypoxic)
therefore the behavior can change significantlydeed, this experiment must be
considered merely as a proof that ricotta cheessywhnot an hostile environment figr
marxianus

Figures 2.2-2.4 show the experimental results ohggrthe fermentation of ricotta

cheese whey, sweet cheese whey and cheese wheggpernmespectively.

Figure 2.2. Anaerobic fermentation of ricotta chees whey. Time evolution of lactose, ethanol and bicass
concentrations (T = 37 °C, orbital shaking velocity200 rpm, pH =5, 02 =0 - 0.2 %)
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As far as ricotta cheese whey fermentation is aomck (Figure 2.2), lactose
consumption goes to completion within 13 h onlg, much earlier than it was reported
for sweet cheese whey fermentation for instancéa(Zand Owais, 2005). A remarkable

result is the achieved ethanol concentration, 2144 corresponding to a final yield
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equal to 89% of the theoretical one. Finally, ivisrthwhile to observe the relatively low

biomass growth, probably due to the low proteincemtration.

Figure 2.3 depicts the results concerning sweetsthevhey fermentation. As compared
to figure 2, a higher biomass concentration, reldatethe existence of an exponential
phase starting after 2 h, is achieved; this phemomeis to be ascribed to the
characteristics of sweet cheese whey that, beaigeriin nutrients, allows an improved
growth for the microorganism. The higher yeast dlpwowever, corresponds to a lower
ethanol yield, which is equal to about 83% of theatetical one in the final stage of the
experiment. It can be also observed that compéattwse consumption is attained only
after 18 h, namely 5 h later than what it was messuin the same conditions, with
ricotta cheese whey; finally, ethanol can be detkafter 5 h, thus suggesting that
process dynamics is delayed of about 4-5 h. Thigder can be ascribed to several
phenomena occurring in the reaction medium; at ldbginning, the microorganism

follows the respiratory cycle rather than the aoberfermentation, at least until oxygen
concentration becomes a limiting factor (duringithgal stage of reaction, since no inert
gas has been introduced in the reactor, oxygenecdration is equal to the equilibrium
concentration detectable before yeast addition)efyht this point, 15 gt.biomass are

formed, the ethanol yield is unavoidably reducédges a certain amount of lactose had
been consumed to allow the respiratory cycle. mha@as to be explained why this
tendency, for sweet cheese whey, to exploit thellsamount of oxygen in the bulk

instead of taking directly the anaerobic pathwayhi¢h, however, is still an

hypothesis).This question would require a furthgrezgimentation which is beyond the
scopes of this work, since the aim was to demotaestree actual technical feasibility of

ricotta cheese whey fermentation.
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Figure2.3. Anaerobic fermentation of sweet cheesenay. Time evolution of lactose, ethanol and biomass
concentrations (T = 37 °C, orbital shaking velocity200 rpm, pH =5, 02 =0 - 0.2 %)
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Figure 2.4. Anaerobic fermentation of cheese wheyepmeate. Time evolution of lactose, ethanol and hicass
concentrations (T = 37 °C, orbital shaking velocity200 rpm, pH =5, 02 =0 - 0.2 %)
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Figure 2.4 shows the behavior of cheese whey pe¢emas fermentation substrate.
Lactose consumption does not occur within the atrsd time interval; the reason could
be somewhat ascribed to the very low protein cdr(teee table 1) which does not allow
the microorganism to produce the molecules actualgcessary to perform the
fermentation process. Protein concentration in sheehey permeate is, in fact, about a
half of that in ricotta cheese whey. Besides, ti® tsubstrates have different
concentrations of both salts and organic acids,clwvido might affect the process
performance. A deeper experimental analysis is keweecessary to better ascertain the
reasons of a such a different behavior. As a mattefact, cheese whey permeate,
therefore, can be regarded as a poor fermentatibstraitte, as compared to both ricotta
cheese whey and sweet cheese whey. It should kerked) however, that such results
may be affected by the actual procedure adoptaxbtain the deproteinization (i.e. the

ultrafiltration).

Another important observation should be done; #tesr of both ethanol formation and
lactose consumption(see the slopes of the curvégures 2.2 and 2.3) are higher when
ricotta cheese whey is the fermentation mediums uggesting that such a substrate
actually may be an effective and promising non-vegle source for renewable energy
production. Indeed, ricotta cheese whey produgtieitsured an ethanol yield of 89%
with a final ethanol concentration equal to 22.449 which means an ethanol
productivity of 1.73g*(L*h)".The result obtained from this experimental stuslyjiite
remarkable, the achieved productivity is the higlfesompared to the results reported in
the literature (see section 2.1). Higher ethanoldpctivities were obtained only with
enriched media (3 g*(L*h}) (Cheryan and Mehaia, 1983), with peptone-addes:st
whey powder solutions (2 g*(L*H)Janssens et al., 1983) and semi-synthetic media (2
g*(L*h) ™) (Ryu et al., 1991); in the present study, instaécbtta cheese whey was

fermented without any pre-treatment, not even aerjlization process.
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2.4Conclusions

In this chapter, the technical feasibility of riotcheese whey fermentation was
demonstrated. It was shown that ricotta cheese whpresents an excellent substrate
since it allows attaining an ethanol yield of 89%bé theoretical one, without any
optimization procedure performed on the operatimgditions. Besides, complete lactose
consumption was observed after only 13 h (remaek#&btompared to 18 h for sweet
cheese whey), therefore, ricotta cheese whey ensive achievement of the best
performance (1.73g*(L*h)) even if such a performance is compared to theltes

reported in the literature (see the introductiothie chapter).

Ricotta cheese whey is to be considered as a atdstompletely different from
traditional sweet cheese whey and, most likelyu(gher experimentation should be done
before any statement),different from deproteinizdtey as well. Thus, ricotta cheese
whey may represent a valid alternative (and intaggasource to produce bio-ethanol.

The study brought to the formulation of many quesiregarding the reasons of the
different fermentation performance with differebtt still very similar, substrates. Such
a matter, despite it is beyond the scope of thegmte study, should definitely be

investigated.

Eventually, a more detailed investigation on th#uence of fermentation parameters
such as temperature, agitation velocity, pH antainiactose concentration on ethanol
yield could give a better understanding of the famtation process of ricotta cheese

whey and, most probably, allow to obtain betteultssn terms of ethanol yield as well.

In other words a proper modeling of the processi@sded in order to achieve the
fermentation at théestconditions and to gain a better understandindhefghenomena

hidden behind the process. Such a need will beeaddd in the next chapters.
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Chapter Il
Data-driven modeling: Design of Experiments and Opmization

by Response Surface Methodology

A Central Composite Design (CCD) was performed Yaevaluate the effects of four
factors, i.e. temperature (T), pH, agitation r&® &nd initial lactose concentration (L),
on batch fermentation of ricotta cheese whey andp®)nize the fermentation process.
Anaerobic batch fermentation experiments were edrrout by using the yeast
Kluyveromyces marxianugfter a preliminary experimental analysis, th@sén factors
values were 32 and 40°C for T, 4 and 6 for pH, 466 300 rpm for K, 40 and 80 g'L
for L.

Response Surface Methodolo@SM) was used to optimize the fermentation preces
and an empirical model was used to fit the expentaledata. The best set of operating
conditions resulted to be T = 33 °C, pH = 5.4, K185 rpm and L = 40 gt and the

model ensured both a good fitting of the obsenegd dnd good prediction performance.
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3.1Introduction

The work reported in this chapter consists of st foart where an experimental analysis
aimed at characterizing the batch fermentationcotta cheese whey was performed and

a second part where the data were modeled.

An experimental design was planned and the expetsnearried out. Afterwards, the
experimental data were interpreted, correlated ematleled by Response Surface
MethodologyRSM).

RSM was adopted in several studies. It was appdeccessfully to determine the
optimum physiological condition for which the maxim rate of acetic acid production

occurred from partial acidogenesis of swine wastem@wang et al., 2001).

Cladera-Olivera et al. (2004) performed a factodatign to optimize the bacteriocin
production byBacillus licheniformisP40.

The same methodology was also used by Aktas ef2806), who considered four
factors, i.e. pH, temperature, whey powder conediotn and total ammonium salts
concentration, to carry out the optimization oftéese utilization in aerobic fermentation

of deproteinized whey bi. marxianus.

RSM was also applied to assess an electrochennézgthtent of deproteinated whey as
alternative treatment method (Guven et al, 2007).

Dragone et al. (2008) evaluated the effects of ethfactors, i.e. initial lactose
concentration, temperature and inoculum conceotrgfi on cheese whey permeate
fermentation by means of a Central Composite Degi@6D) and optimized the

operating parameters by RSM.

Dagbagli and Goksungur (2009) investigated the yctidn and optimization off-
galactosidase using synthetic medium Klyveromyces lactidy using the same

technigue to evaluate the effects of the fermemgbarameters.
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Eventually, de Lima et al. (2010) carried out tw&NR involving central composite
designs to evaluate the effect of cheese whey, st®p liquor, ammonium sulphate,
temperature and pH control on lactic acid fermeéomaby Lactobacillussp. (LMI8)

isolated from cassava flour wastewater.

The work reported in this chapter is aimed at twaimpurposes: 1) to investigate the
effects of the main operating parameters on thega® and 2) to build an empirical

model capable to provide the “best set” of opegatoonditions to run the process.

Therefore, first, a preliminary analysis is repdrtehere the ranges of the values of the
operating conditions are chosen and, afterwardspraplete central composite design
(CCD) is carried out and the results correlatedrandeled by RSM.

3.2Design of Experiments: a Central Composite Design

A proper design of experiments is the best stamioigt to have a quantification of the
effects of the several factors on a process. Skkiads of design can be planned and the
choice of the best one is sometimes tough. Asddeamentation reactions concern, the
main operating parameters are undoubtedly temperdi), agitation rate (K), initial
lactose concentration (L) and pH. Thus, being #utdirs four (a quite high number), the
choice of two levels for each factor is most likéhg best choice for a screening analysis

like the one presented hereby (Box et al., 1978).

Therefore, the choice was to plan a Central Conpd3esign (CCD) by considering
four factors, namely the ones cited above, with kswels for each factor. The CCD was
thus constituted by*22k+2 runs, where k was the number of consideretbfa (4 in the
specific case). The three terms were: 1) an uneapld factorial portion with two levels
for each factor (2runs), 2) a set of axial points constituted bysridentical to the
central point except for one factor, which assuwasies both below and above the
median of the two factorial levels (2k runs), 3)emtral point replicated twice necessary
to improve the precision of the experiments (2 yuid$erefore, by considering four
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factors, k = 4, a total number of 26 experiment®ieed. The CCD was performed to

evaluate both single and interaction effects ohbost and second order. To evaluate
these effects a proper response function must bsechin order to have an optimal

parameter as representative of the fermentaticionpeance. The response function was
defined as in Equation 3.1.

RF = ( 1 gethanolformed ) (glactoseconsumed)

0.538 glactoseconsumed

(3.1)

ginitiallactose

where the first term is the ethanol fractional giékthanol yield calculated with respect
to the theoretical value) and the second termddabtose conversion, thus, the resulting
response function is a sort of ethanol yield bamedhe initial amount of lactose in the

fermentation medium.

In order to choose the two levels for each factprediminary experimental analysis was
carried out. Actually, L and pH values were deduftech the literature and set up equal
to both values 4 and 6 for pH (the range 4-6 isoftémal for yeasts) and 40 and 80§ L
for L (40 g L* is thenatural lactose concentration of cheese whey in the wiarsé and
80 g L' holds in the hypothesis whey lactose is pre-comated two times).
Temperature and agitation rate ranges, insteace determined from the experimental
results presented later on.

