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Summary — Abstract & Résumé

1. Abstract

The objective of this thesis was to evaluate the feasibility for the production of fuel bioethanol
from whey permeate. The identification of the limiting factors of the process revealed that the
stabilization of the substrate was critical to the use of whey as a fermentation substrate and
that the conversion yields and ethanol tolerance limited the process.

A comparison of the possible scenarios for the production of bioethanol from whey was first
performed. It was demonstrated that fresh whey should be concentrated at the production site
before being transported to a centralized treatment plant, since transporting dilute material or
producing ethanol at the dairy would result in too high operating costs. An economic
comparison of a treatment plant, which (i) “directly” ferments lactose into ethanol using
Kluyveromyces fragilis and (ii) “indirectly” ferments hydrolyzed whey using Saccharomyces
cerevisiae, resulted in similar production costs of 1.35 CHF/Lgon and 1.32 CHF/Lgon
respectively.

Whey stabilization was investigated by testing the addition of chemical compounds to whey.
These were evaluated according to their ability to prevent the growth of lactic acid bacteria
which were identified as being mainly responsible for whey instability. Formic acid (50 mM)
or hydrogen peroxide (100 mM) were shown to extend the stability from 2-3 days, at 4°C to
21 days at ambient temperature. However, such concentrations of preservative also inhibit the
growth of yeasts, therefore they must be removed prior to fermentation. Of the compounds
tested, formic acid was preferred due to the high level of bacterial growth inhibition at pH 4,
and its non-toxicity for yeast at neutral pH. This would enable whey to be stored at room
temperature for a three-week period without negatively influencing the subsequent yeast
fermentation.

Global productivity of the initial fermentation cultures was considerably reduced as a result of
a long non-productive lag phase. In order to improve the understanding of the principle
factors which, not only influence the duration of the lag phase, but also the biomass produced
during a pre-culture period of 24h and the maximum growth rate in fermentation cultures, six
pre-culture parameters were tested alone or in combination on two ethanol-producing yeasts,
K. marxianus CBS 5795 and CBS 397, using whey permeate as substrate through the
application of design of experiment procedures. The key parameters identified through this
strategy were: influence of temperature, type of sugar, culture mode, initial biomass
concentration and initial sugar concentration. Optimum ethanol productivity was achieved by

cultivating the pre-culture anaerobically on medium containing lactose, which resulted in an
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improvement of the productivity by 10-11% compared to an aerobic pre-culture with glucose.
The principal organism studied for ethanol fermentation from whey permeate was K. fragilis
due to its ability to directly ferment lactose. However, such direct fermentation yeasts
generally suffer from low conversion yields and poor tolerance to ethanol (2-3% v/v). An
alternative is to utilize indirect fermentation yeasts, such as S. cerevisiae, which show
considerably better ethanol fermentation performance but has the disadvantage that an
expensive enzymatic hydrolysis step is required prior to fermentation. In this study both types
of process have been characterized involving eight ethanol producing yeasts. The culture
conditions were optimized for each strain using a design of experiment methodology. Highest
conversion yield and alcohol tolerance were achieved with S. cerevisiae Ethanol Red (Yp/s=
0.662 C-mol/C-mol, cpionmax= 148 g/L), of the indirect fermentation yeasts, and with
K. marxianus CBS 5795 (Yps= 0.660 C-mol/C-mol, Criopmax= 79 g/L) of the direct
fermentation yeasts studied. Introducing the data obtained from cultures with these yeasts to
former economic evaluations of both scenarios, showed that direct fermentation should be
preferred for fermenting whey permeate to ethanol. A maximum volumetric productivity of
6.24 g/(L-h) at 37°C and pH 4 was achieved with K. marxianus CBS 5795.

Fermentation of non-sterile whey permeate with a consortium (CEKI) of K. marxianus (S1),
I. orientalis (S2) and E. faecalis (S3), isolated from spontaneous cultures, was then studied.
Maximal ethanol yield of 0.65 C-mol/C-mol, as highest ethanol concentration of 55 g/L, was
achieved with CEKI, at 37°C and pH 4, compared to isolated cultures of these organisms. The
results also suggest that E. faecalis exhibits a protective effect against lactic acid bacteria.
Specific productivity of CEKI was 0.21 ggion/(8biomass'h)-

Finally, a novel in-situ product recovery method, based on capsular perstraction with an
organic solvent, was developed for ethanol extraction in batch fermentation systems using
CEKI, which utilizes microcapsules. The production of capsules of 2 mm diameter that
contained a hydrophobic core of laurinaldehyde and an alginate-based membrane enabled (i)
to reduce the toxicity of the solvent for the growing cultures, and (ii) make the separation of
the organic phase easier for a subsequent ethanol recovery. For the produced capsules mass
transfer was determined by the solvent layer (0.27-10° cm?/s), which resulted in a maximum

specific ethanol recovery of 3.17 ggion/(Zsolvent'S)-

Keywords: Kluyveromyces marxianus, Saccharomyces cerevisiae, ethanol, whey permeate,
economical analysis, preservation, fermentation, productivity, mixed-culture, liquid-liquid

extraction, encapsulation, alginate.
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2. Résumé

L’objectif de cette thése était de définir la faisabilité de la production de bioéthanol carburant
a partir de petit-lait. L’identification des facteurs limitant du procédé a relevé qu’il fallait
principalement répondre aux problémes de stabilisation du substrat, ainsi qu’améliorer les
rendements et la concentration d’alcool lors de I’étape de fermentation.

Une évaluation les scénarios possibles a d’abord été effectuée. Pour des raisons de colits de
transport et d’énergie, il a été montré que le petit-lait devait tout d’abord étre concentré sur
site avant d’étre acheminé vers un centre de traitement centralisé. Une analyse économique,
portant sur (i) la fermentation directe du petit-lait, par Kluyveromyces fragilis et (ii) indirecte
d’un petit-lait hydrolysé, a 1’aide de Saccharomyces cerevisiae, a révélé que ces deux
stratégies aboutissaient a des colts de production similaire, de respectivement
1.35 CHF/Lgion et 1.32 CHF/Lgon.

Sept composés chimiques ont été testés afin de définir leurs capacités a prévenir la
prolifération des bactéries responsables de I’instabilit¢ du petit-lait. Une concentration de
50 mM d’acide formique ou de 100 mM de peroxyde d’hydrogéne a permis de passer d’une
période de conservation de 2-3 jours, réfrigéré a 4°C, a une durée de 21 jours, stocké a
température ambiante. De telles concentrations sont cependant également toxiques pour les
levures utilisées pour la fermentation et il a fallut neutraliser I’agent conservateur avant
fermentation. De ces deux agents conservateurs 1’acide formique a finalement été préféré pour
sa spécificit¢ a limiter la croissance bactérienne a pH 4 et sa non-toxicit¢ a pH neutre,
permettant, par simple du pH, de préserver et ensuite fermenter aussi efficacement un petit-
lait contenant, ou pas, I’agent conservateur.

De ces premiéres cultures il est ressorti que la productivité globale de 1’étape de fermentation
¢tait considérablement limitée par une longue période de latence. L’influence de six facteurs
de pré-culture a été évaluée sur la durée de cette période de latence, mais aussi, sur la
biomasse produite apreés 24h de pré-culture et le taux de croissance lors de la fermentation: la
température, 1’aération, le type et de la quantité de sucre disponible ainsi que la concentration
initiale de biomasse. Ces facteurs ont été testés sur deux levures K. marxianus CBS 5795 and
CBS 397. Le type de sucre et le mode de culture ont le plus influencé ces paramétres,
permettant, par une pré-culture en anaérobiose sur lactose, d’améliorer la productivité globale
de 10-11% comparé a une pré-culture en aérobiose sur glucose. Le principal organisme étudié
pour la fermentation du perméat de petit-lait est K. fragilis car cette levure est capable

d’assimiler directement le lactose. Pourtant une telle levure présente un taux de conversion
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généralement faible et ne tolére des concentrations en éthanol que de I’ordre de 2-3% v/v.
Une alternative consiste a utiliser une levure de type S. cerevisiae qui a un rendement
supérieur et tolére de plus grandes teneurs d’alcool, mais nécessite une étape d’hydrolyse
supplémentaire afin de convertir le lactose, non assimilable par cet organisme, en glucose et
galactose. Les parametres de culture de huit levures ont été optimisés et comparés en mode
batch afin de caractériser la production d’éthanol par ces deux voies. Les meilleurs
rendements et tolérances en éthanol ont été mesurés avec S. cerevisiae Ethanol Red (Yps=
0.662 C-mol/C-mol, cgopmex= 148 g/L), parmi les levures dites “indirectes”, et avec
K. marxianus CBS 5795 (Yps= 0.660 C-mol/C-mol, Crionmax= 79 g/L), d’entre les levures
dites “directes”. L’introduction de ces valeurs aux modeles économiques préalablement
établis a permis de conclure que la fermentation directe était la stratégie la plus adaptée a la
fermentation du perméat de petit-lait en éthanol. Une productivité volumique spécifique
maximal de 6.24 g/(L-h) a été obtenue avec K. marxianus CBS 5795 a 37°C et pH 4.

La fermentation d’un perméat de petit-lait non stérile par un consortium composé de
Kluyveromyces marxianus, Issatchenkia orientalis and Enterococcus faecalis (CEKI), isolés
de cultures spontanées, a ensuite été ¢tudiée. Un rendement maximal de 0.65 C-mol/C-mol
ainsi qu’une concentration maximale d’éthanol de 55 g/L ont été obtenus avec CEKI, a 37°C
et pH 4, comparé a des cultures effectuées dans les mémes conditions avec ces organismes
isolés. La présence d’E. faecalis semble étre déterminante pour observer un effet protectif
contre la prolifération de bactéries lactiques dans le perméat non stérile. La productivité
spécifique de CEKI est 0.21 ggion/(Zbiomass'h)-

Finalement une nouvelle méthode, basée sur la perstraction d’éthanol a 1’aide d’un solvant
organique encapsulée, a été développée afin de récupérer en continu 1’alcool produit par une
culture de CEKI sur perméat de petit-lait. La production de capsules de 2 mm de diamétre
contenant un coeur hydrophobe de laurinaldéhyde et une membrane a base d’alginate a permis
de (1) limiter I’effet toxique du solvant sur CEKI, comparé a un systeme d’extraction par
contact direct, et (ii) séparer de maniére plus aisée les deux phases en vue de la récupération
du produit. Il a été montré que le transfert de 1’éthanol dans les capsules était limité par le

solvant (0.27-10” cm?/s) permettant a un tel systéme d’extraire jusqu’a 3.17 geon/(Zsolvent'S).
Mots-clés : Kluyveromyces marxianus, Saccharomyces cerevisiae, éthanol, perméat de petit-

lait, analyse économique, conservation, fermentation, productivité, culture mixte, extraction

liquide-liquide, encapsulation, alginate.
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CHAPTER 1 - Introduction

1. History of fermentation

In broad terms, fermentation is an enzyme-catalyzed transformation of organic matter by the
action of micro-organisms. Many civilizations have been performing fermentation for
thousands of years with wine-making thought to have been practiced since 10’000 BC.
Historians found papers showing that the Egyptians produced beer in 6000 BC. Two thousand
years later a new application was found for brewer’s yeast for the production of carbon
dioxide in the leavening of bread. The origin and variety of indigenous fermented foods of the
Orient, now known to be based on fermentation, goes back thousands of years with the first
transformations, by fermentation, of milk into products such as cheese dating back to 5000
BC. Vinegar has probably been produced for as long as wine-making. Earliest manuscripts
relating the distillation of potable spirits date back to 1000 BC in China [1].

Transformation of foods by fermentation has therefore been carried out for at least 10’000
years before Man recognized the existence of micro-organisms. Huge improvements in
fermentation processes have been made since their early beginnings [2]. Humanity had to wait
until 1690 for the discovery of yeast cells, when Leeuwenhoek, examined drops of fermented
beer with a primitive microscope. This first observation did not have an important impact at
that time but the idea of living materials involved in fermentation processes grew in the mind
of scientists such as Cagniard-Latour, Schwann, Wohler or Blondeau. It is finally Louis
Pasteur who described, in 1856 after detailed investigations on beer and wine fermentation,
the first mechanism of fermentation concluding that living yeast cells ferment sugar into

ethanol and carbon dioxide when they are growing in the absence of air [3].
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2. Whey, a cheese production by-product

In 2006, Switzerland produced almost 4000 million liters of milk, which was used as depicted
in Figure 1. Of this production, over one third is dedicated to the production of cheese,

resulting in the generation of very large quantities of whey.

B Cheese

B Human consumption
& Cream

Yoghurt

B Canned milk

B Butter

Evaporation losses
Animal feed

Figure 1. Common use of milk in Switzerland [4].

While almost half of the whey is returned to the farmers who use it as animal feed, whey can
be dried and used as sport dietary supplements, fermented by lactic bacteria to produce light
yoghurts, concentrated for syrups, flocculated into ricotta cheese or transformed into
beverages such as Rivella (Figure 2) [5-7]. Finally whey can be fermented by specific micro-
organisms to produce biogas or ethanol, products which can be used as renewable energy
sources, e.g. as biofuels for cars.

Brazil is by far the most advanced country with respect to bioethanol production, since
bioethanol represents 22% of all the fuels, which is to say 40% of combustion fuels, used in
this country and 337°000 people are involved in its exploitation [8]. This advance is the
consequence of the desire to reduce dependence on imported fossil fuels through the
utilization of an internal agricultural product allowing the control of the sugar currency. The
first petrol crisis in 1973/74 was the initial stimulus for mass production of bioethanol in
Brazil which was reinforced by the second petrol crisis in 1979. This was facilitated by the

large amounts of sugar cane, which was already a natural widely available resource [9].
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APPLICATION
— Drying >i Whey powder ‘ | Animal feed |
— Cultwre ——— Drying =]| Lactic ferments ‘ | Fermentations |
Hlectrodialysis Drvi Demineralisad Food for lactose
Ion exchange s whey powder ntolerant
— Hydrolysis — Concentration —I Hydrolised whey ‘ | Nutraceutics
| WHEY |
— Ultrafiltration —* Drying > SOI;?;X?W Food products
De-proteined .
eprotemed L, Fermentation Drying —’l Lactic yeasts ‘ | Food products |
whey
——= Concentration — Crystallisation — Drying 4| Lactose ‘ | Syrups |
Floculation Drying Inst;l;l(il:ci zszhey Food products
b
» Floculation == Ricotta cheese ‘ | Food products

Figure 2. Valorization possibilities of whey.

Because of the high price of oil, the national Prodlcool program began at the end of 1975 to
provide substitute energy sources [10]. The Brazilian government encouraged the production
of ethanol and cars working only with ethanol, resulting in a stimulus to the production of
anhydrous ethanol. While Brazil mostly uses sugarcane as raw material for the production of
ethanol, other countries have explored the use of whey for the production of ethanol. New
Zealand and Ireland are, as Switzerland characterized by an important cheese production and
thus large quantities of whey to valorize. However there is an important difference between
Switzerland and these countries. While Ireland and New Zealand have centralized State
companies for the milk industry and thus can build fermentation plants in the neighborhood of
the milk treatment centers [11], Switzerland has more than 1500 producers of various sizes all
over the country. The transport costs considerably increase the global production cost of
ethanol resulting in a real challenge to find an economic method to produce biofuels from

whey.
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3. Whey and whey permeate

Cheese whey is the liquid that remains after milk has been curdled and strained during the
cheese making process. This by-product of cheese production represents about 85-95% of the
milk volume and retains 55% of milk nutrients. Whey does not have a standard composition
(Table 1) as it depends on the type of cheese and the quality of milk from which it is obtained.
But, broadly speaking it is possible to affirm that it is made up of about 95% water and 5%
dry matter (DM), of which about 10% is protein, 70% is lactose and the rest mineral salts,
vitamins, lactic acid and other trace elements [12]. Depending on the procedure used for
casein precipitation, whey can be classified as acidic whey (pH<5) or sweet whey (6<pH<7).
In addition to the pH, the two types of whey also differ in that acidic whey usually has lower

protein concentration and sweet whey has a higher lactose concentration [13].