Preliminary experiments consisted of four fermeatat reactions at different
temperatures, i.e. 34, 37, 40 and 45°C, and thuetedr reactions, performed at different
agitation rates, namely 100, 200 and 300 rpm.dhi#ictose concentration and pH were
fixed at 50 g [* (about) and 5, respectively. Each run was perfdrineduplicates and
the maximum variation of each measured point nexeeeded 5% of the corresponding
calculated average value.
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Performances regarding these preliminary experisnamre evaluated by determining

the fractional yieldy,,, calculated as in Equation 3.2.

gethanolformed 100

Vet =

- glactoseconsumed 0.538

(3.2)

Once chosen the factors levels (from the prelinyiraralysis) and performed the CCD

(calculating the RF from the experiments by Equafol), data were used to quantify

the effects of the factors on the process perfoomdrepresented by the RF defined as
inEquation3) by performing the test of variance QYA test).

RF = ay + Yig aux; + Xiog afix? + Xioy Xoivs aijxix; (3.3)

Herea, was the constant coefficient, were the non coded variables;'s (i = 1-4) and
a’'s were the coefficients corresponding to lineat guadratic terms, respectively, and,
finally, a;;'s (i and j = 1-4) were the second order interactoefficients. R coefficient
was determined to assay the quality of the polyabmmodel, whereas its statistical
significance was checked by the F-test. It is wahite remarking that all runs of the
CCD were carried out randomly. The present analysis performed by means of the
commercial softwar&tatgraphics Plus 5.irginia, USA.

Equation 3.3 was used to build the response swfasdunction of the factors and, by
maximizing this function response function, thexentation reaction was optimized.

It is worth observing that, in batch processeserathan in continuous ones, optimization
procedure is far more complicated due to the tigegsing nature of these processes;
indeed, the optimal values of the factors requordo¢ adjusted with time. Since the
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fulfillment of a rigorous dynamic optimization (8ivasan et al, 2001) is beyond the
scopes of this study, the time was set at a defiatue, chosen on the basis of the results
collected during the preliminary experiments arutesented by the shortest time (t = 18
h) necessary to obtain complete lactose consumplioerefore, Equation 3.3 evaluated
at t = 18 h, was the actual objective function ® rbaximized in order to achieve

fermentation optimization.

3.3Materials and Methods

3.3.1 Controlled bio-reaction system

A controlled batch bio-reactor, consisting of a itér autoclavable plexiglas cylinder
(Applikon Holland), was used to perform the present experimentalystlihe main
operating parameters (pH, ©@oncentration, temperature, agitation and foarel)evere
monitored by a set of sensors and controlled bynseaf an ADI 1030 Shelf-

topcontroller.

3.3.2 Yeast Strain

Lactose bio-conversion experiments were performgdabyeast, i.eKluyveromyces
marxianus var. marxianus CBS 397isolated at the Centraalbureau voor
SchimmerculturegUtrecht, the NetherlandlsThis yeast was selected for its particular
performances toward lactose fermentation (see ehdpt The yeast, initially freeze
dried, was revived suspending the microorganismdaying it into a cylinder containing
1-2 mLof sterile water and, then, shaking and stpthe suspension at 20°C for 12 h.
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3.3.3 Maintenance culture

Kluyveromyces marxianugvas maintained in a generic yeast medium having the
following composition: agar 10 g™, lactose 20 g t, bactopeptone 10 g™, yeast
extract 5 g [*. The culture was sterilized in an autoclave at@2fbr 30 min, then it was
poured onPetri dishes for solidification and, eventually, the ste@moculum was spread
on the surface and incubated at 20°C for 48 h.réwth completed, the dishes were kept
at 4°C.

3.3.4 Inoculum medium

The inoculum medium was prepared with a single mplwithdrawn from thePetri
dishes and incubated iNnGRANT OLS 20@hermostated bath, maintained for 12 h at a
temperature of 37°C with an orbital shaking velat 150 rpm. In all the experiments
100 mL of medium were poured in a 300 mL steritskl Each of the used materials,
before performing this stage, was autoclaved at@2ar 30 min. The inoculum medium

was constituted by lactose, 50 g, lbactopeptone, 10 g'and yeast extract, 5 g'L

3.3.5 Fermentation medium

The fermentation medium was ricotta cheese whelyth&lsamples came from the same
lot of cow milk, originally designed tmozzarella cheegaroduction. It is worthwhile to
remark that each of the comparisons hereafter pregavas performed on samples not
subjected to any other pre-treatment, but thosenally carried out in the production
plant. All the samples, kindly provided by a loaddiry industry, Agroalimentare
Asso.La.(ltaly) were stored at 4°C; each fermentation test, hewewas performed
within 6 h from the production time.
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3.3.6 Analytical methods

The samples were periodically withdrawn from eittiee flasks or the bio-reactor in
aseptic conditions in order to determine, by HPL& time evolution of lactose and
ethanol concentrations. A 0.1% (v/v) phosphoridadlution was used as mobile phase
at a flow rate of 0.5 mL*mih. A 50x4.6 mmSupelcogebre-column, a 300x7.8 mm
SupelcogelC-61@olumn and a refractive index detectdasco RI 930constituted the
experimental equipment. Biomass was evaluatedBéagtoScan FC(Foss Integrator,
Denmarl an instrument capable to determine, on the bafsen optical method, the
number of cells contained per milliliter of solutiorhe amount of cells, on a mass basis,
was obtained multiplying the cells concentration 383 ng per cell (Ghaly and El-
Taweel, 1995a; b).

3.3.7 Experimental protocol

Anaerobic fermentation experiments lasted 18 h weide performed starting 1 L
fermentation medium with 100 mL inoculum. Each ekpent was repeated twice to
assess data reproducibility; the average concemgabf lactose, ethanol and biomass
were reported versus time. The pH of the fermemtabiroth was controlled by means of

a 6N sodium hydroxide solution.

Two samples of fermentation broth were withdrawrerg hour, during the experiment:
1) a 100 pL sample was poured in 25 mL of a 2%uwsuodiitrate solution and eventually
analyzed to obtain the amount of biomass formed2na 1 mL sample was, instead,
centrifuged at 5000 rpm for 5 min, filtered throui.45 pm filter and finally sent to the
HPLC for assaying the evolution of both lactose atidinol concentration.
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3.4Results and discussion

The preliminary analysis on various temperatures/ided the results shown in Table
3.1

Table 3.1. Preliminary analysis results at differebhtemperatures: 34°, 37°, 40° and 45°C (pH =5, K 200 rpm).

" Final Time of Ethanol | Ethanol
Initial lactose . complete :
Temperature ; biomass Yield formed
Run . concentration . lactose
[°C] 1 concentration . at18h | at18h
[gL7] 1 consumption 1

1 34 46.58 6.61 14 90 22.48
2 37 47.63 6.55 13 85 21.75
3 40 49.25 4.95 >24h 69 17.49
4 45 47.11 2.61 > 24 h 8 2.02

All the runs were performed in duplicates and iatkd that the maximum variation of

each measured point from the corresponding cakulilatean value was always less than
5%. Runs performed at 34 and 37°C resulted in leigfanol yields, 90% and 85%,

respectively, with complete lactose depletion agtiein 14 and 13 h only; the operating
temperatures of 40 and 45 °C, with ethanol yielgsaé to 69 and 8%, respectively,

instead, both appeared to be too high since compéaitose consumption was not

achieved even after 24 h.

The results obtained at different agitation ratesraeported in Table 3.2.
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Table 3.2. Preliminary analysis results at differehagitation rates: 100, 200 and 300 rpm (pH = 5, ¥ 37 °C).

Time of

. . Final Ethanol Ethanol
Agitation | Initial lactose . complete . .
; biomass Yield concentration
Run rate Concentration . lactose
1 concentration . at 18 h at 18 h
[rpm] [gL7] 1 consumption 1

5 100 47.36 7.36 23 72 16.81
6 200 47.63 6.55 13 85 21.75
7 300 47.16 15.53 23 60 14.71

The highest ethanol yield was 85% at 200 rpm (tinisis actually run 2 reported in table
2, it was renamed to highlight the variable faciar, the agitation rate), while yields
equal to 72% and 60% were attained at agitatiaesrat 100 and 300 rpm, respectively.
These results are consistent with the corresponiiigass concentrations; in fact, the
100 rpm run showed a lower final biomass conceiptid7.36 g ['), as compared to the
300 rpm run, which exhibited a final biomass comegion of 15.53 g L. Actually, a
higher agitation rate, aided the microorganism gnopathway instead of the ethanol
fermentation process, thus resulting in a lower amof substrate available to attain the
conversion into ethanol. It is worthwhile remarkittigit , although the stirrer was always
submerged in the bulk, no tools aimed at keepirageobic conditions were used (such
as sparging nitrogen in the bulk) so, the increasbiomass concentration at higher
values of the agitation rate may be ascribed tontlagor oxygenation of the yeast as
determined by the stirrer. On the other hand, tksotved oxygen concentration in the
broth was constant for all the fermentation timed aequal to 0-0.2%. Further
investigations are actually necessary in orderetteb understand this effect; anyway, as
far as this work is concerned, it is evident tivathe tested range, the best agitation rate

that allowed achieving the highest ethanol yield wee intermediate one, i.e. 200 rpm.

On the basis of the above-described results, théesaof the remaining two factors
temperature (T) and agitation rate (K) were seatuup2 and 40°C fof and 100 and 300
rpm for K (which actually are the typical ranges of operatio similar fermentation

processes).
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It should be remarked that, although these regutisided some indications about the
influence of the considered factors on the fernterigperformance, the actual effect of
any parameter cannot be quantified and charactemaghout a proper and rigorous

experimental analysis, such as the one plannegm@seénted later on in the text.

Table 3.3 shows the operating conditions charaitgyieach of the 26 experiments
resulting from the Design of Experiments and theresponding values of the RF

(calculated by Equation 3.1).

Runs f' and 28 are the replicated central point. Runs froffl ® 17" represent the

factorial portion and, eventually, runs from™i® 25" represent the axial points.

CCD data were elaborated in order to assess teetgfof the factors on the response
function (representative of the process); the tesale summarized in Table 3.4 where
the ANOVA test for the response surface quadrabdeh(Equation 3.3) is reported. The

F-value 10.07 indicates that the model is significdikewise, the 0.8355 value of the

adjusted R squared is sufficiently good. The sigeéde ratio, i.e. 9.777, which indicates
that the model could be used to investigate thegdespace. Nevertheless, the predicted
R squared value of 0.5832 is not as close to tB858. adjusted R-squared as it was

expected and this is probably due to a large bédftect.

At this point some improvement of the model carableieved by observing closer Table
3.4. Indeed, by considering the effects statidficgignificant at a 95% confidence level,
only the parameters that showed P-values lessGt@nare to be taken into account in

the model, whereas the other parameters are acturalistinguishable from the noise.
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Table 3.3. Central composite design (CCD). Factoare temperature (T), pH, agitation rate (K) and intial
lactose concentration (L). The factors levels are23 and 40°C for T, 4 and 6 for pH, 100 and 300 rprfor K, 40
and 80 gL™ for L. In the last column the obtained response Jaes are shown.

RUN Temperature 0 Agitation rate Initial |§Ct056_1 Response
[°C] [rpm] concentratiorfy L] function[-]
1 36 5 200 60 0.88
2 32 4 100 40 0.65
3 40 4 100 40 0.35
4 32 6 100 40 0.80
5 40 6 100 40 0.50
6 32 4 300 40 0.38
7 40 4 300 40 0.08
8 32 6 300 40 0.78
9 40 6 300 40 0.48
10 32 4 100 80 0.35
11 40 4 100 80 0.05
12 32 6 100 80 0.75
13 40 6 100 80 0.35
14 32 4 300 80 0.33
15 40 4 300 80 0.03
16 32 6 300 80 0.72
17 40 6 300 80 0.42
18 28 5 200 60 0.77
19 44 5 200 60 0.15
20 36 3 200 60 0.18
21 36 7 200 60 0.28
22 36 5 0 60 0.05
23 36 5 400 60 0.15
24 36 5 200 20 0.84
25 36 5 200 100 0.66
26 36 5 200 60 0.88
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Table 3.4.Analysis of variance for response functiowith all effects. ANOVA test.