Table 1. Typical composition of whey [12].

Compound [a/kg]
Albumin 4.98
Peptides 0.83
Lipids 0.41
Lactose 38.1
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
Total 50.64 (5.06% DM)

Due to the low concentration of solid constituents (5% DM), whey has commonly been
considered as a waste product in spite of the high nutritional potential it holds. Due to the high
organic matter content of whey, the 5-day Biochemical Oxygen Demand (BODs) ranges from
35,000 to 60,000 mg/l [14-15], which represents an important environmental problem [16].
Since large quantities of whey are produced (9 kg of whey are produced in the production of 1
kg of cheese) [13], there is increasing concern as to how this can be efficiently and cost-

effectively eliminated without adversely effecting the environment.
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Proteins from whey have a high nutritional value that can be exploited. This exploitation
usually involves separation of the proteins from the whey by ultrafiltration (UF), the resultant
product being termed whey permeate. This method of separation possesses the main
advantage in that it does not denature proteins, so that they conserve their original nutritional
value. Whey permeate resulting from UF has about 4% DM content. Another possibility is to
subject UF treated whey to Reverse Osmosis (RO), in which case the dry matter concentration
in whey will increase to approximately 12%. Whey permeate has the same BODs level
compared to whole whey and thus poses a comparable disposal problem. Most cheese makers
see whey as a nuisance, mainly because of the high volume produced (the total amount of
liquid cheese whey produced world-wide is estimated to be 10® tonnes/year) [17] and the high
cost of its disposal. Traditionally, cheese whey has been used to feed animals, but while it
may help to reduce the waste load of a dairy farm it does not take real economical advantage
of the product. For this reason it became indispensable to look for alternative uses in order to
add value to this cheese by-product. This is fundamental to the Swiss case where most of the
cheese producing units are not large enough to treat their own production of whey themselves
in order to obtain a product with a higher added value. Most cheese factories in Switzerland
are dispersed throughout the country and it would be necessary to transport the whey from
several factories to one big transformation plant. The problem here, however, is the chemical
and biological instability of whey and whey products [18] resulting in difficulties and high

costs in transport and storage.

4. Motivation

Through the ratification of the United Nations Framework Convention on Climate Change of Rio
elaborated in 1992, Switzerland has engaged to stabilize “Humanity's emissions of greenhouse
gases” at a level that would prevent dangerous perturbations of the climatic system. This
engagement was reinforced by the signature of the United Nations Kyoto Protocol in March 1998
and by the introduction of a principle of sustainable development in the Federal Constitution in
1999. With the exception of CO,, pollutant emissions due to fossil fuel consumption for the
combustion engine are in constant diminution as the result of the introduction of the catalytic
converter, antipollution norms EURO 2 followed by EURO 3 and finally unleaded petrol.
Consequently current, non-CO; emission levels of the fifties or sixties have been achieved [19]
CO; emissions from vehicles however, continuously increase (from 1990 and 2000: +9% for

private vehicles and +17% for trucks) to reach currently more than 30% of all greenhouse gas
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emissions [20]. An effort in the direction of reduction of greenhouse gas emissions, in particular
in the field of road transport is essential in order to reduce the risk of natural disasters due to
heating of the planet and to fulfill the engagements taken by Switzerland (Kyoto Protocol). Thus
a global reduction of greenhouse gas emissions of 10% compared to 1990 is required until

2008/2012 together with 8% in the fossil fuel field.

Since the consumption of fossil fuels has steadily increased from 1990 until today, the deviation
from the target levels for CO, emissions is approximately 15%, or 2- 2,5 million tonnes of CO,.
For this reason bioethanol production has shown growing interest as a possible means to reduce
greenhouse gas emissions [21]. Either pure, transformed to ETBE, or mixed with petrol or
gasoline, bioethanol is considered as a fuel in a growing number of countries. A mixture of
bioethanol with petrol in a ratio of 5% v/v does not require any modification of the vehicle
engines, while added to gasoline to 10% v/v requires only minor modification to the distribution

chain [21].

Producing ethanol from intensive agriculture would not be possible in Switzerland due to the high
costs of production. For this reason, this project aims to focus on waste or untreated products
from a range of industries. Companies such as Booregaard have produced bioethanol from
lignocellulosic matter resulting from cellulose manufacture in Solothurn, however the production
cannot satisfy national demand for ethanol. Whey is an interesting candidate because Switzerland
disposes of large quantities and there are many limitations and problems resulting in such a high
production of whey [22-23]. While most of whey is used for animal feed, the quantity is limited

due to the lactose intolerance of cattle and pigs.

Furthermore, due to the very low dry matter concentration of whey and the resulting large
volumes required, the redistribution of whey to farmers is very expensive. Schingoethe [24]
published the maximum usable quantities of whey in the feed of poultry, pigs, rats and ruminants.
From this work, and more recent work done, particularly in France, it is evident that adult
ruminants are able to use much larger quantities of whey than other species. In the rumen, lactose
is broken down quite rapidly by bacteria and protozoa and converted into lactic acid, which is
metabolized into volatile fatty acids, principally butyric acid. Under normal feeding conditions
very little lactic acid is absorbed into the blood, but if the animals are given large quantities of
lactose before the microbial population of the rumen has become adjusted to its use, severe

fermentation problems may result. Lactic acid in excess penetrates the wall of the rumen and may
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cause serious metabolic disorders (acidosis). For this reason there is still a large amount of whey
which cannot be used as animal, and even human, feed/ food [25]. Due to the strict legislative
requirements for the provision of water contamination in Switzerland, whey has to be neutralized
in wastewater treatment plants. The cost for wastewater treatment in Switzerland is very high,
with an investment of approximately 15-10° CHF per kilo BODs per day [26], which corresponds
to 7.5 million CHF for the daily treatment of 100 tonnes of whey. For this reason it is easy to
understand that it is neither economically nor environmentally feasible to dispose of excess whey
by such methods. The requirement of whey disposal has stimulated the development of new uses

for whey [14, 27].

The development of methods for the production of biofuels (bioethanol) is considered renewable
and sustainable. A bioethanol fuel lowers the CO, emissions proportional to the incorporated
quantity. It also maintains and allows the development of the agricultural activities and, from an
economical point of view, a reduction of the importation of foreign fuel products. Discussions
with companies proposing bioethanol production units (Maguin Interis, France) showed that,
while some technological areas, such as distillation, are well understood others, such as
fermentation, require significant development and improvement. Bioethanol production processes
have been performed for a long time. The first applications of bioethanol for cars date back to the
beginning of car conception, with bioethanol produced by fermentation of sugar beet. Henry Ford
created the Model T Ford, which functioned with pure ethanol [21]. Forty years ago the fossil fuel
market developed worldwide and interest in bioethanol decreased until in 1973, due to the
petroleum crisis, new possibilities were once again opened to bioethanol. Nowadays the world
production of bioethanol is estimated at more than 16 million tonnes per year [8]. Such important

economical stakes have stimulated the search for improvements to the fermentation processes.

5. Biofuels and Bioethanol

Biofuels can generally be defined as solid, liquid or gas fuels derived from recent biological
materials, and are thus distinguished from fossil fuels, which are derived from fossilized
biological material. Nowadays, the most widely produced biofuels are ethanol, diesel and

methane (biogas) [28].
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Biogas is produced by the process of anaerobic digestion of organic material by anaerobic
microorganisms and is particularly well adapted to heating [29] or electricity
production at the production site. If compressed, it can replace compressed natural
gas for use in vehicles, where it can feed an internal combustion engine or fuel
cells and is a much more effective displacer of carbon dioxide than the normal use
in on site plants.

Biodiesel is the most common biofuel in Europe and is increasingly being used in the USA
[30, 31]. It is produced from oils or fats using a trans-esterification step for
obtaining a fuel of similar composition to fossil diesel. Biodiesel is used, in pure
form or blended with fossil diesel, in modern cars or aircraft engines without any
modifications [32].

Bioethanol is the most common biofuel worldwide [33, 34] and particularly in Brazil where it
represents almost 40% of overall traffic fuel. Alcohol fuels are produced by
fermentation of sugars derived from wheat, corn, sugar beet, sugar cane, molasses,
whey, grass, wood crops, potatoes, etc... Bioethanol production consists in, a
pretreatment step, often an enzyme digestion, in order to release simple sugars
from polysaccharides to make them more easily assimilated and fermented by

microorganisms, followed by distillation and drying.

More recently, additional biofuels such as methanol, propanol, butanol and ethers are playing
a more and more important role in fuel cells applications [28] and are thus competitors to
ethanol, natural gas or hydrogen. Biodiesel from vegetable oil reduces greenhouse emissions
by around 40-55 percent and ethanol from corn, which is mostly produced in the United
States, generally reduces the emissions by less than 30 percent [35]. When produced from
liquid manures biogas can even reduce by 80 percent overall CO, emissions [28]. Made of
grain, oilseeds and sugar, the so-called "green" fuels are expected to lower dependence on
fossil fuels, cut carbon dioxide emissions, one of the main causes for climate change, and
raise farm revenues. But many observers have pointed to their fast development to explain the
rise in farm prices, notably for wheat, corn and soybeans whose prices surged in the past year,
leading to higher food prices and raising inflationary concerns. An EMPA study released in
2008 also stressed that the cure may be worse than the disease, saying doubts remained
whether biofuels could still be considered "green" when all elements, including the energy

and pesticides used to produce feedstock, are included in the balance [28].



CHAPTER 1 - Introduction

%
Methane
 Ethanol
i Fve, RER
“ Diesel ]

500 1 @ Fossile “s
— Fotatoes, CH
o - . i
Q < Frum cultuies
o O From wastes
@ 400 A
=
—
P
4]
[y
£ 300
- Colza, RER om US &
‘S k) hd Sova heans, BR
c
£

200 1 Colza, ZH
5 Soya bean,US & ol
- ke
'5 sugar cang, bk & Burghu bicaur sugar, CI‘.d
c & Sugar beet (CN) < Paln oil, MY
L i Vinod Mathanon STES & & Grass, Biorsfirery P i

100 Rye (opt) ;":cL:‘;cT;;;iIIWI;UU Wood (Cthanal) Ry & Diczel 4 Gasdine

| ' ﬁ ‘Wiood crop Eietts RyefimoEsh & Matural gas
Rve&Co-subst (opt) Whey {(Ethanol} liqud manure
Recyclec oil, CH
0 T T T T T
0 20 40 60 80 100 %

Greenhouse gas emissions

Figure 3. Two dimension representation of greenhouse gas emissions and overall
environmental impact modeled with UBP 06 methodology [28]. Comparison is
given to gasoline used as reference. Grey area shows the domain in which lower

emissions and land damages compared to gasoline are achieved.

Figure 3 presents overall greenhouse emissions reduction of biomethane, biodiesel and
bioethanol compared to gasoline when they are produced from different feedstock and show
their relative impact on the environment. The impact on environment considers not only the
use of soil pollutants (pesticides and herbicides), fertilizers (nitrates and phosphates) and
heavy metals, but also takes into account the extensive exploitation of the soils and the impact
on human health. It can be clearly seen that, if greenhouse gas reduction alone is considered,
all considered biofuels, with the exception of biodiesel produced from soya beans in Britain,
permit a global reduction of the emissions.

However, only biofuels derived from waste/by-products show lower environmental effects.
This is the case for methane derived from liquid manure, biomass and wood, biodiesel from
recycled oils and bioethanol from whey, wood crops and grass. When produced from whey,
bioethanol presents the most important reduction of greenhouse gas emissions and the lowest

environmental impact. By comparison when fermenting corn, or worse, potatoes and rye only
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slight reduction of greenhouse gases is achieved but three to five time larger land damage
results from this ethanol production. As a result, waste products should be used to produce
biofuels in order to achieve an overall positive environmental impact since whey disposal
represents a real problem for the cheese industry, bioethanol production offers an ideal

alternative to its valorization.

6. Objectives and Strategy of the thesis

This project aims to determine the optimal method of bioethanol production from whey in
Switzerland, or countries with similar production context. The first part of the project will be,
based on the early research performed in the field of ethanol production from whey, to
determine the actual cost of a production plant and to define the limitations of the existing
knowledge. This work will then focus on the areas identified as offering the biggest
improvement potential.

While molasses and cereals are relatively stable and therefore easy to transport and store near
the bioethanol production site, the same cannot be said for more biodegradable feedstock such
as whey [36]. Even after the use of reverse osmosis and evaporation to concentrate the whey
from approximately 5% solids to 25-26% solids, whey has a shelf life of less than 3 days
when stored at 4°C. Thus a major limitation to the successful commercial production of
bioethanol will be to solve the problem of raw feedstock stability and storage [8]. This may be
overcome either by direct fermentation in small plants close to the production sites or by
enzymatic hydrolysis of the lactose in whey to glucose and galactose, followed by reverse
osmosis and evaporation to around 60-70% solids, a condition under which the sugar syrup is
stable for many months at ambient temperatures with negligible loss of quality. Such
processes would be undertaken directly at the production sites. As a result there would be less
material to transport to the bioethanol production site and no specialized form of transport
would be required (no refrigeration). This would require use of commercially available
enzymes (B-galactosidase) [37].

Some yeasts are capable of directly fermenting lactose in whey to bioethanol. However, the
number of strains is limited and they are generally very sensitive to product inhibition
(ethanol) at concentrations as low as 2% [38, 39]. Many yeasts are capable of fermenting
hydrolyzed lactose, thus it would be possible to use higher ethanol concentrations (>10-15%
ethanol). In the best case, after concentration and hydrolysis of whey followed by a further

concentration (to 60-70% solids) and transport to the bioethanol production site, fermentation
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would be undertaken followed by distillation and dehydration to 99.7% alcohol after yeast
separation. However, a major problem is the low concentration of ethanol formed (2-5% for
sugars such as lactose) due to ethanol inhibition [40]. Consequently the energy costs required
for distillation from these dilute solutions to 99.7% are very high. Indeed it has been
estimated that increasing the ethanol concentration in the fermentation to >10% would result
in a 3-4 fold decrease in distillation energy costs [41]. This might be overcome by several
approaches.