Source Sum of Degrees of Mean F P
squares freedom square Value | Value
T: temperature 0.582817 1 0.582817 42.79  0.0000
pH 0.322017 1 0.322017 23.64  0.0005
K: agitation rate 0.006017 1 0.006017 0.44 0.5200
chr::gglnlt?acttlzsne 0.079350 1 0.079350 = 5.83  0.0344
T? 0.161001 1 0.161001 11.82 0.0055
T-pH 0.000625 1 0.000625 0.05 0.8343
T-K 0.000625 1 0.000625 0.05 0.8343
T-L 0.000625 1 0.000625 0.05 0.8343
pH? 0.411491 1 0.411491 30.21 0.0002
pH-K 0.021025 1 0.021025 1.54 0.2399
pH-L 0.009025 1 0.009025 0.66 0.4329
K2 0.604128 1 0.604128 44.35  0.0000
K-L 0.021025 1 0.021025 1.54 0.23¢9
L? 0.009673 1 0.009673 0.71 0.4173
Total error 0.149833 11 0.013621
Total (corr.) 2.07042 25

F-value of the model: 10.07
Adjusted R-squared value: 0.8355
Predicted R-squared value: 0.5832

The significant terms, as shown in Table3.4, ar@H, L, T°, pH and K (marked in
bold). Therefore, by eliminating the other termanirthe model (except K to support
hierarchy as requested from the methodology (Boxlgt1978)), the ANOVA test

reported in Table 3.5 was obtained.
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Table 3.5. Analysis of variance for response funan with all significant effects. ANOVA test.

Source Sum of Degrees of Mean square F P
squares freedom Value Value
T: temperature 0.582817 1 0.582817 49.38 0.00C0O
pH 0.322017 1 0.322017 27.28 0.00C1
K: agitation rate 0.006017 1 0.006017 0.51 0.4844
chr:tc':'n't"’r‘;:fne 0.079350 1 0.079350 6.72|  0.0184
T2 0.160228 1 0.160228 13.57 0.0017
pH? 0.448878 1 0.448878 38.03 0.00C0O
K? 0.676378 1 0.676378 57.30 0.00C0O
Total error 0.212457 18 0.011803
Total (corr.) 2.07042 25

F-value of the model: 22.49
Adjusted R-squared value: 0.8575
Predicted R-squared value: 0.6687

ANOVA test regarding the new model (where negligildffects were eliminated),

indicates a F-value of 22.49, which makes the maodath more significant than the

previous one (F-value: 10.07). Moreover, a betignad/noise ratio was obtained, i.e.
15.233, and the predicted R-squared value of 0.&68Yreasonable agreement with the
adjusted value of 0.8575.

The related empirical polynomial model is reporite&quation 3.4.

RF = —9.33 + 0.34T + 1.54pH + 6.85- 1073K — 2.87 - 1073L — 5.33 - 1073T?% +
—0.14pH? — 1.75 - 1075K? (3.4)

51



Figure 3.1 shows the values predicted by the meelslus the observed data evidencing
a fairly reliable correlation (R-squared equal t86) especially considering the large

ranges of the factors considered in the optimingpi@cedure.

Figure 3.1. Predicted versus actual values of thesponse function.
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Figures 3.2-3.4 show the effects of the factordhenRF. Figure 3.2a exhibits a strong
response surface dependence on both T and pH;drRleehanges its value from about
0.35, at 40 °C and pH 4, to about 0.60 at the shiaed pH 6. A similar behavior can be
observed passing from 40 to 32 °C at the same pH. dfloreover, a good system
behavior corresponding to a RF of 0.88, is obtaiae®2 °C and pH 6. Figure 3.2b
reports the response surface versus pH and K.dvigent that a pH value around 5.5
improves the fermentation process. The worst canditwere achieved at pH 4 and at

agitation rate of both 100 and 300 rpm.
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Figure 3.2. a) Response surface as a function of ghd temperature (T). b) Response surface as a fuimn of
pH and agitation rate (K). The other two factors wee set up at the intermediate values, i.e. K = 20@m and L
=40gLtin(a)and T=36°C, L =60 g [*in (b).

Figure 3.3a shows the effects of the factors pHland the RF; a relatively weak effect
of L and a stronger effect of pH can be noted. FEgli3b, showing the RF dependence
on both T and K, confirms the strong dependenc¢eaiperature, that was capable to
determine a variation of the RF from about 0.5bHow 0.75 when T was decreased from
40 °C to 32 °C, at the same stirring rate of 100.rps far as the influence of K on the
RF is concerned, a relatively weak effect is obsérgven though an intermediate value,

i.e. 200 rpm, improves the ethanol formation.
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Figure 3.3. a) Response surface as a function of @hd initial lactose concentration (L). b) Responssurface as
a function of temperature (T) and agitation rate (K). The other two factors were set up at the interndiate
values, i.e. K =200 rpm and T =36 °Cin (a) and E 40 g L%, pH = 5 in (b).

3z 100

Figure 3.4a presents the response surface versusl [T; it strengthens the conviction
that ricotta cheese whey fermentation process lwmed by relatively low T values.
Factor L has a weak effect on the RF, even thowgteibresults were achieved with the
lowest value of L, i.e. about 40 gL Figure 3.4b, presenting the response surface
performance as a function of both L and K, confitmat it should be advisable to use

intermediate K values and low L values.

54



Figure 3.4. a) Response surface as a function ofriperature (T) and initial lactose concentration (L) b)
Response surface as a function of agitation rate jkand initial lactose concentration (L). The otheitwo factors
were set up at the intermediate values, i.e. K=20pmand T =36 °Cin (a) and T = 36 °C, pH =5 irfb).

The obtained results require some further consider® RSM provides the “best” set of
operating conditions as the following: T=33 °“€Gl p 5.4, K=195rpmand L=40gL
! with a correspondent predicted value of the RB.881 (the optimization was strictly
performed in the considered range of the factos @wssible extrapolations are to be
avoided).
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Considering that ricotta cheese whey is usuallyaittarized by a pH ranging between
4.5 and 5.0, in which the model provided a R.F.aggespectively, to 0.864 and 0.958,
it is evident that pH has a notably effect on thwlf ethanol yield. Therefore, it is
strongly advisable to operate the fermentation aftgr a preliminary pH adjustment
(likely economically inconvenient) or, actuallysjuafter ricotta cheese whey production,
since this substrate tends to acidify very easslge(chapter 1). Another remarkable
information could be derived from the results regag the estimation of optimum
lactose concentration; indeed, a value of 40*gsLdefinitely close to the initial average
lactose concentration of ricotta cheese whey (48g5QY). At an initial lactose
concentration equal to 48 g*lthe model would provide a RF of 0.958, thus sutjugs
not increasing the initial lactose concentration bypy kind of pre-treatment.
Nevertheless, it is worthwhile observing that ahleigethanol concentration flowing out
the reactor would significantly reduce both sepamatand purification costs.
Considering, for instance, a maximum lactose coinagon equal to 75 gt the model
would provide a slightly lower RF, equal to abou8&) which, however, could be
economically more convenient if it resulted in awctual higher final ethanol

concentration (and a reasonable amount of lactoseected).

Furthermore, another aspect of the study performebis chapter should be remarked,
the optimum results are strongly dependent on #ngcplar response function chosen to
optimize the fermentation reaction. Indeed, theiazhof an ethanol yield based on the
initial lactose concentration may push the optimwaldue of the initial lactose

concentration (meant now as a parameter) towardsadues.

Eventually, some validation tests were performedtlo® model. In particular, the
experimental data regarding the preliminary analysiesented above were used to

compare the experimental results with the prediptatbrmance by the model.

The experimental RF can be easily calculated frioendata reported in both Tables 3.2-
3.3; the predicted RF can be, instead, calculatddEquation 3.4 substituting the values

of the factors correspondent to the run under danation.
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Such a comparison is reported in Table 3.6 for dyrad 3, 5 and 7 (run 4 was excluded
since outside the range of validity of the moded amn 6 is not reported since it being

actually identical to run 2).

Table 3.6. Application of the quadratic response nael to the runs 1, 2 (identical to 6), 3, 5 and 7 the
preliminary experimentation (tables 2 and 3).

Deviation of the

Run in the Actual RF calculated from | Predicted RF from .
preliminary analysis the experiments the model predicted value from
the actual value [%)]
1 0.90 0.92 2.22
2 0.85 0.82 3.53
3 0.66 0.59 10.60
5 0.66 0.66 0
7 0.58 0.63 8.62

The results shown in Table 3.6 validate the maa¢hé ranges of the factors considered.
Indeed, model predictions for runs 1, 2 and 5 tesutremely good with deviations
smaller than 4%. Predictions concerning runs 3 gnithstead, though still acceptable,
are worse and the reason is most likely due to fdet that such runs are in
correspondence of the extreme values of the ramg#esed, run 3 is the one performed at
T = 40°C, i.e. the upper value of temperature raagd run 7 was carried out at K = 300

rpm, i.e. the upper value of agitation rate range.

3.5Conclusions

A central composite design based on the analysi@6okexperiments, involving the

anaerobic fermentation of lactose contained inttaccheese whey was performed.

The effects of four factors, i.e. temperature, @djtation rate and initial lactose

concentration were estimated. After having evaldiditee ANOVA test on the complete
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quadratic model, all the negligible effects werenglated in order to improve the model
predictive performance. A response surface quadmatidel was obtained as a function
of the only significant effects, i.e. T, pH, L, K2, pH and K. ANOVA test showed a

22.49 F-value which made the model rather sigmficdNevertheless, an adjusted R
squared value of 0.8575, testified a good modektation performance, with a predicted

R squared value of 0.6687 in reasonable agreem#ntive adjusted value.

Afterwards, RSM was applied to optimize ricotta &b whey fermentation with respect
to the values of the main operating factors. Thenmapation provided the best set of
operating parameters, namely 33°C for temperature for pH, 195 rpm for agitation
rate and 40 g T for initial lactose concentration.

Finally, the developed model was validated by chegkhe agreement between its
predictions and the experimental results colledadng the preliminary analysis. A
much satisfactory agreement was observed with tlergof the predictions lower than
4%.

Eventually, some critics on the limitations of tini@del should be remarked. First, the
model should be used strictly in the ranges offétgors considered. On the other hand
the considered ranges were quite wide thus, tlagldmot be a serious problem. Second,
the model is an empirical one, therefore no physwwaaning at all is included in its

structure, which means that the model, althougly weseful for predictions to avoid

further experimentation, cannot give a better ints@f the fermentation process. For the
last reason, it is author’s belief that it is nezag to develop a physically meaningful
model in order to better understand the mechanibatsplay important roles behind the

observable phenomena. This is the topic of the clepter.
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Chapter IV

Knowledge-driven modeling: a Biochemically Structued Approach

Anaerobic fermentation of lactose into ethanol Ky marxianuswas studied both

experimentally and theoretically. Three differerdtdh runs at different operating
conditions were performed on samples of ricottaesbewhey. In order to model the
experimental data, the metabolic pathways throuplthvlactose is converted into the
several products involved was considered and théeimdeveloped on this metabolic
structure. The resulting biochemically structureoldid provided 1) a fairly good fitting

performance as demonstrated by the estimated pteesranalysis and 2) an excellent

insight of the fermentation reaction, since it wassed on both stoichiometric and
thermodynamic principles.
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4.1 Introduction

Ethanol fermentation processes have recently dezpliject of much attention from the
scientific community due to the intense debate emewable energy, particularly with
respect to bio-fuels production technologies (Lmal &anaka, 2006). Ethanol is obtained
by anaerobic fermentation of sugars by an appregmaicroorganism. A number of
different substrates as well as several microosyasi have been tested to achieve
ethanol fermentation. One substrate that is veigr@sting is lactose, which is the main
sugar in milk and represents an enormous undeediliwaste product from all the

different kinds of cheese whey which are producethb dairy industry.

Lactose can, under proper operating conditionsgitteer hydrolyzed and fermented or
directly fermented (Carvalho et al, 1990; Berrugale1997) giving ethanol as the main
product (Mawson, 1994; Siso, 1996; Sansonetti,étC49).

Many mathematical models have been developed dtitggnfo describe fermentation
reactions. These models were developed largelyther purpose of quantitatively
describing the experimental data, as well as tpeufermentation reactor design and
operation. Both structured (Esener et al, 1982;dtail, 2001) and unstructured models
(Nielsen and Villadsen, 1992) have been develofredhe current work, the attention

will be focused on unstructured models, for reassxpained below.

Particular attention has been paid to the kinetfdbe fermentation processes, thus many
mathematical equations have been proposed in tyakscribe the concentrations of the
different species involved (Lee and Rogers, 198%: &t al, 1983; Dourado et al, 1987,
Bailey and Ollis, 1986). For example, a rationadl @xhaustive comparison of the main
kinetic forms used to describe sugar consumptiooglyct formation, product inhibition
and biomass growth was provided by Starzak etl894) by considering sucrose as
carbon source. Furthermore, the kinetics of bagcinéntation of lactose in cheese whey
powder solutions was considered by Ozmihci and K&Q07) by using a modified
Monod expression to take into account the inhihitieffect of substrate at high

concentrations. A similar kinetic model, modifiad arder to include also the effect of
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ethanol inhibition, was used by Zafar et al. (20@86) fermentation of solutions

simulating cheese whey. A rather complete kineticleh for lactose fermentation in raw
cheese whey, published by Ghaly and El Taweel (19%9es into account substrate
limitation, substrate inhibition, ethanol inhibiticand cell death as well. A different
approach was developed by Wang and Bajpai (1999@7H); they used a cybernetic
model to represent the microbial kinetics in thenkentative production of ethanol from
cheese whey. A statistical thermodynamic approaab used by Tan et al. (1994) to
describe the microbial growth obtaining a more gahmodel including several widely

used expressions as special cases.

Most of these studies are recognizable for the afseinstructured models which,

although successfully applied to several fermengpirocesses, involve some limitations
due to the lack of structure, which results in thek of tools for describing the

fermentation reaction, mainly in dynamic conditiods great limitation is that these

models are mainly constituted by empirical equatiamich may be very useful as data
fitters but reveal next to nothing about the medras hidden behind the observed
phenomena. Nevertheless, the value of reliable @edictive models in biochemical

engineering is becoming vital as “white biotechmgylb becomes more mainstream
(Villadsen, 2007); therefore, further efforts aeguired to provide models capable of
providing a better understanding of the mechanisha regulate the fermentation
process. To this end, an interesting approach tdeinie fermentation reactions, often
referred to as a “biochemically” or “metabolicaliyructured approach”, was introduced
as early as the 1980s by Roels and co-workers (19883). Simply (an exhaustive

explanation will be given later on) it is basedtba consideration of the main reactions
taking place in a working microorganism, namely lzol&, catabolic, polymerization

and maintenance reactions. Several examples of @ahoach are present in the
literature.

Krzystek and Ledakowicz (1997) set up a biocheryicstructured model by adapting

the metabolic pathways provided by Oura (1972w of sucrose as carbon source, and
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compared the experimental yields with the onesipted by the model obtaining a good

agreement with a 0.986 correlation coefficient.

A stoichiometric analysis df. fragilis growth on lactose, under aerobic conditions, was
performed by the same authors (Krzystek and Ledaiz\2000) by applying the same
principles and the calculated true biomass yieldffc@ents were correlated with the

values resulting from the balance analysis of kioimetric equations.

A kinetic modeling of Poly-(b-hydroxybutyrate (PHB)roduction was carried out by
van Leeuwen et al. (1997) who determined the mamimgield of biomass on PHB and
biomass on substrate by adopting the same apprdécially, another example
performed to show a practical application of suctbiaenergetics principles, was
provided by Heijnen et al. to model the penicifienmentation (1979).

With this background in mind, in the present chgpaebiochemically structured model
was built to describe the conversion of lactos® iethanol byK. marxianusunder
anaerobic conditions. In particular, the aim of therk was to develop and evaluate a
model capable to provide physically meaningful giektimates as well as a sound basis

for a better understanding of the fermentation @ssc

4.2 Theoretical background and modelling

4.2.1 Metabolic pathways

Ethanol fermentation is a typical example in whitle carbon source consumption
cannot be divided into two different processes, eélgnbiomass growth and ethanol
formation. Ethanol is a by-product of the microbmktabolism and is thus directly
associated to biomass growth. Therefore, a natilraice would be the adoption of a
black box model in which all the processes involaeel lumped into one single reaction

(Nielsen et al, 2003).0n the other hand, with saictapproach, the species yields would
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be constants (thus, without taking into account aasgation in the yields due to the
maintenance) and their values based on the matslahces only leading to a large
limitation on the descriptive potential of the mbdastead, the biochemically structured
approach is based on the main metabolic pathwajchvee involved in the carbon flux
from the substrate to the products. Basically, éhpscesses can be divided into: 1)
anabolic reactions in which the formation of biospsecursors is achieved, usually with
the consumption of a certain amount of energy (A&aRJ the production of reducing
equivalents (indicated as NADH in the text). 2) dbatic reactions in which ATP is
produced at the expense of a certain amount oftrsties3) Polymerization of biomass
precursors into active biomass with an extra comgiom of ATP and 4) maintenance-
associated ATP consumption. In order to identifg garticular reactions involved in
lactose fermentation, it is necessary to considernhetabolic structure involved in the
fermentation reaction. Lactose is mainly converietb biomass, ethanol, glycerol,
carbon dioxide and acetaldehyde. The metabolictstrel is depicted in Figure4.1. It
must be noted that batch experiments, reported tatehave shown that the excreted
acetaldehyde is present in negligible amountsgetbes it will not be considered in the
model development. Furthermore, compounds in taaceunts such as pyruvate, acetate

and succinate will be neglected in the model as wel
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Figure 4.1. Metabolic structure considered in the radel for anaerobic bioconversion of lactose bi. marxianus.
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There are two other processes that play key raolethe fermentation reactions that
should be considered in the model, i.e. polymaomaiof biomass precursors and
biomass maintenance. If lactose is the only carkBoaorce in the substrate, the

stoichiometry of each metabolic pathway is givei @ble 4.1.
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Table 4.1. Metabolic reactions involved in the modédor anaerobic lactose fermentation byK. marxianus. Each
reaction is written per unit of C-mol as indicatedby Roels (1980). The rates of reaction, @re expressed in [(C-
mol)*(L*h) 7.

Process Stoichiometry
ax
. Formatlon Of b|0mass* (1 + 6X)CH11/6011/12 + 0.2NH3 + SATP il CH1_800_5N0_2 + 6XC02
5—-138
precursors +2(3, — 0.05)NADH + (TX) H,0
Il. Ethanol formation 1.5CHy4 /604112 + 0.125H,0 % CH;0q5 + 0.5C0, + 0.5ATP
. 1 1 1 dg
Il. Glycerol formation CHy1/6011/12 + ' H,0 + §ATP + §NADH - CH%O
IV. ATP consumption for ax 1
polymerization of biomass* CH16005No + K- ATP =5 (CH15005No2)n
V. ATP consumption for raTP |
maintenance ATP — maintenancepuposes

*Biomass composition is assumed totif g0y 5Ny, (Roels, 1983).

ATP consumption for both polymerization and maiaigce results in a net ATP
consumption rateR,rp [(Mol ATP)*(L*h) '], which can be written as the sum of two
terms, one growth-associated (1V), proportionagtpand one due to the maintenance
(V); this last process is assumed to be linear uhin biomass concentratich[(C-
mol)*L™] (Stouthamer and Bettenhaussen, 1973) as repamtdequation 4.1 where
m[(mol ATP)*(C-mol biomass*hf]represents the maintenance coefficient for biomass
and K [(mol ATP)*(C-mol biomass)] is the metabolic coefficient for biomass

polymerization.

Rarp = —Kq, —mX (4.1)

Process | contains two metabolic coefficiefts[(C-mol substrate)*(C-mol biomas¥)

that represents the amount of carbon lost as cadimxide and [(mol ATP)*(C-mol
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biomass)] which is the amount of ATP consumed in the anatformation of biomass

precursors that, in general, depends on the cuttumditions.

4.2.2 Model development

By assuming pseudo steady-state conditions for &$sm(metabolic intermediates at
pseudo steady-state), the conservation balance&\Tdh reducing equivalents and

biomass can be set up, as reported in Equationd 8.2nd 4.4.

’ 1
—8qy + 0.5q¢ — gqg —Rarp =0 (4.2)
(28, — 0.1)qk — 35 = 0 (4.3)
dx' —qx =0 (4.4)

The ranges of the values of the metabolic coefiisi&, andé are:5, [0.08, 0.14] (C-

mol lactose)*(C-mol biomass)(Nielsen et al, 2003); it is often the valiie= 0.095 (C-

mol lactose)*(C-mol biomass)(Roels, 1983). The amount of ATP consumed for the
formation of biomass precursois, is more difficult to be specified; a value eqtal
0.051 (mol ATP)*(C-mol biomass)can be assumed as reported in other cases (Roels,
1980; 1983).

The metabolic coefficient for biomass polymerizafi&, can be taken in the range 1.5 —
2.5 (mol ATP)*(C-mol biomas3) particularly, a value equal to 2 (mol ATP)*(C-mol
biomass) was experimentally found by Roels (1983), a vakeal to 1.5 (mol
ATP)*(C-mol biomass} was determined by Verduyn et al. (1991) and, fina value
equal to 1.75 (mol ATP)*(C-mol biomasswas used by Krzystek and Ledakowicz

(2000). Eventually, an empirical value of 2.42 (mdIP)*(C-mol biomass} was used
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for the total ATP consumption for biomass formatiQorecursor formation plus
polymerization) for anaerobic fermentation®f cerevisia€Nielsen et al, 2003) and, in
the same text, better results were obtained wititad value equal to 1.8 (mol ATP)*(C-
mol biomass}. By performing a substrate balance and solvingsifstem constituted by
Equations2, 3 and 4, the expressions for subst@isumption, ethanol and glycerol
formation can be obtained as in Equations 4.5aA4db4.7.

qg = 0.270q, (4.5)
qe = 4.282q, + 2mX (4.6)
(—qs) = 7.790q, + 3mX 4.7)

In these equations, the rates of consumption/ptexiuof the compounds are obtained as
functions of the biomass growth rate and the maamee coefficient (an exhaustive
discussion on the meaning of these terms will berglater on). In order to complete the
model, a kinetic form for biomass growth needs ¢odefined. To this end, a modified

version of the expanded Monod expression is usqdgtion 4.8).

1 UmCs  Ke

x = X (4.8)

T 1t+etd t Co+Kg CotK,

The equation is constituted by three terms, thet fione is a delay function
(Vanrolleghem et al, 2004; Sin et al, 2008) neagssaorder to take into account the
presence of the lag-phase of the microorganism;steond term is the well known

Monod expression for the specific growth ratend the last term is a function which
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takes into consideration a possible ethanol inleibieffect. The meaning and units of all
the symbols are reportedsection 2.3

4.2.3 Model parameters

The model's parameters are constituted by the ikingarameters introduced with
Equation8, i.eu,,, K, K., t; and the metabolic parametarintroduced in Equation
4.1.