The first approach will involve the use of ethanol tolerant yeasts, while the second will
involve the application of in situ product recovery techniques (ISPR) in order to continuously
remove the ethanol as it is formed [36], thereby preventing an inhibitory concentration
accumulating in the bioreactor. This problem will be facilitated by the fact that either a single
yeast strain, or mixture of yeasts, would be used for whey or hydrolyzed whey. If the raw
materials were used directly as feedstock for the fermentation, rather than being hydrolyzed to
soluble sugars [42], then bioethanol production would require a different organism for each
raw material, since no yeast exists which naturally produces invertases (necessary for sucrose-
based feedstock), amylases (starch) [43], amyloglucosidases (starch) [7], cellulases
(lignocellulose), cellobiohydrolases (lignocellulose), [B-galactosidases (lactose) and the
enzymes [44] necessary for pentose sugar fermentation (lignocellulose) [37]. However,
certain Saccharomyces cerevisiae strains are commercially available which are reported to
withstand over 15% ethanol, and be capable of fermenting most of the hexose sugars resulting
from raw material hydrolysis. An important part of this work will be to obtain a range of
commercial alcohol tolerant yeasts and to determine the growth and production kinetics on
hydrolyzed whey or glucose over a pre-decided range of concentrations and conditions, to
compare these properties and to determine which would be most suitable for direct
fermentation in multi-substrate bioethanol process. Thus it will be important to show if a
preferential feedstock utilization is observed (first consumption of glucose), diauxic effects,
feedstock accumulation (e.g. galactose accumulation due to slower consumption rate kinetics)
or catabolite repression.

In parallel to the use of alcohol tolerant yeasts a second study will involve the application of
in situ product recovery techniques to continuously remove the alcohol as it is formed to
maintain a non-inhibitory concentration in the bioreactor. One method involves the use of
liquid-core microcapsules, in which an organic phase (oil) is surrounded by a hydrogel
membrane. Since the microcapsules are less dense than water, they may be readily recovered

by flotation. This is a totally novel application of microcapsules.

12



CHAPTER 1 - Introduction

7. Structure of the thesis

This thesis is structured in seven chapters: an introduction, six chapters presenting

experimental results and one chapter of general conclusions and perspectives.

Chapter 1 introduces the topic of bioethanol fermentation presenting historical introduction,
goals and specific characteristics of bioethanol production from whey and whey permeate.
Chapter 2 presents an economic computer-modeled ethanol production process of direct and
indirect whey fermentation. This part puts into evidence the critical operations of a global
production process and thus permitted to focus on critical operating steps. Chapter 3 is
devoted to substrate conservation. A preservation strategy which allows efficient whey / whey
permeate stabilization over a three-week period for subsequent ethanol fermentation with K.
marxianus was successfully developed. Chapter 4 focuses on better understanding the
influence of culture and pre-culture parameters on ethanol productivity with K. marxianus,
mainly by controlling the lag phase. Chapter 5 compares ethanol performance of direct and
indirect fermentation of eight yeast strains in order to compare which way of doing ensured
higher ethanol productivity from whey permeate. Chapter 6 presents batch fermentations of
non-sterile whey permeate by using a mixed culture isolated from spontaneous fermenting
whey, containing two yeasts and one bacterium. Chapter 7 introduces in-situ ethanol
recovery by using liquid-liquid extraction by organic solvents. Encapsulated systems, which
contained a hydrophobic core of solvent and an alginate-based wall, were characterized for
some solvents, which were toxic by direct contact with cells. Mass transfer of ethanol was
studied for all systems for determining the limiting diffusion layer. Chapter 8 contains the
general conclusions and perspectives of this work by discussing an optimized strategy for the

production of ethanol from whey.
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8. Nomenclature

BODs

DM
ETBE

ISPR
NF
OFEN
RO
CHF
UF

Biological Oxygen Demand. The amount of dissolved oxygen
consumed in five days by biological processes breaking down
organic matter

Dry matter

Ethyl-tertio-buthyl-ether, obtained by reaction of anhydrous
ethanol with isobutene. ETBE is now used in petrol as an additive
In situ product recovery

Nanofiltration

Federal Office of Energy

Reverse osmosis

Swiss franc

Ultrafiltration
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CHAPTER 2 - Process design and economic evaluation of ethanol production

1. Abstract

Possible pathways for producing bioethanol from whey were investigated. Three major
production strategies were identified and characterized: centralized, decentralized and hybrid,
depending on the site where treatment steps occur. Hybrid scenarios were shown to be
economically more suitable than the other two strategies due to the reduction of energy and
transport costs. Two scenarios, which present different fermentation strategies, were studied
into detail to make economic evaluations for the valorization of cheese whey. The first
scenario describes the direct fermentation of whey into ethanol using Kluyveromyces fragilis,
while second scenario depicts hydrolyzed whey fermentation using Saccharomyces
cerevisiae. The economic comparison shows that both scenarios result in a similar production
cost (~1.30 CHF/Lgon), since the improvement in ethanol yield using S. cerevisiae, compared
to K. fragilis, is compensated by the extra costs resulting from the hydrolysis step, which is
necessary to achieve substrate assimilation by this non-lactose metabolizing strain. Therefore,
it cannot be concluded that one strategy is more appropriate than the other with the depicted
working conditions. Transport and concentration were shown to be critical steps of the global
process and the optimal strategy consists in concentrating whey permeate to 300 g/L sugar

prior to transport.
This chapter was submitted for publication in Journal of Dairy Science

de Glutz FN, Holliger C, Marison IW. Process design and economic evaluation for ethanol

production from cheese whey.
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2. Introduction

The Swiss dairy industry generates more than 4000 million tonnes of milk per year, of which
a third is dedicated to cheese production [1]. The present study explores the valorization of
the resulting large quantities of cheese whey by producing bioethanol, taking into account the
constraints of countries like Switzerland. Produced by multiple, widely distributed, milk-
producers and dairies, whey transport and logistics represent real challenges when producing
ethanol and multiple production pathways are therefore conceivable.

The principal organism studied for ethanol fermentation from whey is Kluyveromyces fragilis
due to its ability to directly ferment lactose [2-5]. However, such direct fermentation yeasts
generally suffer from low conversion yields and poor tolerance to ethanol, which results in
large volumes of diluted ethanol and thus high energy demands for distillation and
purification [6, 7]. An alternative is to utilize indirect fermentation yeasts, such as
Saccharomyces cerevisiae, which show considerably better ethanol fermentation performance
[8] but have the disadvantage that an expensive enzymatic hydrolysis step is required prior to
fermentation.

Consequently the decision must be made as to whether the dilute whey is transported to a
centralized production plant or whether to hydrolyze the lactose contained in whey into
glucose and galactose prior to fermentation to enable fermentation to higher alcohol
concentrations, thereby resulting in reduced distillation costs. A further decision would be
whether the whey is transported to a centralized production plant or whether it is

commercially viable to transform it at the production site.
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3. Materials and Methods

Process analysis for ethanol production was carried out using the software ASPEN PLUS
(ver. 12.1). From a multitude of different scenarios, two were analyzed in more detail. They
differed in fermentation strategy: Scenario | considered direct lactose fermentation using K.
fragilis and the scenario J enzymatic hydrolysis of lactose followed by glucose-galactose
fermentation using S. cerevisiae. Operating parameters were given by Fruteau de Laclos and
Membrez (EREP) [12], which reported an earlier economic evaluation of direct centralized
ethanol production from whey permeate. One hundred percent carbon source assimilation was
assumed, together with the presence of pre-existing refrigeration units at the production sites.
The price of the carbon source and major raw materials are (CHF per tonne) [13]: whey, 0;
whey protein concentrate (WCP), 125; distillation residues, 0; NaOH, 360; H,SO4, 340;
steam, 50; water, 0.15; electricity, 100; waste water treatment, 2; transport, 0.31 per km.
Figure 1 shows a schematic representation of the different operation units, which can be found
in a centralized ethanol production plant from whey permeate and was designed by Maguin-
Interis [14]. Whey permeate is first cooled (E201) and stored at 5°C (R201) prior to feeding
the fermentation unit. The fermentation unit is composed of two vessels, which produce the
biomass (R411 and R412) necessary to inoculate the six fermentation vessels (R421 to R426)
operating in batch mode. A buffering tank (R430) collects the fermented beer containing 5%
v/v alcohol and controls the beer flow rate entering the distillation column (C510 and C520).
Ethanol is concentrated through distillation to 93% v/v and is dehydrated in the dehydration
section by a molecular sieve (C515 and C525) to obtain fuel-grade ethanol 99.7% v/v. The
purchase costs of the equipment for the simulated scenarios of this study were provided by
Maguin-Interis (rue Albert Einstein12, 77420 Champs-sur-Marne, France) [14]. Hydrolysis-
related costs were provided by Valio (Meijeritie 6, 00370 Helsinki, Finland), which
specializes in industrial enzymatic conversion processes. Ultra-filtration, nano-filtration and
evaporation-related costs were provided by the dairy research center Agroscope Liebefeld-
Posieux (ALP; Cédric Fragnieére, Schwarzenburgstrasse 161, 3003 Liebefeld-Bern,
Switzerland). Transport-related costs were provided by taxes on truck transportation layout

(RPLP) with data corresponding to the latest EURO 3 prices (www.admin.ch).
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Figure 1. Process flowsheet of a centralized ethanol production plant from

concentrated whey permeate. The whey permeate is refrigerated and stored at 5°C

then feeds the fermentors, where a 5% v/v beer is produced. Successive distillation

and dehydration produce fuel-grade ethanol at the end of the process [14].
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CHAPTER 2 - Process design and economic evaluation of ethanol production

4. Results and Discussion

4.1 Production pathways

Bioethanol production strategies can be classified in two main categories according to where
the bioprocess occurs. The different pathways for centralized or decentralized production

strategies are reported in Figure 2.
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Figure 2. Possible ethanol production pathways from whey in either centralized,
decentralized and hybrid production strategies. Scenarios A to D are possible totally
centralized production pathways, where ethanol is produced in a unique common
production plant; while scenarios E to H represent totally decentralized strategies,
where ethanol is directly produced at the whey production site. Scenarios I to L
depict the possible hybrid possibilities to produced ethanol, where part of the
operating steps are first made at the production site than in a centralized production

plant.
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4.1.1 Totally centralized production strategy

The term centralized production is used when all the operating steps are performed in one
common plant. Whey is thus gathered to a centralized plant where it is pre-treated, fermented,
distilled and dehydrated for providing fuel-grade ethanol (99.7 % v/v) as a final product.

In scenario A, raw dilute whey, 5% dry matter (DM) (45 g/L lactose) [15], is transported to
the fermentation plant and fermented by lactose-utilizing yeast, such as Kluyveromyces
fragilis, prior to distillation and dehydration.

Scenario B is a variant of the previous scenario, which includes extra ultrafiltration and
nanofiltration units which retain whey proteins and concentrate the resulting permeate to 22%
DM (190 g/L) prior to fermentation [16]. This operation would enable to obtain a higher final
ethanol concentration after the fermentation, since the substrate would be less diluted, and
recover as a by-product the proteins of whey. Another advantage of concentrating the
substrate would lie in the reduction of the working volumes, since unnecessary water is
discarded.

Scenario C is similar to scenario A but contains an additional hydrolysis unit, which converts
enzymatically the lactose into glucose and galactose using [-D-galactosidase prior to
fermentation [17]. This would enable fermenting the hydrolyzed whey by non-lactose-
utilizing yeasts such as Saccharomyces cerevisiae, which usually exhibit better ethanol
conversion yields compared to K. fragilis [8].

Scenario D concentrates and hydrolyses whey. Hydrolyzed 22% DM whey permeate is then
fermented by S. cerevisiae, which usually exhibits higher ethanol concentrations compared to
K. fragilis. Distillation of such a concentrated “beer” would result in saving energy, since less

material would enter the column [7].

4.1.2 Totally decentralized production strategy

The term decentralized production describes the case, where each individual production site
owns all the operating units of the process, which are required to produce fuel-grade ethanol.
In scenario E, raw dilute whey is directly fermented at the production site by K. fragilis. The
fermentation broth is then distilled and dehydrated.

Scenarios F, G and H are equivalent to scenarios B, C and D in the case of a totally
decentralized production strategy. The advantages of using concentration and hydrolysis units

are identical to the previously described scenarios (B, C and D).
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4.1.3 Hybrid production strategy

A hybrid production strategy is when parts of the process are done at the production site and
others are regrouped in a common plant. This is the case for scenarios I, J, J’, K and L, where
some operations are first performed at the whey production site prior to carrying out the
remaining steps in a centralized plant.

Scenario I describes the situation where NF-whey concentrate is produced at the production
site prior to transportation to a centralized plant where it is fermented, distilled and
dehydrated. Such a strategy results in a less diluted substrate and therefore smaller liquid
quantities, which would result in reducing the transportation costs.

Scenarios J and J’ integrate an extra hydrolysis step to the previous scenario. In the former
case, NF-whey concentrate is transported to the centralized plant where it would be
hydrolyzed prior to fermentation, and in the latter case, whey would be hydrolyzed prior to
concentration and transport. While whey cannot be concentrated to more than 22% DM due to
the low solubility of lactose (240 g/L at 20°C) [18] resulting in crystallization during transport
and storage, glucose and galactose may be concentrated to much higher levels. A benefit
would be a further reduction of the transport costs compared to NF-whey concentrate. Whey
and whey permeate are unstable substrates because of microbial activity naturally present in
whey and cheese industries, with concentrated whey permeate (12% DM) reported to be
stable for only 2-3 days at 4°C [19]. The instability is mainly the result of growth of the
bacterial flora causing conversion of lactose to lactic acid resulting in a reduction of pH and
bioethanol production yield. Another advantage of this whey concentration would thus be a
stabilizing effect, comparable to molasses, which would enable transporting and storing
concentrated, hydrolyzed whey permeate at room temperature for a much longer period.
Scenario K consists in fermenting either dilute or concentrate whey at the production site and
then transporting the fermented “beer” to a centralized plant where it would be distilled and
dehydrated. This scenario has the advantage of avoiding problems associated with whey
instability during transport and storage and the centralized ethanol concentration plant would
help rationalizing energy consumption and therefore reduce operating costs.

The last envisaged scenario (L) is similar to the previous except that distillation would still
occur at the production site and only dehydration would then be performed in a centralized
plant. In this situation transportation costs would be reduced almost 40-fold compared to

dilute whey (1 liter of 93% v/v ethanol is produced from 41 liter dilute whey permeate).
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4.1.4  Strategies analysis

Whey was depicted as a dilute substrate (5% DM, 45 g/L lactose), which would result in
significant costs to transport from the production sites to a central facility. These costs can be
reduced by pre-concentration of the whey at the production site using nanofiltration (22%
DM, 190 g/L lactose) or evaporation (70% DM, 600 g/L glucose-galactose) following a
hydrolysis step. However, the more the whey is concentration, the higher the operating costs.
Figure 3 shows the operating costs for concentrating 1 tonne of dilute whey and the resulting

transportation costs.
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Figure 3. Balance of concentration and transportation costs to determine optimal

profitability.

Transportation costs are linked to the substrate volume (0.31 CHF/tonne-km over an average
distance of 120 km) [13], and thus decrease with the sugar concentration. Nanofiltrating whey
prior to transport would therefore decrease transportation costs by 4-fold compared to dilute
whey, while subsequently evaporating water up to 600 g/L. glucose-galactose would result in
40% more savings. The trend of the concentration costs, dimensioned for the treatment of
1 million tonne of whey per year (1lkWh=1 CHF) [13], is almost linear from 45g/L to 600 g/L
of sugar. While nanofiltration costs are mainly dependent on the membrane costs [13], the
operating cost for evaporation is fixed by the energy required (100 kWh-tonne) [20], and is

therefore linear. Combination of both concentration and transportation costs shows that a
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sugar concentration around 300 g/L would represent the optimum compromise conditions. For
this reason scenarios A to D, which consider transportation of dilute whey, would not be
economically feasible. According to scenario J* in Figure 3, which includes evaporation-
concentration of hydrolyzed-whey permeate, this would be almost equivalent to scenario J
which depicts transportation of NF-whey concentrate.