The termt, [h] is the delay time to be considered so aske tato account the lag phase
of the microorganism. The value @f was chosen by means of experimental
observations, and it does not need to be estimafhd. parametep,, [h?] is the
maximum specific growth rate. The paraméter [C-mol*L™] is the limiting substrate
concentration, assumed to be the concentratiorhathwthe specific growth rate is half
its maximum value. The parametér [C-mol*L™] is the inhibiting ethanol concentration
andm [(mol ATP)*(C-mol biomass*hJ] is the specific maintenance requirements for
ATP.

4 .3Materials and Methods

4.3.1 Yeast strain and inoculum preparation

Lactose fermentations were performed with yeH#&iyveromyces marxianus var.
marxianus CBS 390btained from th€entraalbureau voor Schimmercultures (Utrecht,
the Netherlands)It was maintained in a sterile generic yeast omadihaving the
following composition: agar, 10 g L(Fluka, Italy) lactose, 20 g t (Fluka, Italy),
peptone (from casein), 10 g'l(code 82303,Fluka, ItaJy and yeast extract, 5 g*{code
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70161,Fluka, Italy. The yeast inoculum was spread on the surfadheofagar plates,
incubated at 20 °C for 48 h and stored at 4 °C.

The inoculum was prepared by introducing a singkorty into 100 mL of sterile
medium in a 300 mL Erlenmeyer flask. The inoculuedimm contained lactose, 50 g L
! peptone, 10 gtand yeast extract, 5 g'L The flasks were incubated irGRANT OLS
200thermostated bath for 12 h at 37 °C with an oflsitaking velocity of 150 rpm.

4.3.2 Fermentations in a controlled bio-reactor

A controlled batch bioreactor, consisting of a L.5autoclavable plexiglass cylinder
(Applikon, Holland, was used. The main operating parameters (pHcd@centration,
temperature, agitation and foam level) were moaddry a set of sensors and controlled
by means of aADI 1030shelf — topcontroller. pH was continuously adjusted by adding
2N NaOH and no relavant foam was formed so thetiaddof antifoam was not needed.
The agitation was provided by an impeller connedted stirrer speed controlledDI
1032 The fermenter and all probes and connections veteelized (without the

fermentation medium) before use.

The fermentation medium consisted of non-sterilisedtta cheese whey only and was
kindly provided byAgroalimentare Asso.La.(ltaly). It consisted of (% w/v): proteins
(0.15 - 0.22), lactose (4.8 — 5.0), salts (1.03}, -arganic acids (0.20 — 0.25). The whey
was not sterilized prior to fermentation and thiaswpossible since it contained a very
low microorganism concentration due to the thertr@htment involved in the ricotta

cheese production process (Sansonetti et al, 2009).

Three different types of fermentation (in dupliateere carried out at different operating

conditions as reported in Table 4.2.
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Table 4.2. Operating conditions for the fermentatios conducted. Instrumentation and procedures werehie
same in all cases.

RUN TemEerature Agitation rate pH Initial chtose )
[°C] [rpm] concentration [g L]
1 34 200 5 46.6
2 37 200 5 47.7
3 33 195 54 44.0

These conditions were chosen for developing theeinoalsed on previous work in which
the optimal conditions for ethanol yield were sagli{Sansonetti et al., 2010). All the
fermentations were performed under self anaerobmditions and were started by
adding 100 mL of inoculum to 1 L of whey in the rfeanter. Each experiment was
replicated twice and the maximum deviation of eea@irespondent value from the mean
value did not exceed 5 %.

4.3.3 Analytical methods

Samples for determination of lactose and ethanoéwemediately centrifuged at 5000
rpm (7000 g), then filtered through a 0.5 pL filkerd analyzed by HPLC. Bupelcogel
(USA 50x4.6 mm pre-columrupelcogelC-610 300x7.8 mm column and a refractive
index detectorJasco RI 93pwere used. A 0.1% v/v phosphoric acid solutiors waed

isocratically as mobile phase at a flow rate off@l5min™.

Samples for biomass determination (100 puL) were echiately diluted in 25 mL of 2%
sodium citrate solution, to avoid undesirable osmeffects on the cells. A BactoScan
FC (Foss Integrator, Denmajkwas then employed, which determines the number of
cells per unit volume of solution. The amount ajrbass, on a mass basis, was obtained

multiplying the cell concentration by 303 ng &e(Ghaly ad El Taweel, 1994).
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4.3.4 Parameter estimation, confidence intervald ancertainty

The model has been implemented in Matldhg Mathworks, Natick, MA, U$AThe
system of ordinary differential equations was sdN® means of the Runge-Kutta-
Feldberg algorithm (ode45).

A non linear least squares method was used fop#nameter estimation by using as
objective function the sum of squared errors betwd® measurements and their
corresponding model predictions (Seber and Wil&9).9

2
meas - '0
J(0) = The, B, (Hemens O 0) (4.9

Okt

J(0) is the sum of squared errofd,stands for the total number of variables measured,
e.g. lactose, biomass, ethanol etd.,is the total number of measurements of each
variable,y, meqs(t) refers to measured values of the variables attimg(t, 8) refers to
predicted values of the variables at titngith a given set of parameter valugsfinally,

oy ¢ refers to the standard deviation of the measuresreors at time for the variablek.

The standard deviation considered in the algoritvam set up at the value corresponding
to the maximal deviation of the measurements frbeaverage value obtained during
the experiments at each time instant, which waslegus%. The objective function (4.9)
was minimized by using the trust-region based mealr minimization algorithm in

Matlab fminsearchfunction).

The confidence intervals of the estimated pararsetgre determined by means of a
linear approximation of the covariance matrix ofgmaeter estimator€0V (6)(Omlin
and Reichert, 1999), as reported in Equation 4vlldere P is the total number of
estimated parameters and the other symbols asededarlier.
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_ J® (oyi\T
cov(e) = NM-P ( a0 )

(%) (4.10)

The confidence interval of the estimated paramete(s«) confidence level is given by:

0, ,=0+ \/diag(COV(B)) t(N-m9) (4.11)

where (N - M, %) Is the t-distribution value corresponding to tli2 percentile with N

— M degrees of freedom.

The linear correlation between two parametgys,is given by:

_ COV(BL-,BI-)

g , 2 52
99,9

R (4.12)

The confidence interval of the predictions is chlted using the covariance matrix of
estimated parameters. First, the covariance mafrpredictions is approximated using

linear error propagation (Omlin and Reichert, 19@97¥ollows:
T
cov(y,) = (=) cov(e) (2) (4.13)
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Then, the confidence interval of the prediction§lat) confidence level is given by:

Yit-a =Yt \/diag(COV(yk)) t(N-m9) (4.14)

The above mentioned methods for the calculatiopaodmeter estimation errors and the

correlation matrix were implementedMuatlab as m-file scripts.
4.4 Results and discussion

4.4.1 Experimental data

The anaerobic fermentations, represented by ru@sahd 3 (Table 4.2), provided three
sets of experimental data in terms of lactose, nethabiomass and glycerol
concentrations versus time. The experimental resuét represented by the data points in
Figure 4.2 and summarised in Table 4.3.
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Figure 4.2. Lactose, ethanol, biomass and glycerobncentrations versus time for Runs 1, 2 and 3 ahé
operating conditions reported in table2. The resuk showed are averaged values of two replicates wiegthe
deviation from the mean value was always less thd¥%o.

Run 1

O Lactose < Ethanol 4% Biomass & Glycerol

Concentrations [C-mol/L]

Concentrations [C-mol/L]

Run 3

Concentrations [C-mol/L]
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For fermentation 1 (3€) a lag phase of 1.9 h was followed by complettoke
consumption within 14 h leading to the formationapproximately 6.6 g L biomass,
22.5 g L* ethanol and 2.4 g'tglycerol. The trends were the same for all fermatons,
with lag phase of similar length but fermentationet being longer at 38 and shorter at
37°C. Interestingly, the ethanol yield, as a percemtafythe theoretical, was highest
(95%) in run 3. Ethanol yield, expressed for inseaas gram of ethanol formed per gram
of lactose consumed, is extremely important for #waluation of the fermentation
performance. This was calculated based on bioclameaction 1l (Table4.1)which
gives a theoretical yield of 0.538 g ethanol fornped g lactose. The best performance
(i.e. highest percentage yield) was obtained inZwwhich is consistent with the optimal
set of operating conditions predicted by the ernpirmodel developed in our previous
work (Sansonetti et al, 2010).

Table 4.3. Summary of experimental results correspuling to Figure 4.2.

. Initial lactose | Ethanol Complete lactose
Ethanol Glycerol Biomass ; . L
Run* gL LY gL concentration yield consumption time
[gL"] [%] [h]
1 22.48 2.36 6.61 46.58 90 14
2 21.75 2.01 6.55 47.63 85 11
3 22.68 1.28 4.41 43.99 95 15

*See Table 2 for a summary of fermentation condgio

The best performance, obtained in run 3 (ethareltly85%), is most likely due to the
slightly higher pH (5.4) and lower temperature°@Bwhich is evidently less suitable for
biomass formationp(nax = 0.167 At compared to 0.3"hunder the other conditions (see
Table4.4).The final biomass concentration and bssmgield (0.10 g biomass)*(g
lactose)* were the lowest with respect to the other two ramé the consequence is that

more lactose is available for ethanol formationtedestingly, the final glycerol
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concentration and glycerol yield (0.029 g glycef(@)lactose) obtained in run 3, is
about half of that in runs 1 and 2. Furthermore, ghycerol yield on biomass (0.29 g
glycerol)*(g biomass) is similar to that at T (0.31 g*g") and lower than at 3¢
(0.36 g*g"), suggesting that more lactose was indeed divexedthanol under the
optimal conditions. A possible explanation can beviged by observing the proposed
model. For the pathway leading to biomass precsrdescribed in biochemical reaction
| (Table4.1), it can be seen that this reactionolves, the formation of reducing
equivalents (NADH was chosen in this work to repr¢sany reducing equivalents form)
which are consumed in reaction Ill, namely the d¢e&ding to glycerol formation
(Verduyn et al, 1990a; 1990b). Therefore, the lowsrount of biomass implies the

formation of a less NADH, and thus, a lower amaafrglycerol is produced.

4.4.2 Model Identification

The parameter estimation procedure (seetion 4.3.% provided the values reported in
Table4.4. The value fof was obtained from inspecting a semi log plot & tfata in
Figure4.2 and was 1.9 h for both runsl and 2, &ddrah for run3.

Table 4.4. Estimated values of the parameters anti¢ corresponding confidence intervals of the estines. In
the last column the standard deviation of the parareters in the three runs is reported with respect téthe mean
value obtained in the three runs.

Standard
Parameter Units Value (Run 1) Value (Run 2) VaRer( 3) deviation
[%]

U ht 0.300 £ 0.018 0.300 + 0.024 0.167 £ 0.019 7.7
K (C-mol)*L™* 0.066 + 0.036 0.059 + 0.025 0.029 + 0.004 3.0
K, (C-mol)*L™ 0.382 £0.072 0.668 £ 0.009 0.701 +0.27 17.5

(mol
m ATP)*(C-mol 0.022 £ 0.0078 0.036 +0.019 0.088 = 0.02 3.5
biomass*h)
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In general, the results in Table 4.4 indicate valt@at are consistent with the literature.
Values ofpma have been reported to vary between 0.29Barba et al., 2001) and 0.55
h™* (Longhi et al., 2004) foK. marxianusgrowth on cheese whey (Zafar, 2005), the
value of Ksis usually reported to be very low for yeast (Bl et al, 2003) and a mean
value ofm of ca 0.05 (mol ATP)*(C-mol biomass*fisconsistent with the literature
(Flickinger and Drew, 1999; Roels and Kossen, 197Biterestingly there is
approximately a two-fold difference in the maximuspecific growth rate, the
maintenance coefficient and the limiting lactos¢éalp concentration in run 3 compared
to run 1 and run 2. The inhibiting ethanol concatidn in run 3 is similar to that of run 2
but twice as high as at runl. Differences in grovetie are to be expected and thus under
less favorable growth conditions (e.g. low tempeet it may also be expected that
maintenance would be higher, and ethanol inhibitrmre severe. Nevertheless when the
standard deviations between the three fermentayijoes are determined, they are low
except for the ethanol inhibition parameter €K17.5%), which, most likely is affected
by a strong correlation with one or more parameféng correlation matrixes for each
run performed are reported in Table 4.5 and useaksess the effect of the numerical
strategy, followed for the model identification, the reliability of the model parameters.
In other words, an evaluation about which pararsesee dependant on each other, and
which parameters vary independently and can thugskd as unique values for model

development was performed and the results repart€dble 4.5.