In the case where ethanol is produced through a totally decentralized strategy (scenario E), the
average production volumes and logistics must first be considered. In 2003, the association
Fromarte made an inventory of the main milk-producers in Switzerland [21]. A typical
production of 1 million tonne of whey per year [21] was reported for more than 600 dairies,
which represents a total of 1200-10° tonnes of whey per year. This average yearly production
corresponds to a daily production of about 3000 L of raw whey, which after fermentation (0.4
geron/Llactose) [0], distillation and dehydration would result in about only 50 L of fuel-grade
ethanol per day. Therefore constructing and operating hundreds of disperse ethanol
production plants, which can only produce small amounts of ethanol, does not appear
economically reasonable. Similar arguments concern the other totally decentralized scenarios,
such as scenario F, G and H and almost totally decentralized scenarios, such as K and L.

For this reason, the most conceivable economically profitable strategy would consist in
nanofiltrating whey at the production site prior to transportation to a centralized treatment
plant, where NF-whey concentrate is fermented by either K. fragilis (scenario I) or hydrolyzed
prior to fermentation with S. cerevisiae (scenarios J and J’). Only scenario J will be simulated
as a more comparable situation to scenario I, but results should provide similar results to J’

according to Figure 3.

4.2 Centralized direct fermentation of concentrated whey permeate
(scenario I)

This deals with a cheese factory that produces whey as a by-product, concentrates it to 22%
DM to obtain nano-filtrated (NF) whey concentrate and whey protein concentrate (WPC).
Concentrated NF whey permeate is transported to a centralized treatment plant that produces
fuel-grade ethanol. The development of the process was based on data available in the
literature [12-14]. On a yearly basis, for the production of 325-10° tonnes of whey, the plant
processes 11.1-10° tonnes of WPC and 5.3-10° tonnes ethanol (6.7-10° L). The plant operates
around the clock for 330 days a year. This scenario consists of six sections: whey

concentration, refrigeration, transport, ethanol fermentation, distillation and dehydration.
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4.2.1 Process description

Whey concentration section: Using three successive concentration units, 5% DM whey is

concentrated to 22% DM containing mainly soluble proteins, salts, lactose and
water. The proteins with the highest molecular weight are separated using a
ceramic ultrafiltration (UF) filter. The liquid permeate from the ultra-filters is
treated using a cross flow nano-filter at around 50°C, which concentrates it to 22%
DM, 190 g/L lactose, whey permeate and retains proteins of smaller size [16],
which are then spray-dried to produce solid WPC containing 50-75% protein.

Refrigeration section: Since whey is a naturally very unstable, biologically degradable

material, it must be refrigerated. This is achieved by passing NF whey permeate
through a cooler to reduce its temperature to 5°C.

Transport section: The concentrated substrate is transported by refrigerated truck to the

centralized treatment plant. An average distance of 120km was estimated [13],
during which the temperature must be maintained at 5°C.

Ethanol section: NF whey permeate (190 g/L lactose) is first re-diluted to 105 g/L lactose
because this is the maximum lactose concentration which can be fermented by
Kluyveromyces fragilis before being limited by ethanol. This medium is fed to the
fermentor, where a lactose-fermenting yeast is used to produce ethanol. With a
conversion yield of 0.375 ggon/glactose [22], @ “beer” containing 5% alcohol (by
volume) [14, 23] is produced. The beer is then sent to a centrifugal separator,
which recovers and recycles the yeast. Complete (100%) lactose utilization was
expected.

Distillation section: The biomass-free permeate is then pre-heated through a heat-exchanger

before distillation. Heat-exchange integration is used to warm the incoming
solution using the bottom stream from the distillation column. Next the dilute
ethanol solution is concentrated by distillation, with a valve-distillation column of
50 theoretical plates, to spirit-grade level (93% v/v).

Dehydration section: The azeotrope is exceeded by molecular sieves and is concentrated to

fuel-grade level (99.7% v/v) [24].
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4.2.2 Costs analysis and economic evaluation

The economic evaluation gave an overview of total economic impact of the plant, including
total capital investment and detailed yearly operating costs. The total equipment purchase cost
(Table 1A) is around 12.3 million CHF. Fermentation has the most expensive equipment costs
(4'248'000 CHF/Unit). The installation of multiple concentration units of small size makes
installation and maintenance of this part of the process the second most expensive for

equipment (3'666'000 CHF/Unit).

The annual operating cost (Table 1B) was calculated by taking into account equipment
depreciation and maintenance, operating labor, administrative work, raw materials purchase,
utilities requirements, disposal costs, transportation fees and by-product valorization, and was
found to be 9.1 million CHF/year. Clearly the transport-dependent cost is the most important
item accounting for 30% (2'747'000 CHF/year) of the total operating cost. The cost of
concentration lies in second position accounting for 19% of the total cost followed by
fermentation-dependent cost (18%). As mentioned previously, decentralization of the
concentration units results in higher labor operating costs. The reduction of labor operating
cost of this section in a totally centralized treatment plant may result in a profitable operation
unit. For Switzerland, since transport was shown to be the critical step, substrate
concentration after transportation of dilute whey would result in a 2-fold higher operation
cost. Direct fixed capital (DFC) related costs and specific know-how for operating a
fermentation unit are the most important costs of this section. While DFC-related costs, such
as maintenance, are the most significant expenses for the dehydration section, distillation
operating costs were shown to be directly linked to utilities, and more specifically steam,
which represents almost 60% of the total annual operating cost of this section (15%). Finally,
refrigeration accounts for 8% of overall annual operating costs. This cost is only related to
cooling energy, since it was assumed that local milk producers already possess the necessary

heat-exchange units.

The contribution of the various unit operation costs (Figure 4) to the final ethanol production
price (1.35 CHF/Lgion), is as follows: concentration 0.26 CHF/Lgon, refrigeration 0.11
CHF/Lgion, transport 0.41 CHF/Lgon, fermentation 0.24 CHF/Lgogn, distillation 0.20
CHF/Lgion and dehydration 0.13 CHF/Lgon.
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Figure 4. Contribution of the individual operating units to the total production cost
of ethanol produced in a centralized production plant treating 325-10° Ly /year

with Kluyveromyces fragilis.
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Table 1. Economic analysis of ethanol production in a centralized production plant including direct lactose fermentation using Kluyveromyces

fragilis; (A) the direct fixed investment capital and (B) annual operating costs for the yearly production of 6.7-10° L ethanol.

A Concentration ~ Fermentation  Distillation =~ Dehydration Total
FIXED CAPITAL ESTIMATE (2004 prices)
A. TOTAL PLANT DIRECT COST (TPDC) (physical cost) cost (CHF) cost (CHF)  cost (CHF) cost (CHF) cost (CHF)
a. Equipment Purchase Cost (PC) 1'470'000 2'100'000 870'000 1'300'000
b Installation 956'000 525'000 218'000 325'000
c. Process Piping (0.09 X PC) 132'000 189'000 78'000 117'000
d. Instrumentation (0.10 X PC) 147'000 210'000 87'000 130'000
e. Insulation (0.008 X PC) 12'000 17'000 7'000 10'000
f. Electrical (0.025 X PC) 37'000 53'000 22'000 33'000
g. Buildings (0.11 X PC) 162'000 231'000 96'000 143'000
h. Yard Improvement (0.04 X PC) 59'000 84'000 35'000 52'000
i. Auxiliary Facilities (0.10 X PC) 147'000 210'000 87'000 130'000
3'122'000 3'619'000 1'500'000 2'240'000
B. TOTAL PLANT INDIRECT COST (TPIC)
a. Engineering (0.06 X TPDC) 187'000 217000 90'000 134'000
b. Construction (0.08 X TPDC) 250'000 289'000 120'000 179'000
437000 506'000 210'000 313'000
C. OTHER COSTS (OTC)
a. Contractor's fee (0.01 X (TPDC + TPIC)) 36'000 41'000 17'000 26'000
b. Contingency (0.02 X (TPDC + TPIC)) 71'000 82'000 34'000 51'000
107'000 123'000 51'000 77'000

D. DIRECT FIXED CAPITAL (DFC)
TPDC + TPIC + OTC 3'666'000 4'248'000 1'761'000 2'630'000 12'305'000




B Concentration  Refrigeration Transport  Fermentation  Distillation  Dehydration Total
ANNUAL OPERATING COST (2004 prices)
A. DFC-DEPENDENT ITEMS cost (CHF) cost (CHF)  cost (CHF) cost (CHF) cost (CHF) cost (CHF) cost (CHF)
Depreciation 348'000 404'000 167'000 250'000
Maintenance Material 35'000 40'000 17'000 25'000
Insurance (0.01 X DFC) 37'000 42'000 18'000 26'000
Local Taxes (0.02 X DFC) 73'000 85'000 35'000 53'000
Factory Expense (0.05 X DFC) 183'000 212'000 88'000 132'000
676'000 0' 0’ 783'000 325'000 486'000
B. LABOR-DEPENDENT ITEMS
a. Operating labor 600'000 210'000 70'000 70'000
b. Maintenance labor 189'000 63'000 21'000 21'000
c. Fringe benefits (040X (a+b)) 328'000 109'000 36'000 36'000
d. Supervision (0.20 X (a + b)) 164'000 55'000 18'000 18'000
e. Operating supplies (0.10 X a) 63'000 21'000 7'000 7'000
f. Laboratory (0.15X a) 95'000 32'000 11'000 11'000
1'439'000 0' 0’ 490'000 163'000 163'000
C. ADMINISTRATION AND OVERHEAD (0.6 " (atb+c))
EXPENSE
688'000 0' 0’ 229'000 76'000 76'000
D. RAW MATERIALS
a. Carbon source (0 CHF/tonne)
b. NaOH (360 Srf/tonne) 1'000 1'000
¢. H,SO, (320 Srf/tonne) 1'000 41'000
d. others 29'000
2'000 0 0 71'000 0 0
E. OTHER CONSUMABLES
Membrane or filter cloth 42'000 0 0 0 0 0
F. UTILITIES
a. Steam (50 Srf/tonne) 7'000° 775'000° 165'000°
b. Water (0.15 Srf/tonne) 14'000° 7'000°
c. Energy (100 CHF MWh) 235'000° 737'000 60'000° 12'000° 4'000°
256'000 737'000 0 67'000 787'000 169'000
G. WASTE TREATMENT/DISPOSAL (2 Srf/tonne) 9'000 0 0 0 13'000° 0
H. TRANSPORT (0.31 CHF/tonne km) 0 0 2'747'000 0 0 0
I. BY PRODUCT VALORIZATION -1'388'000 0 0 0 0 0
Total annual operating cost 1'724'000 737'000 2'747'000 1'640'000 1'364'000 894000 9'106'000

"is was assumed that local milk-producers already possess the necessary heat-exchange units

Z expenses related to vehicles and salaries are already comprised in the transport costs

3 values obtained by simulations with ASPEN Plus
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4.3 Centralized indirect fermentation of concentrated whey permeate

(scenario J)

Whey concentration, refrigeration, transport, distillation and dehydration sections are similar
to the direct centralized concentrated whey permeate fermentation process (scenario J). The
main differences are those in ethanol production, with Saccharomyces cerevisiae, and an

additional hydrolysis section for converting lactose into glucose and galactose.

Hydrolysis section: NF whey permeate (19% lactose) is fed to a fixed-bed reactor containing

[-galactosidase enzymes, which are immobilized on porous matrixes. This system,
currently commercialized by Valio (www.valio.fi), converts the lactose into
glucose and galactose with a conversion yield of 95%.

Ethanol section: Hydrolyzed substrate enters the fermentor, where S. cerevisiae converts

glucose and the galactose into ethanol with a conversion yield of 0.492 ggon/gsugar
[23]. The fermented product contains 11% alcohol (by volume) [13] and assumes
complete (100%) carbon source utilization. Next the beer is sent to a centrifugal

separator, which recovers and recycles the yeast.

As a result of the higher conversion yield and ethanol tolerance of S. cerevisiae, a yearly
ethanol production of 6.6:10° tonnes ethanol (8.4:10° L) are produced and liquid volumes

entering the distillation section are reduced by 2-fold compared to the previous scenario.

4.3.1 Economic evaluation of scenario J

The additional hydrolysis section, which is required for the conversion of lactose into glucose
and galactose, in order to use S. cerevisiae, explains the higher final equipment purchase cost
(Table 2A) of around 15.3 million CHF. Fermentation and concentration units remain the
most expensive pieces of equipment, followed closely by hydrolysis units. The latter
equipment purchase cost was provided by Valio Ltd. (1'500'000 CHF) and represents 20% of
the DFC of the indirect centralized process. Direct costs being related to b-galactosidase
purchase cost, there would be no significant difference for centralized or decentralized

production.
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A direct result of the indirect fermentation strategy is a higher ethanol conversion yield since
glucose-galactose fermentation with S. cerevisiae is more efficient than direct lactose
fermentation with K. fragilis (0.492 ggion/gsugar compare to 0.375 ggion/gsugar), and thus leads
to the production of 30% more ethanol from the same initial quantity of whey (8.4-10°
Lgion/year). The annual operating cost (Table 2B) was 11 million CHF/year, which is 20%
more expensive than for the direct centralized scenario. Concentration, refrigeration, transport
and dehydration operating costs are identical to the previously described scenario, since these
steps are not affected by a change of the fermentation set-up. Raw materials and utilities-
related costs of fermentation with S. cerevisiae do not differ from K. fragilis, which also
results in identical operating costs for the fermentation unit. While transport-dependent cost is
always the most important item, accounting for 25% of the total operating cost, hydrolysis
was shown to have a critical impact on total annual operating costs in indirect fermentation
strategy, since it represents more than 20% of annual operating costs (2'219'000 CHF/year).
This high operating cost is mainly due to the replacement of the f-galactosidase enzymes
(1'412'000 CHF/year) (Mr. Raul Lonnstrom, Vice president Valio international Ltd).
Distillation operating costs were shown to be directly linked to the utilities, and more
specifically to steam. The higher tolerance of S. cerevisiae compared to K. fragilis leads to a
2-fold higher alcohol content in the beer which feeds the distillation column. Consequently
the requirements for steam are reduced by approximately 2-fold, which results in some 30%
lower operating cost than with direct scenario (976'000 CHF/year). Thus distillation only

accounted for 9% of annual operating costs in indirect fermentation process.

The contribution of the various operation unit costs (Figure 5) to the final ethanol production
price (1.32 CHF/Lgwon), is as follows: concentration 0.21 CHF/Lgon, refrigeration 0.09
CHF/Lgion, transport 0.33 CHF/Lgion, hydrolysis 0.26 CHF/Lgon, fermentation 0.20
CHF/Lgomn, distillation 0.12 CHF/Lgion and dehydration 0.11 CHF/Lgon.
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Table 2. Economic analysis of ethanol production in a centralized production plant treating fermenting hydrolyzed lactose with Saccharomyces cerevisiae,

representing (A) the direct fixed investment capital and (B) then annual operating expenses of a yearly production of 8.4-10° L ethanol.

A Concentration ~ Hydrolysis ~ Fermentation  Distillation ~ Dehydration Total
FIXED CAPITAL ESTIMATE (2004 prices)
A. TOTAL PLANT DIRECT COST (TPDC) (physical cost) cost (CHF)  cost (CHF) cost (CHF)  cost (CHF) cost (CHF)  cost (CHF)
a. Equipment Purchase Cost PO) 1'470'000 1'500'000 2'100'000 870'000 1'300'000
b Installation 956'000 375'000 525'000 218'000 325'000
c. Process Piping (0.09 X PC) 132'000 135'000 189'000 78'000 117'000
d. Instrumentation (0.10 X PC) 147'000 150'000 210'000 87'000 130'000
e. Insulation (0.008 X PC) 12'000 12'000 17'000 7'000 10'000
f. Electrical (0.025 X PC) 37'000 38'000 53'000 22'000 33'000
g. Buildings (0.11 X PC) 162'000 165'000 231'000 96'000 143'000
h. Yard Improvement (0.04 X PC) 59'000 60'000 84'000 35'000 52'000
i. Auxiliary Facilities (0.10 X PC) 147'000 150'000 210'000 87'000 130'000
3'122'000 2'585'000 3'619'000 1'500'000 2'240'000
B. TOTAL PLANT INDIRECT COST (TPIC)
a. Engineering (0.06 X TPDC) 187'000 155'000 217'000 90'000 134'000
b. Construction (0.08 X TPDC) 250'000 207'000 289'000 120'000 179'000
437000 362'000 506'000 210'000 313'000
C. OTHER COSTS (OTC)
a. Contractor's fee (0.01 X (TPDC + TPIC)) 36'000 29'000 41'000 17'000 26'000
b. Contingency (0.02 X (TPDC + TPIC)) 71'000 59'000 82'000 34'000 51'000
107'000 88'000 123'000 51'000 77'000

D. DIRECT FIXED CAPITAL (DFC)
TPDC + TPIC + OTC 3'666'000 3'035'000 4'248'000 1'761'000 2'630'000  15'340'000




B Concentration  Refrigeration Transport  Hydrolysis  Fermentation  Distillation = Dehydration Total
ANNUAL OPERATING COST (2004 prices)
A. DFC-DEPENDENT ITEMS cost (CHF) cost (CHF)  cost (CHF) cost (CHF) cost (CHF)  cost (CHF) cost (CHF)  cost (CHF)
Depreciation 348'000 288'000 404'000 167'000 250'000
Maintenance Material 35'000 29'000 40'000 17'000 25'000
Insurance (0.01 X DFC) 37'000 30'000 42'000 18'000 26'000
Local Taxes (0.02 X DFC) 73'000 61'000 85'000 35'000 53'000
Factory Expense (0.05 X DFC) 183'000 152'000 212'000 88'000 132'000
676'000 0' 0’ 560'000 783'000 325'000 486'000
B. LABOR-DEPENDENT ITEMS
a. Operating labor 600'000 70'000 210000 70'000 70'000
b. Maintenance labor 189'000 21'000 63'000 21'000 21'000
c. Fringe benefits (0.40 X (a+ b)) 328'000 36'000 109'000 36'000 36'000
d. Supervision (020X (a+b)) 164'000 18'000 55'000 18'000 18'000
e. Operating supplies (0.10X a) 63'000 7'000 21'000 7'000 7'000
f. Laboratory (0.15 X a) 95'000 11'000 32'000 11'000 11'000
1'439'000 0' 0’ 163'000 490'000 163'000 163'000
C. ADMINISTRATION AND OVERHEAD (0.6 " (atb+c))
EXPENSE
688'000 0' 0’ 76'000 229'000 76'000 76'000
D. RAW MATERIALS
a. Carbon source (0 CHF/tonne)
b. NaOH (360 Srf/tonne) 1'000 1'000
c. H,SO4 (320 Srf/tonne) 1'000 41'000
d. others 1'412'000 29'000
2'000 0 0 1'412'000 71'000 0 0
E. OTHER CONSUMABLES
Membrane or filter cloth 42'000 0 0 0 0 0 0
F. UTILITIES
a. Steam (50 Srf/tonne) 7'000° 387'000° 165'000°
b. Water (0.15 Srf/tonne) 14'000° 1'000 7'000°
c. Energy (100 CHF MWh) 235'000° 737'000 7'000 60'000° 12'000° 4'000°
256'000 737'000 0 8'000 67'000 399'000 169'000
G. WASTE TREATMENT/DISPOSAL (2 Srf/tonne) 9'000 0 0 0 13'000° 0
H. TRANSPORT (0.31 CHF/tonne km) 0 0 2'747'000 0 0 0 0
1. BY PRODUCT VALORIZATION -1'388'000
Total annual operating cost 1'724'000 737'000 2'747'000 2'219'000 1'640'000 976'000 894'000  10'937'000

"'is was assumed that local mil-producers already possess the necessary heat-exchange units
Z expenses related to vehicles and salaries are already comprised in the transport costs
3 values obtained by simulations with ASPEN Plus
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Figure 5. Contribution of the individual operating units to the total production cost
of ethanol produced in a centralized production plant treating 325-10° Ly /year

with Saccharomyces cerevisiae.
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5. Conclusions

The relative impact of the individual unit operations on the final ethanol production price
could be identified by calculating equipment dimensions and facility requirements with a
computer modeling software and adapting available earlier economic evaluations. The
analysis of the multiple possible production pathways reduced the number of reasonable
scenarios to 3, which are all hybrid strategies, where whey is (i) concentrated at the
production site prior to transportation to a centralized treatment plant (ii) and/or hydrolyzed.
A comparison of economic evaluation for two of those scenarios, which transformed 325
million tonnes of dilute cheese whey into ethanol, resulted in an almost equivalent production
price for both envisaged strategies. By direct fermentation using K. fragilis (scenario I), a
production price of 1.35 CHF/Lgon was achieved, while when fermenting using S. cerevisiae
(scenario J), the production price was 1.32 CHF/Lgon. The EREP report [12] established an
ethanol production price of 1.34 CHF/Lgon for scenario I, which differs by only 2% with the
value obtained in the present study. On the other hand, a computer-aided simulation of
ethanol fermentation from whey [25] was done with the software SuperPro Designer. This
study, only based on computed values, reported an almost 2-fold higher production price
(2.26 CHF/Lgion) and defined a breakeven point for 49.5 tonne/h of treated dilute whey

permeate.

Transport and concentration were shown to be two critical steps of the global process and the
profile depicted in Figure 1 would suggest an ideal concentration around 300 g/L glucose-
galactose with hydrolyzed whey permeate. Whey instability is still a limiting factor of the
process, since storage is limited to 3-4 days at 5°C. Evaporation would be an alternative, and
additional operating costs may partially or totally offset refrigeration costs. Another
possibility would, eventually, be to stabilize whey chemically. Relatively low ethanol
production yield and tolerance are limiting parameters for using direct fermentation. The
selection of lactose-utilizing strains must therefore focus on these two parameters.

As a perspective, more recent membrane technologies, such as pervaporation may represent
an interesting alternative to molecular sieve dehydration although membrane viability would

be a critical parameter to take into account before choosing such technologies.
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6. Nomenclature

ASPEN Advanced System for Process Engineering

DFC Direct fixed costs

DM Dry matter content

EREP Etudes et Applications d'Energies Renouvelables et
d'Epuration SA

NF Nanofiltration

UF Ultrafiltration

WPC Whey protein concentrate
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CHAPTER 3 — Stabilization of whey permeate

1. Abstract

A major limitation to the use of whey and whey permeate for the production of bioethanol is
the high instability due to lactic acid bacteria present in the whey after the cheese production
process, which grow and consume lactose during subsequent storage and transport. Thus even
when stored at 4°C whey permeate is only stable for 2-3 days. In order to overcome this,
seven compounds were tested for their ability to stabilize ultrafiltrated- and reverse osmosed-
treated whey permeates over a period of 21 days. Of these compounds, formic acid was
selected due to the high level of growth inhibition of lactic acid bacteria obtained at pH 4, and
the non-toxicity for Kluyveromyces marxianus CBS 5795 at neutral pH. Ethanol production
kinetics were determined using batch cultures of K. marxianus and a medium containing 40
g/L of lactose. Cultures containing 50 mM formic acid gave an ethanol production yield
(YEtonss) of 0.67 C-mol/C-mol and final ethanol concentration of 19.1 g/L with 90.8% of the
initial lactose concentration consumed within 30 hours. Formic acid preserved whey at room
temperature for a three-week period without negatively influencing the subsequent yeast

fermentation.
This chapter was submitted for publication in Process Biochemistry

de Glutz FN, Viscasillas C, von Stockar U, Holliger C, Marison IW. Stabilization of whey

permeate to enable ethanol production by Kluyveromyces marxianus.
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2. Introduction

Cheese whey is the yellowish liquid remaining after the precipitation of milk casein during
cheese making and represents more than 90% of the milk volume [1]. Composed mainly of
lactose, soluble proteins, lipids and mineral salts it also contains, due to the activity of
microorganisms naturally present in whey, lactic and citric acid [1-5]. Proteins from whey
have a high nutritional value and are often collected by ultrafiltration (UF). The residual
protein-free material is termed whey permeate [4].

The Swiss industry generates more than 4000 million tonnes of milk per year, of which a third
is dedicated to cheese production [6]. The large volumes of whey produced cannot be simply
discarded because of the high organic matter content, and thus represent an important
environmental problem, as the 5-day biological oxygen demand (BODs) of whey is 30°000-
50°000 g/m’ [1, 7-9]. Reduction of the BODs to acceptable levels would require very
expensive treatments. For this reason cheese manufacturers have explored the possibilities of
valorization of whey. Generally proteins are first separated by ultrafiltration, dried and sold as
food and feed supplements. Subsequently, a reverse osmosis process (RO) is often used to
concentrate the resulting whey permeate to 12 % dry matter (DM) and used in the food
industry (ice creams, cakes, and milk derivatives), baby food, dietetic products and certain
alcohol-free beverages such as Rivella. However, use is limited due to the “salty” taste and
lactose intolerance of large parts of the human population [7, 10]. Thus, these applications
represent only a small part of the total production and whey permeate is mainly returned to
farmers as animal feedstock in particular for the small cheese manufacturers [9, 11].
However, lactose intolerance of farm animals also limits the extensive use of whey in feed
[12]. Whey permeate disposal is therefore a real problem for many small producers who
cannot find an application for their production and thus have to assume expensive treatment/
disposal costs. Nowadays, there are increasing efforts to reduce greenhouse gas emissions by
the use of sustainable and renewable biofuels. Transformed into ETBE (Ethyl-tertio-buthyl-
ether) or mixed with petrol or gasoline, bioethanol is being increasingly considered as a
biofuel, particularly as a carburant, since it is considered to be CO, neutral, allows the
maintenance of agricultural activities and a certain independency on fuel imports [11]. In
addition, bioethanol can be formed from a wide range of crop surpluses and industrial waste
products, such as whey permeate (Chapter 1). Ireland, USA and New Zealand are already
producing bioethanol from whey permeate since they have large centralized dairy industries

which enable bioethanol production plants to be directly associated [7]. In Switzerland more
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than 1500 dairies of various sizes produce whey permeate throughout the country [5]. This
wide distribution results in the need for transportation of whey to regional bioethanol plants
together with storage. Since whey is a naturally very unstable, biologically degradable
material, successful economic utilization of whey to produce bioethanol requires methods to
conserve whey. Whey and whey permeate are unstable substrates because of microbial
activity naturally present in whey and cheese industries, with concentrated whey retentate
(12% DM) reported to be stable for only 2-3 days at 4°C [13]. The instability is mainly the
result of growth of the bacterial flora causing conversion of lactose to lactic acid resulting in a
reduction of pH and bioethanol production yield.

Considerable literature exists which report the difficulties in storing whey efficiently together
with attempts to stabilize [13, 14]. In most cases, addition of preservatives was not efficient
over long periods and the preservatives had subsequently to be removed enzymatically prior
to alcoholic fermentation. Thus hydrogen peroxide was shown to be capable of stabilizing
fresh whey for a period of ten-days [13] while a patent describes whey preservation using
benzoic acid combined with reduction of the pH within about the range 3.0- 4.2 [15]. In the
latter case the preserved whey was subsequently used as animal feed and no work was
presented as to the applicability for yeast fermentation applications [15]. A combination of
acidification, sugar concentration and potassium sorbate has been reported to protect whey
[16] but once again without further application to fermentation. Hydrogen peroxide, propionic
acid and formic acid have been used to control yeast contamination of whey, with formic acid
shown to be highly effective over a four-day period [17]. Currently the only approved method
of raw milk preservation, apart from refrigeration, is the lactoperoxidase system [18]. This
method is applicable for milk products used for human consumption by inhibiting bacterial
metabolism. Since it also inhibits yeast metabolism, it would require removal or inactivation
prior to any subsequent ethanolic fermentation. Heat sterilization is a possibility, but would
result in the loss of heat labile components including lactose, because of the Maillard reaction,
peptides, vitamins and trace compounds. Pasteurization would be unsuitable for medium to
long term preservation since it would still require refrigerated transport and storage
conditions. Consequently the ideal preservation agent for whey, when it is to be used in
bioethanol production, should prevent bacterial growth, be non-toxic for yeasts and should be
cheap and efficient in low concentrations. In particular, it should not be necessary to remove
the preservative prior to the ethanol production process. The present paper describes a simple
and efficient method for preserving whey permeate over a three-week period at ambient

temperature in order to use it subsequently for ethanol production.
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3. Materials and Methods

3.1 Microorganisms, inocula preparation, media and preservative

agents

The lactic acid bacteria, used as a positive control of the preservative activity, were isolated
from a local cheese factory. The yeast Kluyveromyces marxianus, strain CBS 5795 (CBS,
Utrecht, Netherlands), was used for assessment of the resistance to the preservatives and
characterization of ethanol production. Stock cultures were stored as a suspension in 9 g/L
NaCl and 10 g/L glycerol at -80°C. Cells were re-activated in a 1-liter baffled shake-flask
containing 100 mL YPG medium at 30°C for 24h. Two cultures in baffled shake-flasks of 100
mL each were used to prepare the inocula. After 24 h at 30°C, the two pre-cultures were
centrifuged at 4°C (10 minutes at 1500 g) and the cell pellets resuspended in 10 mL sterile
water and used immediately. YPG medium contained 40 g/L glucose, 6 g/L. yeast extract
(Oxoid, Hampshire, England) and 5 g/L. Bacto™Peptone (Becton, Le Pont de Claix, France)
and was sterilized at 121°C for 20 min.

Since whey permeate is a non-defined medium of variable composition, all experimental
bioreactor cultures were carried out using a chemically-defined medium [19]. The medium
contained: 42.1 g/L. of lactose monohydrate, 14.8 g/l of (NH4),SO4, 3 g/L of KH,POs,,
0.5 g/L of MgSO4 - 7 H,0O, 10 mg/L of CaCl, - 2 H,0, 2.67 mg/L of H3BO3, 0.8 mg/L of
CuSOy4 - 5 H,0, 0.27 mg/L of KI, 2.67 mg/L of MnCl,, 1.07 mg/L of Na,MoO, - 2 H,0, 12
mg/L of ZnSO4 - 7 H,0, 40 mg/L of EDTA, 0.8 mg/L of CoCl,, 8 mg/L of FeSO4 - 7 H,0,
2.67 mg/L of calcium pentothenate, 0.13 mg/L of biotin, 66.67 mg/L of m-inositol, 2.67 mg/L
of nicotinic acid, 0.53 mg/L of para-amino benzoic acid (PABA), 2.67 mg/L of pyridoxine
hydrochloride and 2.67 mg/L of thiamine hydrochloride.