Table 4.5. Correlation matrixes for runs 1, 2 and 3since the correlation matrix is symmetrical, theupper
triangular matrix only is reported).

Run 1 Run 2 Run 3
0 Hm Kss Ke m Hm Kss Ke m Hm Kss Ke m
Um |1 -0.569 -0.908 -0.415 10.921 | 0.085 -0.492 1-0.145 | -0.825 -0.524

K 1 0.837 0.251 1 0.164 -0.191 1 0.606 -0.254
K, 1 0.257 1 0.170 1 0.067
m 1 1 1
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A high correlation coefficient (which usually meavaslues higher than 0.60) between
two parameters means the values of these parana&ersmot suitable for use as unique
values in modeling (since the parameter valuefitselffected by the value of the
correlated parameter). Inspection of Table 4.5 shquite fair values of the correlation
coefficients, mainly for runs 2 and 3. By lookinigtlae matrix concerning run 1, it can be
observed a strong correlation betwegep and K, (-0.908), and betweeK,; andK,
(0.837). Such correlations indicate that the valokshe involved parameters are not
reliable. Rather, by looking at the other two ctatien matrixes, better values of the
correlation coefficients were achieved. About ryritiere is correlation betwegn and
K, (0.921), while, as far as run 3 is concerned, réaice correlation persists between
Keandy,,. (0.825) About the maintenance parameterthe values of the correlation
coefficients are acceptable in all runs suggedtiagjthe estimated values are unique and
can be relied on.

It can be concluded that the values of the kineiametey, is always correlated with
some other parameter, i.e. wKhin runs 1 and 3 and witKgs in run 2. With regard to
K,s, the correlation matrixes indicate the value obtaimerun 3 is the most reliable;
Same considerations can be madekfgroncluding that the values obtained in run 2 is

more reliable because less correlated.

4.4.3 Evaluation of model descriptive performance

Although the model has already been demonstratedgite a good qualitative
interpretation of the experimental data (seetion 4.1 a deeper analysis of the model
performance is needed and reported as follows. ddwinuous lines in Figure 4.2
represent the model simulations, while the dotitees| are the confidence intervals of the
predictions. Qualitatively, the model fits the datell for all the runs. However, in run2
the final ethanol concentration predicted by thedetois slightly higher than the

experimental one after 10 h, when all of the laethas been consumed. From the point
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of view of process performance, it is interestingzompare the fitted process yields(i.e.
Ysx Yse and Ygq for yields of biomass, ethanol and glycerol ootdae, respectively)
with those determined experimentally (Table4.6).Vledds provided by the model are
calculated as given in Equation 4.15.The rafgsand g; [(C-mol i,j)*(L*h) 1 are

determined from Equations 4.5, 4.6 and 4.7.

Y,;(BSM) = % (4.15)

Table 4.6. Comparison of experimentally determined yields Y (EXP) with the values provided by the model Y
(BSM). The percentage deviation of the model’s yigs from the experimental values is reported (calcaked as
Ysi = (Y§(EXP)-Y (BSM))/Y 4(EXP)).

Run Yo (EXP) | Y& (BSM) | Yo (EXP) | Y& (BSM) | Yo (EXP) | Yo (BSM)

1 0.164 0.155 0.598 0.592 0.047 0.045
2 0.148 0.148 0.565 0.599 0.039 0.041
3 0.116 0.119 0.636 0,639 0,027 0,030
Deviation of the fitted values from the experimémntald values [%)]
Run Yy Yse Ysc

5.65 1.08 5.32

0.21 6.10 5.35

2.75 0.50 12.47

*Yields are measured in (C-mik(C-mol j)*

The results in Table 4.6 show very good agreemetwden the model fittings and the
experimental results, with all the differences I#san 6.1%, except for gy in run 3

(12.47%). Nevertheless, this is still acceptablegithe very low absolute values ofyY

The model developed so far, although still an wwestred one, possesses some
important characteristics which give it “structureThe model is based on the
stoichiometry of the main metabolic pathways thtowghich the carbon is converted
from lactose to the different products, which akkoimportant qualitative conclusions to

be made. The metabolic structure confirms, foraneg, why glycerol cannot be
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neglected in modelling the anaerobic fermentatiorthis microorganism. Glycerol is
produced in reaction(lll) in order to consume theducing equivalents (NADH)
produced in process (I) so as to maintain the loaldihable4.1) In the model developed,
the rates of consumption or formation of the dé#fdrintermediates and products have
been calculated by applying simple but fundamebiad¢nergetics principles (ATP and
reducing equivalents balances). Such a model atlofvguations 4.6 and 4.7 to be
developed and that are meaningful unlike any eqoaticoming from mere kinetic
considerations. Equation 4.6 and 4.7, can be writtea general form (Equation 4.16 and
4.17) which is equivalent to the well-known lingamoduct formation and linear substrate

consumption equations involving the true yield fio&nt (e.g.Y;j*¢) and maintenance

empirically introduced by Herbert and later on ft EL965).

1
Qe = qu +m.X (4.16)

1
—qs = 37 4x T X (4.17)

By comparing these expressions with the ones aiddirom the model (Equation 6 and
7), Equations 4.18 and 4.19 result.

2 =428 and m,=2m (4.18)

t
Ye X

2 =7790 and m=3m (4.19)

¢
YS X
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In other words, the “true” yields, namely the tyueld of ethanol on biomasyé—,, and the

true yield of lactose on biomasé;, are fixed by metabolic constraints which are

basically imposed by the thermodynamics of the tmogss. The same holds for the
maintenance coefficients. This is likely the mostportant benefit of the approach

developed in the current work, i.e. the result gystem of equations where macroscopic
quantities (rates of formation or consumption) aakated to microscopic (mechanistic)

quantities fixed by thermodynamics (ATP and redgaquivalent balances). In order to

demonstrate this concept further, it is usefuldpart the general solution of the system
constituted by Equations 4.2, 4.3 and 4.4 coupléd & substrate balance and this is
given in Equations 4.20, 4.21 and 4.22.

qg = 6(8x — 0.05)q, (4.20)
qe = 2[(K + 6 + 26, + 0.1)q,, + mX] (4.21)
—qs = [(3K + 36 + 136, + 0.4)q, + 3mX] (4.22)

The values of the true yields reported in Equatiids8 and 4.19 were actually calculated
from expressions 4.21 and 4.22 by fixing the valokshe metabolic coefficients (see
section 4.2.2 Now, in this form, the equations clearly show tklationship between the
observable yields (macroscopic) and the true yiglisictions of the metabolic

coefficients). Thus, the following equations canNyéten:

iqx = Y:_fqu +m,X =2(K+ 8+ 26, +0.1)q, + 2m)X (4.23)
1

o = éqx +mX = (3K + 36 + 1368, + 0.4)q, + (3m)X (4.24)
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Here the yields on the left hand side are the olbde yields (which can be calculated
from the experiments). As a natural consequenceh snodel yields automatically

consider the constraints imposed by thermodynarsinse bioenergetics principles have
been used to derive them. This aspect gives theehad important physical meaning

which is needed for a more rational approach tproicess development and scale-up.

4.5 Conclusions

A biochemically structured model has been develogbitth describes the anaerobic
lactose fermentation process Ky marxianus The structure of the model gives a very
useful qualitative interpretation of experimentspyiding a deep insight into the
phenomena behind the fermentation process. Furtretmthe model also fits
experimental batch fermentation data well and gieesgood prediction of the
experimentally derived yield coefficients. The mbebased on metabolic constraints
and provides values for the yields that satisfyhbwmiaterial and bioenergetic balances,
thus such values do not violate the thermodynamicthe system. The model should
now be further validated in new studies with diéfer batches of cheese whey and at
different volumes which are closer to industriahlec Eventually, it must be considered
that the model has been obtained under the assumgitipseudo-steady state conditions
for biomass; this is a strong hypothesis for dymaprocesses like a batch, indeed, it
would be very interesting to assess the perforngrafethe model if applied to
continuous-mode lactose fermentation such as inmobktat configuration where the
steady state conditions are trivially respecteds & what has been done in the next

chapter.
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Chapter V

Continuous lactose fermentation for ethanol produabn by K. marxianus:

Development of a metabolically structured model

Anaerobic chemostat fermentations of lactose tcareih by K. marxianus were
performed in defined medium and the data used hegewtith a new biochemically
structured model to determine maintenance andyield coefficients. Steady states at
four dilution rates were achieved, namely 0.0500@.15, 0.20, however at 0.25'h
synchronous growth was seen. Remarkably high ethgietds on substrate were
observed, namely 0.653, 0.648, 0.633 and 0.623 ¢Cethanol)*(C-mol lactosé) at
dilution rates of 0.05, 0.10, 0.15 and 0.2f tespectively, which were between 98 and
93% of the theoretical yield (0.666 (C-mol ethat@)mol lactose)). A biochemically
structured model was set up and the experimental campared with it's predictions.
There was very close agreement between the model data, which permitted
determination of the metabolic coefficients of theain pathways involved in the
metabolic structure. Experimental data, coupledhwhe model, were used to determine
the maintenance coefficients, i.es m0.546 and g¥ 0.388 (C-mol i)*(C-mol x*h},
and the true yields of %% = 0.103, ¥"%¢ = 0.172 and ¥, = 2.01 (C-mol)*(C-moly..
The findings here can be used for designing bioeth@rocesses from waste whey
feedstreams.
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5.1 Introduction

Lactose conversion into ethanol can be achievealigtr anaerobic fermentation carried
out by a suitable microorganism (Mawson, 1994; Bgaret al, 1997). This process has
been considered for a long time (Whittier, 1944géka et al, 1947) as an alternative to
dispose of (and valorize) the main waste from thieydindustry, namely cheese whey,
which contains ca.5% (by weight) lactose. Severaldies concerning lactose
fermentation have been performed (Mawson, 1994;yGirad ElI Taweel, 1994; Zafar
and Owais, 2005; Ozmihci and Kargi, 2007a; Sansioeetal, 2009, Sansonetti et al,
2010). Most of the studies presented in the litesinvolve batch processes (Gawel and
Kosikowski, 1978; Jenssens et al, 1984; Grubb amavéddn, 1993, Korkoutas et al,
2002; Longhi et al, 2004; Silveira et al, 2005) vBieheless, the possibility to operate in
continuous mode has been considered by severabrautlising different reactor
configurations (Linko et al, 1981; Cheryan and Mahd983; Kleine et al, 1995;
Ozmihci and Kargi, 2007b, 2008).