All components were dissolved in ultrapure water (Elgastat UHP, O.Kleiner AG, Switzerland)
and sterilized by filtration (0.22 pum, Steriltop, Millipore Corporation, Billerica, USA). Sterile
antifoam agent (Structol J647; Schill+Seilacher, Germany), 1 mL/L was added to the sterile
medium immediately prior to inoculation.

Cell density was determined spectrophotometrically by measuring optical density at 600 nm
(ODggo). Viability was determined by counting colony-forming-units (CFU) after plating
100 uL of samples on solid medium (Plate-Count Agar, Merck, Germany) and incubating at
37°C for 48h.
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Ultrafiltrated (UF) whey permeate (4% dry matter DM, 34.1 g/L of lactose), and reverse
osmosis treated (RO) whey concentrate (12% DM, 106.7 g/L of lactose) were kindly supplied
by Cremo AG (Villars-sur-Glane, FR, Switzerland). Whey permeate was pasteurized at 65°C
for 30 min and quickly cooled to 20°C before use.

The preservative agents tested were: acetaldehyde (Fluka, Germany), acetic acid (Acros,
Germany), calcium propionate (Fluka, Germany), 30% hydrogen peroxide (Fluka, Germany),
formic acid (Fluka, Germany), 37% formaldehyde (Sigma Aldrich AG, Germany) and

propionic acid (Fluka, Germany).

3.2 Culture conditions

Shake-flask cultures were performed by adding 50 mL of UF or RO whey concentrate in the
presence and absence of preservatives in 100 mL screw-capped flasks at 25°C, followed by
inoculation with lactic acid bacteria to an initial cell density of 4x10’ cells/L, and agitation on
a rotary shaker at 100 rpm for five days.

Hydrolyzed lactose experiments were performed using a yeast extract (6 g/L) - peptone
(5 g/L) medium to which 20 g/L glucose and 20 g/L galactose were added.

Ethanol production was undertaken using a 2-L bioreactor (1.5 L working volume, Bio-
Engineering AG, Wald, Switzerland) operating at an agitation rate of 500 rpm. Temperature
was maintained at 37°C and pH at 6.0 by automatic addition of 3M NaOH. A polarographic
pO, probe (InPro 6800, Mettler Toledo, Greifensee, Switzerland) was used to monitor
dissolved oxygen, with respect to air saturated medium. pO, was maintained below 3% by

gassing with nitrogen in order to ensure anaerobic conditions.

3.3 Reagents and metabolite analysis

Lactose, acetaldehyde, acetic acid, calcium propionate, formic acid, formaldehyde, propionic
acid, lactic acid and ethanol concentrations were determined by HPLC analysis (1100 series,
Agilent Technologies, Palo Alto, USA). An ion exchange chromatography column
(Supelcogel H, 30 cm x 4.6 mm; 9um, Supelco, Bellefonte, USA) was used at 60°C.
A 0.005 M H,SOy4 solution in ultrapure water was applied at a constant eluent flow rate of

0.6 mL/min. Metabolites were measured using a refractive index detector.
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3.4 Hydrogen peroxide titration

Hydrogen peroxide (H,O,) was measured by a new technique based on the xylenol orange
complex method [20]. While standard methods can only measure H,O, concentrations below
50 uM this method also enabled quantification at 2000-fold higher concentrations (100 mM)
[21,22].

Pure Xylenol orange tetrasodium salt (Merck, Germany) was used to prepare a 15 mM
xylenol orange standard solution; ammonium iron(Il) sulphate, (NH4)Fe (SO4),'6H,O
(Merck, Germany) was used to prepare a 15 mM Fe*" solution; sulphuric acid 95-97% (Fluka,
Germany) was used to prepare a solution of HSO4 25 mM. Hydrogen peroxide 35% (Fluka,
Germany) was used to prepare standard solutions. All compounds were dissolved in 0.20 um
filtered ultrapure water. The reagent solution was prepared by combining 98 mL of 25 mM
H,SO, solution with 1 mL of 15 mM xylenol orange solution and 1 mL of 15 mM Fe?*
solution. 5 uL of culture samples were added to 10 mL of reagent solution in a 15 mL screw-
cap plastic bottle. After incubation at room temperature for 30 min, 100 pL of this solution
were introduced into a 96-well PS micro plate and the absorbance measured
spectrophotometrically at 560 nm against the reagent solution as reference. H,O,
concentration was determined from a standard calibration curve of absorbance at 560 nm
versus H,O, concentration. Since iron is oxidized very quickly in the presence of oxygen, the
Fe*'solution had to be prepared immediately prior to use and necessitated a new calibration
curve for each experiment. Calibration curves were prepared using H>O; standard solutions of

the following concentrations: 4, 8, 16, 32, 64 and 97 mM (Figure 1).
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Figure 1. Calibration curve of modified ferric-xylenol orange complex method for

determination of hydrogen peroxide (H,O,).
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4. Results and Discussion

4.1 Screening of methods for whey permeate preservation

The seven preservative agents, acetaldehyde, acetic acid, calcium propionate, hydrogen
peroxide, formic acid, formaldehyde and propionic acid, were screened for their efficiency in
inhibiting bacterial growth in UF and RO whey permeate. While the preservative efficiency of
hydrogen peroxide, formic acid and propionic acid have been reported [17], acetaldehyde and
acetic acid find application in fruit preservation [23], and calcium propionate is commonly

used in bread and baked goods but also in cosmetics and pharmaceuticals [22].

Of the selected compounds no stabilizing effect was measured in the tested concentration
range with calcium propionate and propionic acid (Table 1). Experiments with acetic acid
demonstrated poor antimicrobial properties and would thus required too large quantities for

using it at industrial-scale.

Aldehyde compounds were found to be the preservative required in the smallest amount for
complete inhibition of bacterial growth in UF whey permeate under the conditions studied
(Table 1). However, formaldehyde at levels above 9 mM and acetaldehyde at levels above 35
mM, completely inhibited growth of K. marxianus and thus would have to be removed prior

to fermentation enzymatically, which would result in a significant cost to the process.

A common physical method used in food industry to restrict microbial growth, is to reduce
the water activity (ay). This is often achieved through addition of high levels of sugars (40-
70%). In the case of whey the principle sugar is lactose, which has a limited solubility and
crystallizes at concentrations >24%, thus concentrating whey and whey permeate to reduce a,,
has limited potential for whey stabilization. On the other hand it might be expected that, since
hydrolysis of lactose yields glucose and galactose, both of which are highly soluble in water
and do not readily crystallize, pre-treatment of the whey followed by concentration could be
used to stabilize whey. However, in the present study, no reduction in the rate of bacterial
growth was observed with either whey retentate concentrated to 205 g/L (600 mM) or
hydrolyzed whey concentrated to 547 g/L (1.6 M) sugars (Table 1).

Another method reported for whey preservation is to add sodium benzoate while

simultaneously lowering the pH [15]. However, in the present study, under the conditions
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employed, no stabilization of the whey or reduction in the concentration of bacterial flora was
observed over the pH range 3.0-7.0 (Table 1). This is not surprising considering that lactic
acid bacteria are relatively resistant to low pH [24]. Furthermore the reported stabilization
effect [15] is almost certainly due to benzoate being predominantly in the protonated form at

low pH.

From these results of the compounds tested (Table 1), hydrogen peroxide and formic acid
were retained for further studies since simple and inexpensive methods have been described

for removing them.

The whey used in bioethanol production, may be whole whey which has not been subjected to
ultrafiltration, and consequently contains high concentrations of proteins. Such proteins may
provide a certain degree of protection of the lactic acid bacteria with respect to the
preservation agents. Under the conditions used in the present study inhibition of bacterial
growth over 3-5 days through addition of preservative, was identical for both whole whey and

whey permeate (results not shown).

Table 1. Bacterial cell numbers in ultra-filtrated whey permeate stabilized by seven

preservative agents and operating conditions after three and five days.

Preservative agent Concentration CFU/mL
mM day 3 day 5
Acetaldehyde 20 0 ©
>35 <200 <20
Hydrogen peroxide 15to 50 0 0
>65 0 <3
Formic acid 25 to 40 ) o0
53 0 0
Propionic acid 15 to 70 o0 o0
Acetic acid 15 to 130 00 o0
175 15 6
Formaldehyde 9 0 00
>18 0 0
Calcium propionate 5to 80 o0 o0
Lactose 150 to 600 o 0
Hydrolyzed lactose 300 to 1600 0 ©
pH 3.0-7.0 o0 ©

oo refers to too numerous colonies to be counted
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4.2 Stabilization of whey permeate using formic acid and hydrogen

peroxide

From the results obtained for the range of preservation agents and conditions tested, formic
acid and hydrogen peroxide were selected and the relative efficiency (ability to reduce the
growth of lactic acid bacteria) tested in UF-treated and RO-treated whey permeates at two
different temperatures (25°C and 6°C) over a period of three weeks.

For whey permeate (UF-treated whey), 50 mM of formic acid tested were sufficient to reduce
the initial bacterial concentration by a factor of 100 during the first two days at 25°C and
subsequently to maintain this level of bacterial concentration (approximately 102 cells/mL)
for the whole 21 day period of the experiment (Figure 2a). Increasing the formic acid
concentration to 100 mM resulted in a 100-fold reduction in the bacterial concentration and
complete stabilization (Figure 2a). In the case of hydrogen peroxide, 100 mM was the
minimum concentration necessary to stabilize whey permeate (Figure 2b). These results are in
agreement with these of Spara et al. [17], who studied the efficiency of 50 mM formic acid,
40 and 80 mM propionic acid and 20 mM hydrogen peroxide to inhibit bacterial growth over
four days. These authors showed that 50 mM formic acid could prevent bacterial growth
while hydrogen peroxide (20 mM) had no stabilizing effect.

Interestingly, when whey retentate, concentrated by reverse osmosis to a lactose concentration
of 106.7 g/L was tested with the preservation agents, the results were significantly different
from those obtained with the same compounds using non-concentrated whey permeate (34.1
g/L lactose). Thus, 150 mM formic acid was now required to achieve the same level of
bactericidal action and stability as that obtained with 50 mM formic acid for non-concentrated
whey permeate (Figure 2¢). By contrast, no difference was observed for the stabilization of
whey permeate and RO-treated retentate using hydrogen peroxide as preservative (Figure 2d).
This difference may be due to the buffering capacity of the medium. Addition of formic acid
to whey permeate resulted in a decrease of the pH from 6.7 to 4.0- 4.2, whereas with RO-
concentrated whey retentate the pH decreased considerably less and reached a value of 5.0-
5.5. Since the pK, of formic acid is 3.75, this suggests that the protonated form is more active
in stabilizing retentate. Hydrogen peroxide is not affected in the same way since the

antimicrobial activity is not pH-dependent.
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Figures 2a-c also show the importance of stabilization of dilute and concentrated whey
permeates, since at 25°C the bacterial concentration increased by 10*-10* fold during the first
two days of incubation. Similar experiments carried out at 6°C showed a reduced rate of
bacterial growth, while the concentration of formic acid or hydrogen peroxide necessary to
stabilize whey permeate and RO-concentrated whey retentate, remained unchanged. Since
refrigeration of whey during storage and transport is extremely expensive, the ability to store
at room temperature, providing sufficient preservative, greatly enhances the potential

application of whey derivatives for bioethanol production.

The concentrations of the preservative agents were measured throughout the experiments and
were shown to remain constant, thereby confirming that neither formic acid nor hydrogen

peroxide was consumed during the three week duration of the experiments.

Since the aim of this work was to stabilize whey permeate such that it could be subsequently
used for bioethanol production, it is essential to determine whether the preservatives inhibited
the growth of K. marxianus CBS 5795, in which case they would need to be removed or
broken down to inoffensive forms prior to the yeast fermentation. Batch cultures incubated in
the presence of formic acid (50 mM) or hydrogen peroxide (100 mM) showed complete
growth inhibition (Figure 3). This shows conclusively the requirement to remove the
preservative from the whey permeate prior to bioethanol production. In the case of hydrogen
peroxide it should be possible to break down through moderate heating, however, using the
H,0O, developed here it was shown that even after heating to 85°C, significant inhibitory
levels of H,O, remained (Figure 3), which could only be removed though addition of catalase.
On the other hand formic acid is believed to inhibit growth through its action on
mitochondrial cytochrome oxidase, leading to a reduction in ATP synthesis whereas with the
unprotonated form (formate) has no inhibitory effect [25, 26]. Thus it should be possible to
remove the toxic effect of formic acid by raising the pH to 6.0, a value which is suitable for
the growth of K. marxianus CBS 5795. Due to the simplicity of this procedure formic acid

was selected for further testing as the preservative of choice for whey stabilization.
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Figure 3. Growth of K. marxianus CBS 5795 in batch mode on ultra-filtrated whey
permeate (0) without preservative, (O0) stabilized with 50 mM formic acid, (©)
stabilized with 100 mM hydrogen peroxide and (®) stabilized with 100 mM hydrogen

peroxide and heated at 85°C for 20 min prior to inoculation.

4.3 Ethanol production

Ethanol production was determined by comparing batch cultures of K. marxianus CBS 5795
grown on whey permeate in the presence and absence of 1.8 g/L (50 mM) formic acid.

In the absence of formic acid, over 91% of the initial lactose concentration (39.7 g/L) was
consumed within 32 h at a maximum specific growth rate (fmay) of 0.055 h™'. The biomass
yield (Yxis) was determined to be 0.042 C-mol/C-mol (0.039 g/g), and a final ethanol
concentration of 2.0 % (v/v) was obtained, corresponding to 16.4 g/L, and resulting in an

ethanol yield (Ygonss) of 0.52 £0.03 C-mol/C-mol (0.42 = 0.02 g/g).

By comparison, batch cultures of K. marxianus CBS 5795 on whey permeate containing 1.8
g/L formic acid resulted in 90.8 % of the initial lactose concentration (39.7 g/L) being
consumed within 30 hours (Figure 4) at a maximum specific growth rate (pmay) of 0.047 h™.
The biomass yield (Yxis) was 0.050 C-mol/C-mol (0.046 g/g) and a final ethanol
concentration of 2.4 % (v/v) was obtained, corresponding to 19.1 g/L and resulting in an

ethanol yield (Ygiomss) of 0.67 £ 0.03 C-mol/C-mol (0.54 = 0.02 g/g).
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Figure 4. Kinetics of ethanol production from whey permeate containing 50 mM of

formic acid with batch cultures of K. marxianus CBS 5795 at 37°C and pH 6.

These results compare very favorably with those reported for growth on spray-dried cheese-
whey where the ethanol yield of K. marxianus DSMZ-7239 attained 0.54 g/g, although this
was accompanied by a high growth yield, up to 1.2 g/g, which should result in sub-optimal
ethanol production levels [9, 10].

The batch culture data show that the presence of formic acid had no negative effect on ethanol
production, indeed the ethanol yield actually increased by 28%. An increase in ethanol yield,
due to formic acid addition, has been reported for number of yeasts selected for wine
production [27], thus it appears that formic acid is also capable of stimulating ethanol

production from whey with K. marxianus CBS 5795.
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5. Conclusions

Of the seven compounds, and a range of conditions, tested for their ability to stabilize and
inhibit bacterial growth in whey permeate, hydrogen peroxide and formic acid were the most
efficient in stabilizing whey permeate at 25°C over a period of three weeks. While a too
complex procedure is needed to remove hydrogen peroxide from whey prior to ethanolic
yeast fermentation, the fully dissociated form of formic acid was shown to be non-toxic for K.
marxianus CBS 5795. Thus by simply adjusting the pH prior to inoculation, K. marxianus
was able to produce ethanol at least as efficiently as in the absence of formic acid.
Furthermore, a formic acid concentration of 50 mM even stimulated the ethanol yield possibly
by serving as additional substrate resulting in mixed-substrate fermentation. These results
open the possibility of transporting and storing highly unstable whey derivatives, such as
permeate, at room temperature for periods of at least 3 weeks, by the simple addition of a
cheap and innocuous substance, formic acid at low concentrations, followed by a
straightforward adjustment of the pH immediately prior to yeast inoculation. Such a method
should result in significantly improved process economics, since the use of whey permeate to
produce ethanol is currently limited to large dairies, which must use permeate directly after
production, or the whey and whey permeate must be dried to enable transportation and

storage prior to fermentation at a distant site.
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6. Nomenclature

ATP Adenosine triphosphate

BODs 5-day biological oxygen demand gm>

CFU Colony forming units cell-L!

DM Dry Matter content

ETBE Ethyl-tertio-buthyl-ether

RO Reverse osmosed

UF Ultrafiltrated

X Cell dry weight gL’

Yis Yield coefficient of substance j on substance i C-mol-C-mol!
gg’

YPG Y east extract-Peptone-Glucose rich medium

u Maximum specific growth rate h!

Subscripts

EtOH Ethanol

i Refers to compound i

j Refers to compound j

max Maximal

S Refers to limiting nutrient

w Water

X Refers to the produced biomass
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1. Abstract

Global productivity of a fermentation unit operation can be considerably reduced as a result of
a long non-productive lag phase or by a slow initial growth rate. In order to improve the
understanding of the principle parameters which influence the duration of the lag phase, six
pre-culture parameters were tested alone or in combination on two ethanol-producing yeasts,
Kluyveromyces marxianus CBS 5795 and CBS 397, using whey permeate as substrate
through the application of design of experiment procedures. The key parameters identified
through this strategy were influence of temperature, type of sugar, culture mode, initial
biomass concentration and initial sugar concentration. Careful selection and control of these
parameters enabled reducing the lag phase from 154 minutes to zero, while positively
influencing growth rate. The conditions for the production of the culture inocula, during the
pre-culture phase, were subsequently integrated into the process design. Optimum ethanol
productivity was achieved by cultivating the pre-culture anaerobically on 100 g/L lactose
medium. The other studied parameters showed less importance in influencing ethanol

productivity.
This chapter was submitted for publication in Process Biochemistry

de Glutz FN, Holliger C, Marison IW. Enhancement of ethanol productivity by controlling

pre-culture conditions.
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2. Introduction

The productivity of a single unit operation is given by the quantity of product obtained per
unit time [1]. For bioprocesses, unrealistically high productivities are frequently reported
since they often do not take into account the down time from preparation of reactor through to
harvesting. Of the reports, Ghaly and El-Toweel [2] provided details of the different phases of
batch growth, including the lag phase. For the conversion of 100 g/L whey permeate to
ethanol by using Kluyveromyces fragilis ATCC 8619. In this work they reported a lag phase
of 19.5h for a total culture duration of 68h, which reduced the overall system productivity by
over 15% [2]. In another case, the duration of the lag phase was as long as that of the ethanol
production period. This occurred for the fermentation of 100 g/l whey permeate with
Kluyveromyces marxianus NRRL-1195. In this study total sugar consumption was achieved
after 96 hours of which more than 48h represented the down time [3]. While these examples
represent extreme cases that illustrate how important it is to reduce the initial lag phase, more
common values of 4 to 10 hours have been observed, which still represents a loss of
productivity of 10% to 30% during the ethanol production phase [4-6]. In chapter 3, when
fermenting 40 g/L whey permeate in batch cultures with K. marxianus CBS 5795, the lag
phase represented 8 to 9 hours of an overall 32 hour fermentation, which represents an almost
30% reduction in productivity. Since the down time, required for filling, emptying and
sterilizing the fermentation vessel, is relatively constant, it is vitally important to reduce the
lag phase during which the microorganisms adapt to the new growth and production

conditions.

Batch fermentation operation generally ends when the main carbon and energy source has
been consumed and the culture enters the stationary phase of the process. While it is
commonly admitted that certain parameters, such as temperature, aeration rate or the carbon
source are parameters, may influence the lag phase period [7], no clear assessment has been
made with respect to the yeasts currently employed in bioethanol production from whey. Key
questions such as: (i) what is the real effect of the single parameters on the reduction or the
extension of the lag phase period? (ii) do these parameters present interactions of second or
third level between each other? and finally, (iii) what are the key parameters for reducing the
lag phase? These are the questions this study aims to answer. In general, the growth history of
the yeast is responsible for variations in the lag phase due to choice of inappropriate

conditions, age of pre-culture and significant changes between the conditions of the
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production culture compared with the pre-culture [8-11]. Thus it is important to optimize the
conditions in the pre-culture. This has been achieved by studying the impact of five pre-
culture parameters on ethanol production from whey permeate. These parameters were:
temperature, type of sugar, pre-culture mode, initial sugar concentration and initial biomass
concentration. Applicability of the results to a range of similar organisms has been verified by
comparing two ethanol producing yeasts: K. marxianus CBS 5795 and another lactose-
fermenting yeast, K. marxianus CBS 397 [12].

Identification of the effects of single parameters is relatively straight forward; however a
precise strategy must be developed if the aim is to characterize all of the cross-interactions
between these parameters. A design of experiment (DOE) strategy facilitates the choice of an
experimental set of experiments, suitable for achieving the desired goals and will be described

in more detail.

2.1 Design of experiment methodology

The conclusions that are obtained from a series of experiments depend on the care with which
the experimental strategy is made, keeping in mind how the results will be analyzed. Too
often the focus is on technical aspects concerning the way measurements will be performed,
while a check at the experiments to see whether they allow the interpretation level expected is
often forgotten. As a result, the procedure often ends in very poor information. The
methodology of experimental design aims to choose the strategy carefully and then gives an

important place to the planning of the experiments.

The most usual design used, unfortunately, consists in varying one factor at a time (OFAT).
This way of doing things has the drawback of not taking into account interactions between
factors. For this aspect, alone factorial design brings a major improvement to the experimental
strategy. The advantage of factorial design compared to the OFAT design lies in varying all
the factors simultaneously but in a structured way. This technique allows getting results of a
better quality because the system transfers less experimental variance, each parameter being
tested as many times as possible. A second advantage is the width of the experimental surface
covered by the measurements. In the example with two parameters tested at two levels, this
area is two-fold higher with factorial design (Figurelb), compared to OFAT design
(Figurela).
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Figure 1. Comparison of the experimental surface covered by (a) the “one factor

at a time” method and (b) the corresponding design of experiment model.

For ensuring a total comprehension of the terminology that will be used further, some
important concepts need to be defined. Thus, a response is the consequence of a phenomenon,;
a factor is a parameter which has an influence on the studied phenomenon; the levels are the

values a factor can take; the matrix of experiments is the matrix of N lines and k columns

whose elements x;; correspond to the level of the factor j in the experiments I; the matrix of
the model is the matrix X which has one line per experiment, one column per coefficient of
the model such as:
N N
y=a,+ Y aX; + ».ai XX +e )
i=1 i, f=l
Several possibilities exist to represent a factorial design. Usually the indices used are “-1” and
“+1”, which have the advantage of creating a transitive group with the operation
multiplication of column. The state of the system is then fully determined by a vector of state
containing the indices of each factor and, for each factor, the real physical values
corresponding to the indices.
The matrix of the model X is constructed from the matrix of experiments E. The matrix of the
model has the same number of columns as the number of coefficients of the model. The
column corresponding to the interaction x;x;, which is used to calculate the coefficient aj, is
the product of the columns i and j of the matrix of experiments. The product of two columns
is a column with the same number of elements as the multiplied columns and whose elements
are the products two by two of the original elements as showed in Equation 2:
a, || b, a,b,
A @
a'N bN aN bN
For the factorial designs, the number of coefficients (and of experiments) grows exponentially
with the number of factors. For this reason, the plans can rapidly become too costly and

unusable.
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Fractional designs are of major importance because they avoid this exponential expansion by

dividing the number of experiments by a factor 2, 4, 8, etc... As the system is no longer

“complete” the concept of resolution appears. The resolution R is then an important concept

for selecting a fractional design. It describes the type of alias by the reduction of the full

factorial design. The resolution thus indicates which levels of interaction two responses can or

not be distinguished from one another. A table of resolution and generators is presented in

Table 1.
Table 1. Table of available factorial design and resolution [13].
3 4 5 6 7 8 9 10 11
4° 3_1¢
2|||d
£3=12°
t| 2’ 72 S I I A
+4=12
+4=12 +5=13
+4=12 +5=13 +6=23
+4=123 +5-13 +6=23 +7=123
N E FE o FTE R ETE N PR P P
+5=123
+5=123 +6=234
+5=123 +6=234 +7=134
+5=234 +6=234 +7=134 +8=124
+5=123 +6=134 +7=134 +8=124 +9-1234
+5=123 +£6=234 +7=123 +8=124 +0=1234 +10=12
2 times +5=1234 +6=234 +7=134 +8=124 +9=1234 +10=12 +11=13
H E A FE E T T T ETR EY N P
+6=123
+6=1234 +7=034
+£6=2345 +7=1235 +8=345
+6=123 +7-1345 +8=1245 +9=134
+6=1234 +7=134 £8=1245 +9=1345 £10=145
4 times 2 times +6=12345 +7=1245 +8=2345 +9=1235 +10=2345 +11=245
4 _ _ _ Z Z
"2 2! 2 2° 20 7 PV I v
+7=345
+7=2346 +8=1234
+7=1234 +8=1346 +9=126
+7-1234 +8=1256 +0=1245 +£10=2456
8 times 4 times 2 times +7=123456 +8=1256 +9=3456 +10=1235 +11=1356
128 | 53 74 s 6 7 2\8”—'1' 23;2 2;073 2;174
+8=1237
+8=1237 +9=0345
+8=13467 +0=0345 +£10=1346
16 times 8 times 4 times 2 times +3=1234567 +9=23567 +10=1346 +11=1234567

* number of screened factors
® number of required experiments for DOE

interpretation

¢ partial factorial design obtained by reducing full
factorial by a defined number of factors

4 resolution of the factorial design
¢ generator which needs to be used for obtaining an orthogonal matrix.

The number of generators depends of the degree of system

simplification. Here, the third column of the matrix is generated by the

product of columns 1 and 2.
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Normal plot

A normal plot is a technique that allows making an error analysis when there are no
replications of factorial design, so no available degree of freedom. In this case the system is
said to be orthogonal by making an analysis of variance. In a normal distribution (Figure2a),
the probability that a value smaller then x occurs is proportional to the darkened surface P. If
P(x) is reported graphically as a function of x, a cumulative distribution function is obtained
called a sigmoid. The normal plot is obtained by adjusting the vertical axis as shown in
Figure2c, in such a way that the curve of P(x) is a straight line. This technique is used for
selecting the significant effects and to test the residual errors. Interpretation is the following:
if the effects are normally distributed, there is a presumption that they proceed from a random
process and that they are caused by the experimental noise. In this case the effects, which are
aligned on a straight line, are disqualified. As a consequence the significant effects will not be
aligned with the “noise” line. A normal plot compares the mean value with one of the extrema
which leads to a half-effect, in which the effect of changing from the“-1” to the “+1” state is

obtained by doubling the results of the normal plot analysis.

P (%)

o= T T L L
(b) Ordinary graph paper. (c) Normal probability paper.

Figure 2. Interpretation of normal plot method for identifying the significant
effects. (a) Experimental data; (b) normalization of experimental data; (c) Fisher
transform of normalized data. Significant factor is not aligned with linear

randomly distributed effects.

Analysis of Variance (ANOVA)

The experimental data vector Y is decomposed into orthogonal components. The mean vector
is perpendicular to the effect vector and also with the residual vector. Using Pythagoras
theorem, the sum of the squares of the data is equal to the sum of the squares of the
components. The analysis of variance consists in comparing the size of the model vector with

the size of the residual vector.
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3. Materials and Methods

3.1 Microorganisms and culture conditions

The yeasts K. marxianus, CBS 5795 and CBS 397 (CBS, Utrecht, Netherlands), are able to
use glucose and lactose as sole carbon and energy source. They are Crabtree negative
facultative anaerobes which produce ethanol as the primary product of fermentative
metabolism. Cultures were carried out in 500 mL screw-capped bottles housing a stopper,
containing a hermetic septum to facilitate sterile sampling. The bottles were placed on a
rotary shaker, set to provide a constant agitation rate of 200 rpm and a temperature of 37°C.
The pH of the culture medium was adjusted 6.0 by addition of 3M NaOH and the dissolved
oxygen concentration was set to 1% with respect to air saturation by addition of nitrogen prior
to inoculation. The initial cell density after inoculation was fixed to 1 g biomass/L culture

medium.

3.2 Analytical methods and pre-culture media

Cell density was determined spectrophotometrically by measurement of optical density at 600
nm (ODggp). The culture medium was whey permeate powder (Cremo, Villars-sur-Glane,
Switzerland) reconstituted to 40 g/L and pasteurized at 65°C for 30 min, then quickly cooled
to 37°C just before the beginning or the experiment. Stock cultures were stored as a
suspension in 9 g/I. NaCl and 10 g/L glycerol at -80°C. Cells were re-activated in shake-
flasks containing 200 mL of a rich pre-culture medium for 24h, the composition of which
depended on the experimental plan. Anaerobic pre-culture experiments were performed in
250 mL Erlenmeyers while aerobic pre-culture experiments were carried out in 500 mL
baffled shake-flasks, both of which were stirred at 200 rpm. The pre-culture medium
contained 6 g/L yeast extract (Oxoid, Hampshire, England) and 5 g/l Bacto™Peptone
(Becton, Le Pont de Claix, France). Depending on the experimental plan either glucose or
lactose was used in the following concentrations: 20 g/L lactose, 20 g/L glucose, 100 g/L
lactose and 100 g/L glucose. All components were dissolved in ultrapure water and sterilized
by filtration (0.22 pum, Steriltop, Millipore Corporation, Billerica, USA). After 24 hours, the
pre-cultures were centrifuged at 4°C (10 minutes at 1500 g) and the cell pellets resuspended
in 10 mL sterile water and used immediately to inoculate whey permeate in culture

experiments.
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4. Results and discussion

4.1 Experimental parameters

The first step in the DOE methodology was to choose the optimum experimental plan in order
to be able to interpret the effect of screened factors at the desired interpretation level. The
factors studied, and their corresponding values, are reported in Table 2.

Since the six parameters might be strongly interdependent, the system needs to provide the

& experiments (32) was therefore preferred

highest resolution possible. A fractional plan of 2
to (i) full factorial (Table 1) for the reduction of experiments by a half and to (ii) a fractional
plan of 2 due to the 2-fold higher degree of resolution enabling the interpretation of third

order interactions. Experimental conditions for the 32 experiments can be found in Table 3.

Table 2. Experimental factors with their corresponding levels and values.