Modelling of the fermentation process has beenidensd in several studies. They deal
mainly with kinetic studies of the reactions invedv(Lee and Rogers, 1983; Lee et al,
1983; Dourado et al, 1987). A collection of the mosed kinetic equations for such
fermentation processes was reported in a comparstidy by Starzak et al. (1994). The
main criticism of these models is the empiricalunatof the equations involved. Indeed,
no physical meaning can be attributed to the mamyjg constituting the model, and such
a limitation results in poor descriptive and prége performance. An interesting
approach, that can be adopted to model the fert@mtprocess, is the so called
“biochemically structured approach” which was inlwced for the first time by Roels
and co-workers (1980; 1983). It is based on thesicemation of the main metabolic
pathways in the working microorganism, namely atiapoatabolic, polymerization and
maintenance reactions; its particular advantagdk bei illustrated later on. Several
examples of this approach are found in the liteeatvhere the same principles have been
applied to different processes (Krzystek and Ledagn, 1997, 2000; van Leeuwen et al,
1997; Heijnen et al, 1979). Although this approaels given fair results yielding deep

84



insights of the processes to which it has beeniegpit has never been used for
anaerobic fermentation of lactose. Furthermore,emivthere are few industrial
applications of the lactose-to-ethanol process f@llbatch configuration), namely
Carbery Group(lreland),Anchor Ethanol(New Zealand) an@&olden Chees@USA) it

can be concluded that there is considerable scopdufther efforts towards proper

modeling aimed at a better characterization anonigdtion of the process.

In the present work, chemostat fermentations ofokec to ethanol by the yeakt
marxianushave been studied at different dilution ratesanayate a set of data which can

be used to build a biochemically structured model.

5.2 Theoretical background and Modelling

5.2.1 Theoretical background

The biochemically structured approach of this waskbased on the main metabolic
pathways involved in the carbon flux from the sudust to the products. Basically, these
processes can be divided into: 1) anabolic reagtionwhich the formation of biomass
precursors is achieved, usually with the consumptd a certain amount of energy
(ATP) and the production of reducing equivalentsligated as NADH but representing
all the forms of reducing equivalents). 2) Cataboéiactions, in which ATP is produced
at the expense of a certain amount of substratBoB)merization of biomass precursors
into active biomass with an extra consumption ofPAdnd 4) maintenance-associated
ATP consumption. In order to identify the particul@eactions involved in lactose
fermentation, it is necessary to consider the nwdalstructure involved. Lactose is
mainly converted into biomass, ethanol, glyceratbon dioxide and acetaldehyde. The
main metabolic pathways are depicted in FigureBekides it should be remarked that
the excreted acetaldehyde is always present ingitdgl amounts (Nielsen et al, 2003)

therefore it will not be considered in the modefelepment.
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Figure 5.1. Metabolic pathways considered in the nuel for the anaerobic bioconversion of lactose bi.
marxianus.

Lactose

v

Glucose + Galactose

l

1, 6 Fructose diphosphate

/\ Cell

Acetaldehyde Biomass

(internal) precursors

Acetaldehyde
Biomass

Ethanol v
slycerol

Two other processes that play important roles enférmentation reactions should also
be considered in the model, namely polymerizatibbiomass precursors and biomass

maintenance. With lactose as the only carbon sotlteestoichiometry of each metabolic
pathway is given in Table 5.1.
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Table 5.1. Metabolic reactions involved in the modédor anaerobic lactose fermentation byK. marxianus. Each
reaction is written per unit of C-mol as recommendd by Roels (1980). The rates of reactiony, are expressed in
[(C-mol i)*(L*h)-1].

Process Stoichiometry
<
. Forma“on Of b|oma§s (1 + SX)CH11/6011/12 + O.ZNH3 + SATP _)X CH1_800_5N0_2 + SXCOZ
5-13%
precursors +2(3, — 0.05)NADH + (T) H,0
II. Ethanol formation 1.5CH;4/6041/12 + 0.125H,0 5 CH;0¢5 + 0.5C0, + 0.5ATP
. 1 1 1 ag
1. Glycerol formation CH11/6011/12 + EHZO + §ATP + §NADH — CHs, 0

IV. ATP consumption for

qx 1
polymerization of biomass CH,§005No, + K- ATP = n (CH15005No2)n

V. ATP consumption for raTP
maintenance ATP — maintenancepuposes

*K.marxianushiomass is assumed tod¥¢, g0, 5Ny, (Roels, 1983).

ATP consumption for both polymerization and maiatece results in a net ATP
consumption rateR,rp [(mol ATP)*(L*h) ], which can be written as the sum of two
terms, one growth-associated (IV), proportionagtpand one due to the maintenance
(V). ATP consumption for maintenance is assumebletalirectly related to the biomass
concentrationX [(C-mol)*L™] (Stouthamer and Bettenhaussen, 1973) as shown in
Equation 5.1 wheren[(mol ATP)*(C-mol biomass*hf]represents the maintenance
coefficient for biomass an& [(mol ATP)*(C-mol biomassj] is the metabolic

coefficient for biomass polymerization.
Rarp = —Kq, —mX (5.1)

Process | contains two metabolic coefficiests[(C-mol lactose)*(C-mol biomasg)

that represents the amount of carbon lost as cadmmade andS [(mol ATP)*(C-mol
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biomass)] which is the amount of ATP consumed in the anatformation of biomass

precursors. In general this term depends on thareutonditions.

5.2.2 Model development

At steady-state conditions in a chemostat the cwaien balances (referring to the
stoichiometric scheme reported in Table 5.1) folPATeducing equivalents and biomass

can be written as follows(Equations 5.2, 5.3 adq.5.

, 1
—8qy + 0.5q, — 39 — Ratp =0 (5.2)
(28, — 0.1)qk — 375 = 0 (5.3)
dx' —qx =0 (5.4)

The ranges of the values of the metabolic coefiisi&, andé are:5, [0.08, 0.14] (C-
mol lactose)*(C-mol biomass)(Nielsen et al, 2003); it is often the valiie= 0.095 (C-
mol lactose)*(C-mol biomass)(Roels, 1983). The amount of ATP consumed for the
formation of biomass precursofs,is more difficult to be specified since it depsrah
the culture conditions and on the carbon sourceglae equal to 0.051 (mol ATP)*(C-
mol biomass} can be assumed as reported in other cases fovsglfermentation by
yeasts (Roels, 1980; 1983). The metabolic coefficier biomass polymerizatiok,, is
expected to be in the range 1.5 — 2.0 (mol ATP){@- biomass}. Values of (mol
ATP)*(C-mol biomass} 2 were experimentally found by Roels (1983) withcgse as
the only carbon source for the ye&st cerevisiagthe same value was also used by
Starzak et al (1994) for ethanol fermentation ocr@se byS. cerevisiaand, 1.75 (mol
ATP)*(C-mol biomass} was used by Krzystek and Ledakowicz (2000) forokier

lactose conversion b¥K. fragilis. More recently, an empirical value of 1.8 (mol
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ATP)*(C-mol biomass§} was used for the total ATP consumption for bionfassation
(precursor formation plus polymerization) for arsdme fermentation of glucose L.

cerevisiaeobtaining good agreement with experimental regilislsen et al, 2003).

By performing a substrate balance and solving yfstesn constituted by Equations 5.2,
5.3 and 5.4, the expressions for substrate consommthanol and glycerol formation

can be obtained as given in Equations 5.5, 5.6and

qg = 6(8x — 0.05)q, (5.5)
e = 2[(K+ 6 + 26, + 0.1)q, + mX] (5.6)
—qs = [(3K + 36 + 136, + 0.4)q, + 3mX] (5.7)

In Equations 5.5, 5.6 and 5.7 the rates of consimpmtr production of the compounds
are obtained as functions of the biomass growth aat the maintenance coefficient (an
exhaustive explanation will be given later on). ifere, by dividing Equations 5.5, 5.6
and 5.7 by the biomass concentratlothe expressions of the rates,[(C-mol i)*(C-
mol biomass*h}] are obtained (Equations 5.8, 5.9 and 5.10). Thezpeations were
written by considering sterile feed and steadyestainditions, therefore = D (where D

is the dilution rate).

1, = 6(8, — 0.05)D (5.8)
7, =2[(K+ 6§ + 26, + 0.1)D + m] (5.9)
-1, =[(BK + 36 + 136, + 0.4)D + 3m] (5.10)
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In analogy with the linear relationships for suattrconsumption and product formation
introduced empirically by Herbert and Pirt (196%)e following equalities result
(Equations 5.11-5.15).

i = 6(8, — 0.05) (5.11)
@z 2[(K + 6 + 26, + 0.1)] (5.12)
Y%u = [(3K + 38 + 1368, + 0.4)] (5.13)
m, =2m (5.14)
m, =3m (5.15)

5.3Materials and Methods

5.3.1 Yeast strain and inoculum preparation

The inoculum was prepared with a single colony dritivn from the Petri dishes and
incubated in a thermostated bathermoscientific MaxQ 800 SA), maintained for 36
h at a temperature of 33°C with an orbital shakuedpcity of 150 rpm. In all the
experiments 150 mL of medium were poured in a 5Q0sterile flask. Each of the used
materials, before performing this stage, was aat@d at 121°C for 30 min. The
inoculum medium had the composition as followstdae 40 g*L*, peptone 10 g*L
(from casein,code 82303,Fluka, Denmarkyeast extract 5 g*L (code 70161,Fluka,
Denmarf} and ergosterol 10 mg*L.

K. marxianuswas maintained in a generic yeast medium having ftiwing
composition: agar, 10 gL (Fluka, Denmark lactose, 20 g t (Fluka, Denmar,
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peptone (from caseirmode 82303, Fluka, Denm3rklO g L*, and yeast extract, 5 g'L
(code 70161,Fluka, DenmarkThe culture was sterilized in autoclave at 1216€30
min, then it was poured on Petri dishes for satidiion and, eventually, the yeast
inoculum was spread on the surface and incubate2Dd for 48 h. At completed

growth, the dishes were kept at 4°C.

5.3.2 Fermentations in a controlled bio-reactor

Chemostats at five different dilution rates weraducted, namely 0.05, 0.10, 0.15, 0.20
and 0.25 H. The other operating conditions were the samalfdhe runs, namely 33°C
temperature, 195 rpm agitation rate, 5.4 pH and.gin " sparged nitrogen flow. The

chemostats were started freshly for each steathy. sta

All the experiments were performed under anaeraboicditions using the procedure
described in the following. A 1.5 liters fermentatimedium was started with 75 mL
inoculum (the 5% of the volume to be inoculated)aérobic conditions were ensured by
a sparging with a continuous nitrogen flow (0.2 litff) pure at 99.9%. After a period of
time of 12 hours in which the reactor had been atedrin batch mode in order to allow
the biomass to reach a certain concentration |éegh the inflow (sterile feed) and the
outflow were open at the dilution rate desired. ©steady state was reached, biomass

and the other products were measured as descrilsedtion 5.3.3

The lactose-based fermentation medium had the samgosition as the medium used

for the inoculum.

A controlled bioreactor, consisting of a 1.5 L auléwable plexiglass cylindeB{ostat B.
Braun Int., Germany was used to perform the present experimentalystiihe main
operating parameters (pH, dissolved, @mperature, agitation and foam level) were
monitored by a set of sensors and controlled bynsed aBiostat Bcontroller Biostat

B. Braun Int., Germany
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5.3.3 Analytical methods

The cell dry weight was determined by filteringrhQ of sample through a pre-dried and
weighed 45 mm diameter 0.45 um filtédillipore, USA which was subsequently dried
in a Samsung M1713nicrowave oven at 200 W for 15 min, then weighethg a
Sartorius LE244%nalytical balanceGermany.

Lactose, glucose, galactose, ethanol, glyceroliyate and acetate were measured using
a HPLC method. A 1 mL sample was filtered to remoeks immediately after removal
from the fermenter, frozen and analyzed later by EIPAn Agilent 1100(USA was
used with amAminex HPX 87-H800x7.8 Bio-rad, USA column operated at 60°C. The
amount of carbon dioxide produced in the off-gas wanitored by means ofta Braun
MUX-11gas analyzeBraun Int., Germany

5.4 Results and discussion

Chemostat cultivations were conducted at five d#ffié dilution rates and examples of
their behaviour are given in Figure 5.2 where bissneoncentrations (2A) and carbon
dioxide (2B) for runs at 0.05 and 0.23 Wwere reported.

In Figure 5.2A it can be seen that at a diluticle &f 0.05 H, the cultivation achieved a
steady state after about 70 h; the steady statenfirmed by the data concerning the
carbon dioxide in the same run, indeed a constahtevresulted during all the run
(Figure 5.2B). The same behaviour was seen fothallcultivations (data not reported
here), except at a dilution rate of 0.2% (Figures 5.2A and 5.2B). In Figure 5.2A is
reported also the biomass trend at 0.25ihis evident a synchronous growth started
after approximately 20 h, and therefore that adstestate was not reached, which is
consistent with the data regarding carbon dioxidews in Figure 5.2B where it is
clearly shown an established synchronous growtbh $uproblem made the 0.25 tun
useless for the interpretation of the experimed&a and thus was not considered in the
rest of the study.
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Figure 5.2. Dynamic experimental data regarding bdt biomass (A) and carbon dioxide (B) in chemostat

fermentations at 0.05 and 0.25h
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The steady state values of the different specitsriag and leaving the chemostat at the
five different dilution rates examined are reporited able 5.2.

Table 5.2.Steady state values of the flow rates the different species. The dilution rate D is expresed in [h']
and the flow rates in [C-mol*h™].

D Lactose Lactose Ethancl B|o[nass Glycerol CcQ Pyruvate Acetate
IN ouT
0.05 0.1128 0.0000 0.0737 0.0063 0.0042 0.0275 04.00 0.0007
0.10 0.2254 0.0017 0.1449 0.0137 0.0036 0.0541 00.00, 0.0014
0.15 0.3483 0.0103 0.2141 0.0237 0.0155 0.0837  18.00, 0.0008

0.20 0.4917 0.0576 0.270% 0.0371 0.0124 0.1028 08.00, 0.0014
*Biomass formula was considered as follo@wsl; 30, 5N, (Roels, 1983)

The values in Table 5.2 can be used to calculagitids on substrate of all the products
using Equation 5.16 whexe andw, are the C-molar flow rates of the compouraehd
the substrate (lactose), respectively, express@iriml*h™. The results are presented in
Table 5.3.

Y, =4 (5.16)

Table 5.3. Experimental values of product yields (@0l*Cmol *)on substrate. The following notation has been
used: substrate (s), biomass (x), ethanol (e), grol (g), carbon dioxide (c), pyruvate (p), acetaté). In the last
column the sum of the yields for each chemostatieported.

D [h}] Ysx Yse Ysg Ysc Ysp Ysa Sum
0.05 0.0554 0.6535 0.0369 0.2435 0.0033 0.00563 90.99
0.10 0.0613 0.6478 0.0386 0.2419 0.0031 0.00561 80.99
0.15 0.0701 0.6334 0.0458 0.2477 0.0039 0.0025 35.00
0.20 0.0854 0.6232 0.0446 0.2369 0.0014 0.0032 46.99

First observations of the data in Table 5.3 indidathat essentially all of the carbon

could be accounted for. Given that the theorescah should add up to 1, differences of
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only 0.11, 0.12, -0.34, and 0.47% for chemostat® at 0.05, 0.1, 0.15 and 0.2*h
respectively are seen. These differences can mdmad as negligible.

The effect of dilution rate on the yields of gresitenportance for the metabolic model
(Figure 5.1) are plotted in figure 5.3. Figure 5.8ows that ¥, increases steadily with
increases in dilution rate, from 0.055 to 0.085 @-x+C-mol s* at D = 0.05 H to 0.20
h?, respectively. The opposite trend is seen far(Figure 5.3B),which decreases from
0.653 to 0.623 C-mol*C-mol hfrom D = 0.05 H to 0.20 K. At low dilution rates the
effects on ¥y and Y can be postulated to result from maintenance, whost likely
leads to ethanol production. Interestingly, theaeth yields in Table 5.3 are very close to
the theoretical value of 0.667 C-mol e*C-mdl &alculated from process Il in Table
5.1).

Another important observation is that the glyceneld (Ysg) increases from 0.037 to
0.045 C-mol g*C-mol 3 as dilution rate is increased from 0.0% to 0.20 A (figure
3C). This can be explained with the proposed maddlthe results for ¥. The biomass
yield increased at higher dilution rates, leadimg greater production of reducing
equivalents (see NADH in process |, Table 5.1) #metefore greater production of
glycerol is needed to consume these reducing elgmitga The carbon dioxide yield {
does not vary greatly as a function of D (Figurglj.and is approximately constant at
an average value of 0.24 C-mol c*C-mdl his is consistent with the model, since CO

is a by-product of both process | and procesg Hifle5.1).
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Figure 5.3.Yields of biomass (A), ethanol (B), glgzol (C)and carbon dioxide (D) relative to substra¢ consumed.
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As was mentioned above, maintenance is expectédve an effect on the yields. This

can be evaluated by fitting the experimental datthé model developed section 2.2
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According to the model, Equations 5.11-5.13 descadinear relationship between the
rates of consumption or formation of glycerol, etblaand lactose and the dilution rate
D. Rearranging the experimental data to yield ptiftshe specific rates of ethanol)(r
and glycerol formation g, and the specific rate of substrate consumptiphggainst D,
the data can be fitted to evaluate the model. Ribthe data are shown in Figure 5.4,
together with linear regressions through the dagressions gave acceptablevRlues,
l.e. 0.94, 0.93 and 0.94 fog ro and g versus D, respectively. The following maintenance
coefficients and true yield coefficients were ob&a from the regressions:ism 0.546,
me= 0.388 [Cmol *(Cmol x*h)]; Y™% = 0.103, Y'% = 0.172, ¥, = 2.01
(Cmol*Cmol™Y). These values can now be equated to Equatiods515 thus obtaining
Equations 5.17-5.21.
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Figure 5.4. Rates of formation or consumption of mia metabolic products and substrate against the dition
rate D. The straight line represents the linear regession of the data.
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6(8, — 0.05) = 0.497 (5.17)

2[(K + & + 26, +0.1)] = 5.818 (5.18)
[(3K + 38 + 1368, + 0.4)] = 9.658 (5.19)
m, = 0.388 (5.20)
ms = 0.546 (5.21)

With the above equations from the model, the vabighe metabolic coefficients can be
stated. From Equation 5.17, a valuedpf= 0.13 (C-mol lactose)*(C-mol biomass)
results; the remaining Equations 5.18 and 5.19linearly dependent and cannot be
solved together to givk andé as explained in Nielsen et al. (2003). On the okfzad,
as was discussed §ection 2.2 value of§ equal to 0.051 (mol ATP)*(C-mol bioma3s)
can be chosen as first attempt. Therefore, onensbtavalue oK equal to 2.62 (mol
ATP)*(C-mol biomass} from Equations 5.18 and 2.459 (mol ATP)*(C-mol roiss)
from Equation 5.19; from these, an average valué efual to 2.54 (mol ATP)*(C-mol

biomass) can be assumed.

The calculated coefficient representing the amadirdarbon lost as carbon dioxidg,,

is within the range of values reported in the &tare (seesection 5.2.2 The coefficient
K, which gives the amount of ATP consumed for théymerization of biomass
precursors, resulted in a value higher than exdeatdeed it was (2.54 + 0.051) = 2.591
(mol ATP)*(C-mol biomassj.On the other hand this solution is a functiontef value
chosen fors. If, for instances had a value of 0.090 (mol ATP)*(C-mol biomass)
Equations 5.18 and 5.19 would give valueKoéqual to 2.46 and 2.43 (mol ATP)*(C-
mol biomass}, respectively, which are very close to the initialue used by Nielsen et
al. (2003) for anaerobic growth 8f cerevisia®n glucose, namely 2.42 (mol ATP)*(C-

mol biomass}.
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Eventually, a last interesting evaluation regafds\talue of ATP vyield, Xrp. It can be
calculated by Equation 5.22 (Verduyn at al., 1990).

[biomass]

Yarp = [ethanol]-[glycerol] (5'22)

Where Yarp is expressed in g biomass formed per mol of ATétdpced. By applying
this equation to our data, the values qfp/'for each dilution rate can be calculated.
These values were 4.33, 4.85, 5.72 and 7.08 (gass)ti(mol ATP)" for the runs at
0.05, 0.10, 0.15 and 0.20"hrespectively. These values resulted to be lowan the
values reported for anaerobic glucose-limited chetatccultures (Verduyn et al., 1990),
namely 16 (g biomass)*(mol ATB) but closer to the value of 8.6 (g biomass)*(mol
ATP)™ reported by Dekkers et al. (1981) for both the samicroorganism and substrate.
The low value obtained in this paper is due toghaicular low biomass growth which
indicates that ATP consumption is mainly due toeotphenomena rather than biomass
growth, namely the maintenance (Equation 5.22 dumstake into account such a

phenomenon) that, indeed, resulted very high £ 0.388 andmg = 0.546).

5.4 Conclusions

K. marxianusis capable of fermenting lactose to ethanol aldgieery close to those
expected theoretically (e.g. up to 98%) at groveties up to 0.2 h The reasons for this
are linked to the particularly high maintenancefitcients of ca. 0.5 (C-mol)*(C-mol h)
1 and the very low biomass yields (between 0.055685 C-mol*Cmot). This in turn
leads to a quite low value ofa¥p (in the range 4.33-7.08 g biomass*mol ATfr D
within 0.05-0.25 Hgive value) compared to values seen by other wsrker S.
cerevisae These results suggest that maintaining the graoateh of this microorganism

below pmax €.9. in fed batch cultivations may be a succésstfategy for optimising
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ethanol yields and productivity in industrial preses. The biochemically structured
model developed in this work was found to be a péaweool for characterizing the
metabolic structure oK. marxianusand could accurately predict experimental values
from chemostat cultivations in defined medium. Timedel should be implemented for
design and modeling of optimal fed batch processesthanol production from cheese

whey.
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General conclusions

The current thesis consisted of a comprehensivdysaumed at characterizing the
fermentation process whey lactose-to-ethanol. Agag pointed out at the beginning of
the text, only a few industrial applications can dminted worldwide, which surely

means that further efforts should be spent to ntlaikeprocess feasible and sustainable.

With this work a particular kind of cheese whey wasdied even though the results are

easily extended to embrace the whole categoryiof deastes.

First, the feasibility of ricotta cheese whey fentaion was demonstrated and its
performances compared to the ones obtained wittr gimilar substrates, namely cheese
whey and cheese whey permeate. Ricotta cheese ddmygnstrated to be an excellent
alternative non vegetable source for bio-ethanodipction.

Afterwards, the two developed models, one witkdata-drivenand the other with a
knowledge-driverapproach, demonstrated fairly good performances évfor different
purposes. The empirical model demonstrated to beuseful to predict new experiment
at different conditions, thus, it should be mainked in industrial experimentations in
order to save both time and money. On the othed,hsunch a model revealed next to
nothing about the mechanisms behind the processftine, from the point of view of a
real breakthrough this model did not give so mubht (still it must not be under-
evaluated). For this reason a more appropriatephagdically meaningful modeling was
performed and this, in my opinion, is the very bashievement of this study. The
biochemically structured model allowed the obtainmef an extremely meaningful
system of equations represented by direct reldtipesbetween macroscopic design
variables, namely the observable yields of the ggscand microscopic (mechanistic)
quantities, namely the metabolic coefficients.
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Eventually, a continuous configuration of the psxevas experimented and excellent
results were obtained thus laying the basis foraaentomprehensive study in such a

direction.
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