Factor Level Value Unit
(F1) Yeast Strain -1 CBS 5795
1 CBS 397
(F2) ' Initial biomass -1 0.5 gL’
1 2 gL!
(F3)? Type of sugar -1 glucose
1 lactose
(F4)? Culture mode -1 aerobe
1 anaerobe
(F5)? Available sugar -1 20 gL’
1 100 gL!
(F6)* Temperature -1 25 °C
1 37 °C

T- p

in fermentation cultures
2.

in pre-cultures

Pre-culture conditions do not only influence the lag phase but also act on other parameters
which are equally important to take into account when targeting maximal ethanol
productivity. Three effects were thus studied with respect to an optimal strategy for
production of bioethanol from whey permeate. These were the (1) lag phase period; (2) the
growth rate (n) in the fermentation experiments and (1) the biomass concentration produced
after the pre-culture period. Each experiment was followed over a period of 12 h in order to

provide enough data for establishing accurate growth curves.
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Table 3. Matrix of experiments. Each row corresponds to an experiment, which

factors (columns) take specific levels ensuring orthogonality of the matrix.

Operating factors
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4.2 Lag phase

The difficulty in accurately determining the end of the lag phase of a batch culture resulted in
the need for a rule which defined when the system entered into the exponential phase.
Biomass concentration was determined by measurement of optical density and replicate
experiments determined to a confidence interval of 0.02 absorbance units. The lag phase was
considered to be over when two consecutive OD measurements increased by greater than 0.02
absorbance units. Figure 3 presents the values of the measured effects for the 32 experiments.
The lag phase period varied considerably thereby showing the importance of pre-culture
conditions. An average lag phase of 154 min was determined based on the 32 experiments.
However, this value varied from 20 to 440 minutes depending on the experimental conditions.
Due to the criteria used for determination of the end of the lag phase, 20 minutes was the
resolution of the measurements, consequently a lag phase of 20 minutes is equivalent to no
lag phase. Such long adaptation periods have been reported previously, with lag phases
varying from 4 to 10 hours [4-6]. In chapter 3 with K. marxianus CBS 5795, when pre-
cultures were performed aerobically with glucose as a carbon source, 9 hours of lag phase
were observed and, using similar culture conditions as in this study, a lag phase of 430 min
was measured. The published values are very similar to the range of values measured here.

Linearization of the raw data (Figure 4) showed which factors were the most significant for
reducing the lag phase. Relevant factors are identified if their effects were not linear with
respect to random effects contained within the two dashed limits. To obtain the real

improvement of a factor, the value of the abscissa must be multiplied by a factor of two.

Two main factors appear to influence the duration of the lag phase: the type of sugar (F3),
which reduced the lag phase period by 130 min £12 min when the pre-culture was performed
on lactose, and the culture mode (F4), which reduced the lag phase period by 114 min +10
min when the pre-culture was carried out anaerobically. Less significantly, the initial biomass
concentration (F2) could be implied as well, the lag phase being shortened when high initial
biomass is present. While the effect of first order factors were the most significant,
combinations of factors also acted on the lag phase. Interaction of the type of sugar and the
culture mode (F3F4) extended the lag phase period by 72 min +7 min. This result means that
the reduction on the lag phase, by a combination of these two factors, does not correspond to

the sum of their individual contributions.
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Figure 3. Effects measured for the selected experimental factorial design. (m) Lag
phase period in fermentation experiments (min); (O0) growth rate in fermentation

experiments (h™'); (=) biomass produced after 24 hours of pre-culture.
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The average lag phase was measured to be 154 min but the sum of F3 and F4 effects
represents 243 min +22 min. This increase of lagphase period corresponds to this difference.
The combination of temperature and yeast strain (F1F6) shows that K. marxianus CBS 397
was more sensitive to temperature than CBS 5795. Finally, the effect of the culture mode
combined with the sugar concentration of the pre-culture (F4F5) suggests that anaerobic pre-

cultures grown on low sugar concentrations would extend the lag phase.

2.5 ~
2 Q F3F4
F2 i’
1.5 - ;
8 F4F5
1- 3
S
0.5 - ?
r T T F\e m.o |7_5 T T T 1
i F1 i
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. 21
Q
o
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Figure 4. Plot of the normal half-effects on lag phase, where F1 is the biomass
concentration, F2 the initial biomass concentration, F3 the type of sugar, F4 the
culture mode, F5 the initial sugar concentration and F6 the temperature. Two levels

were tested for each factor.

When considering a confidence interpretation of 95% in ANOVA calculations, reported in
Table 4, the culture mode (F4) and the type of sugar (F3) were thus confirmed to be reliable
effects with 100% of probability, and less clearly interpreted effects could now be
characterized more accurately. The combined effect of temperature with the yeast strain
(F1F6) and the type of sugar with the culture mode (F3F4) were also shown to be reliable
effects, the probability being higher than 99%. While the initial biomass concentration (F2),
the combination of culture mode and effect of sugar concentration (F4F5) and third order

interactions (F2F4F5) were discarded because they do not present high enough accuracy.
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Table 4. Analysis of variance of identified significant effects for the lagphase. Each

factor, or combination of factors, is depicted as the probability that it is significant.

Anova

Factor Standard  Degree of  Fisher Probability
deviation freedom  transform

Constant 754913 1

F3 126882 1 35.92 100.0%

F4 104082 1 29.47 100.0%

F3F4 42413 1 12.01 99.8%

F1F6 32832 1 9.30 99.4%

F2 13820 1 3.91 93.8%

F4F5 13407 1 3.80 93.4%

F1F5F6 12207 1 3.46 92.2%

Residual 84769 24

Total 1185325 32

4.3 Specific growth rate

Culture experiments were followed during 12 hours thus providing enough data points to
determine the specific growth rate with a regression on at least five points of exponential
growth period. The specific growth rate values varied from 0.06 to 0.45 h' (Figure 3)
revealing the high impact of screened factors. In the literature a very broad range of values are
reported for K. marxianus species. Vienne [12] screened various K. marxianus species for
ethanol production from whey permeate and specific growth rate varied from 0.164 h™' for
NRRL 665 to 0.318 h™' when varying the pre-culture and culture conditions. Zafar and Owais
[14] reported, with K. marxianus MTCC 1288, specific growth rate values from 0.027 h™' to
0.157 h™" or even higher values of 0.56 h™ were reported by Fonseca [15] using K. marxianus
ATCC 26548.

Normal plot linearization (Figure 5) shows that this variation is mainly due to one factor,
namely the culture mode (F4). Indeed the growth rate increased by almost 70% £5% when the
pre-culture was performed anaerobically. This can be explained by the fact that switching
from aerobic to anaerobic conditions induces an important adaptation of the metabolism the
cells, which results in slower growth. With a probability higher than 99.9%, the ANOVA

confirms the normal plot identification (Table 5).
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Figure 5. Plot of the normal half-effects on specific growth rate, where F1 is the
biomass concentration, F2 the initial biomass concentration, F3 the type of sugar, F4
the culture mode, F5 the initial sugar concentration and F6 the temperature. Two

levels were tested for each factor.

Table 5. Analysis of variance of identified significant effects for the specific growth

rate. Each factor, or combination of factors, is depicted as the probability that it is

significant.
Anova
Factor Standard  Degree of Fisher Probability

deviation freedom  transform

Constant 8.0-10™" 1
F4 8.9-102 1 35.4 99.9%
F1F6 2.2-107 1 8.7 99.2%
F4F5 1.3:10° 1 5.0 96.3%
F1F2 9.1-10° 1 3.6 92.8%
F1 5.5-10° 1 2.2 84.5%
F5 5.2:10° 1 2.1 83.3%
Residual 6.3-107 25
Total 1 32
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4.4 Pre-culture biomass

When identifying pre-culture biomass in shake-flasks, it is most important to compare similar
inocula. These could not be standardized for the two strains, and therefore the discussion on
biomass produced within 24 hours is described separately for each strain. Interpretation of the
results obtained for both strains were very similar, consequently it was thus decided to present
CBS 5795 as a model. The results varied from 4 +0.3 g/L to 63 +2 g/L depending on the pre-
culture conditions (Figure 3). The biomass produced during the lag phase is normally not
reported and thus no comparison with other data could be presented. Discussion will thus
focus on data comparison of this work. Interpretation of the normal plot obtained with CBS
5795 (Figure 6) revealed that this variation was mainly due to the culture mode (F4) and the
initial sugar concentration (F5). When producing biomass anaerobically, the energetic
efficiency per mole of sugar was lower than when growing aerobically, with the result that
44% +3% less biomass was obtained when switching from aerobic to anaerobic culture mode,

while the highest sugar concentration increased the final biomass concentration by 54% +3%.
2.5

2 ; O F5
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Figure 6. Plot of the normal half-effects on pre-culture biomass, where F1 is the
biomass concentration, F2 the initial biomass concentration, F3 the type of sugar, F4
the culture mode, F5 the initial sugar concentration and F6 the temperature. Two

levels were tested for each factor.
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The latter measured effect could be the result of a carbon source limitation when yeasts are
cultivated with only 20 g/L of sugar. The confidence interval of +16% representing the
experimental noise, tells us that under the experimental conditions employed, effects
contained within this interval are not interpretable with enough accuracy. Similar results
were obtained with CBS 397. ANOVA (Table 5) of these data confirms that a variation,
between the two studied levels of sugar concentration and aeration mode, were significant
factors for influencing the pre-culture biomass with an accuracy of respectively 98.3% and
97.9%. Relatively high values for F4F6 (94%) suggests temperature influences cells growth

more when pre-culture is done aerobically compared to anaerobic conditions.

Table 6. Analysis of variance of identified significant effects for the pre-culture
biomass. Each factor, or combination of factors, is depicted as the probability that it

is significant.

Anova
Parameter Standard  Degree of  Fisher Probability
deviation freedom  transform
Constant 44896 1
F5 3267 1 1338 98.3%
F4 21709 1 889 97.9%
F4F6 269 1 110 94.0%
F2F3F5 269 1 110 94.0%
Residual 27 11
Total 50898 16

45 General discussion

While the effects resulting from the variation of our experimental factors could be made for
both yeast strains, the yeast strain (F1) was not relevant for the interpretation of significant
effects when comparing K. marxianus strains. Initial biomass (F2) was shown to have little
impact on studied effects. Only the lag phase was reduced by 30 min when cultures were
initiated with lower initial biomass. K. marxianus is capable of assimilating both lactose and
glucose (F3) but switches from one metabolism to the other requires a certain time, resulting
in a longer average lag phase of 130 min although this does not seem to affect either the p or
the pre-culture biomass. It is thus important to operate the pre-culture phase with the same
carbon source as used in the fermentation experiments. Bioreactor fermentation experiments
(chapter 3) demonstrated a fermentation period of 22 hours since the lag phase was minimized

with CBS 5795. Reducing the lag phase by on average of 2.5 hours over this fermentation
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period would result in an increase of 8% in overall productivity of the fermentation process.
Choosing between aerobic or anaerobic conditions (F4) is more sensitive because this factor
influences the lag phase, the growth rate and the produced biomass. Anaerobic conditions
decrease the lag phase by 74% which, combined with a suitable sugar, results in no lag phase
at all. Anaerobic conditions positively influenced cell growth during the fermentation culture
by increasing pu >70%. However, cultivation of K. marxianus aerobically would result in
almost 50% more biomass, which would be a considerable advantage since the ethanol
production rate is proportional to biomass. This limitation was shown to be balanced by a
higher growth rate in fermentation experiments, which resulted in an improvement of the
global ethanol productivity. The carbon source concentration of 20 g/ was shown to be
limiting with the consequence that K. marxianus was in stationary phase after pre-culturing.
An initial sugar concentration of 100 g/L ensured that yeast cells were in exponential growth
phase when introduced in the fermentation cultures. Finally a difference of temperature
between pre-cultures and fermentation cultures was not identified as a relevant factor for
either the lag phase or the growth rate but more surprisingly it did not affect pre-culture
biomass. This could be explained if the optimal temperature for growth of the studied yeasts

was between the two factor levels.
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5. Conclusions

DOE methodology was efficiently used to establish a suitable set of experiments for obtaining
as much information as possible from the fewest experiments. This experimental design
showed that pre-culture conditions had an influence not only on the lag phase but also on the
growth rate p and the biomass produced.

The specific control of the pre-culture conditions was shown to help improving overall
productivity by mainly reducing the lag phase. Of the studied factors, the type of sugar and
the culture mode influenced the most the response parameters. Pre-culturing K. marxianus
CBS 5795 and 397 anaerobically on lactose resulted in no lag phase during batch
fermentation of whey permeate. Considering the lag phase reduction with the impact of the
pre-culture on biomass and growth rate it was possible to increase the overall productivity of

the fermentation process by 10-11%.
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6. Nomenclature

ANOVA Analysis of variance

DOE Design of experiment

OFAT One factor at a time

u Specific growth rate h!
Matrices

ajj Coefficient of the matrix of the model

resulting from the producing of columns i and
j of the matrix of experiments

E Matrix of experiments

[

Refers to the experiment i
Refers to the level of the factor j
Number of columns of a matrix
Number of lines of a matrix

Probability of occurrence

o oz om

Resolution of the factorial design informing
on the interpretation degree of aliased effects
Element of a matrix

X Matrix of the model

>

Y Experimental data vector
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1. Abstract

The principal organism studied for ethanol fermentation from whey permeate is
Kluyveromyces fragilis due to its ability to directly ferment lactose. However, such direct
fermentation yeasts generally suffer from low conversion yields and poor tolerance to ethanol,
which results in large volumes of diluted ethanol and thus high energy demands for
distillation and purification. An alternative is to utilize indirect fermentation yeasts, such as
Saccharomyces cerevisiae, which show considerably better ethanol fermentation performance
but has the disadvantage that an expensive enzymatic hydrolysis step is required prior to
fermentation. In this study both types of process have been characterized involving eight
ethanol producing yeasts. The culture conditions were optimized for each strain using a
design of experiment methodology. Highest conversion yield and alcohol tolerance were
achieved with S. cerevisiae Ethanol Red (Yps= 0.662 C-mol/C-mol, Cgionmax= 148 g/L), of the
indirect fermentation yeasts, and with K. marxianus CBS 5795 (Yps= 0.660 C-mol/C-mol,
Ceionmax= 79 g/L) of the direct fermentation yeasts studied. From an economic point of view,
for an equal ethanol yield, the difference in alcohol tolerance does not compensate for the
pretreatment costs, which are required for lactose hydrolysis when utilizing Ethanol Red. As a
result, direct fermentation should be preferred for fermenting whey permeate to ethanol and a
maximum productivity of 6.24 g/(L-h) at 37°C and pH 4 was achieved with K. marxianus
CBS 5795.

This chapter was submitted for publication in Bioresource Technology
de Glutz FN, Holliger C, Marison IW. Ethanol fermentation of whey permeate and

hydrolyzed whey permeate: yeast strain selection and performance optimization.

84



CHAPTER 5 - Ethanol fermentation: yeast strain selection and performance optimization

2. Introduction

The disposal of whey through the fermentation of lactose to ethanol has received widespread
attention, and several production technologies have been developed. In one approach the
lactose contained in whey is hydrolyzed enzymatically using B-D-galactosidase and then
fermented by non-lactose-utilizing yeasts such as Saccharomyces cerevisiae [1, 2]. In an
extension of this method the enzymes and yeast may be co-immobilized [3]. A second, more
practical and economical approach, is to directly ferment whey, either in the raw form,
deproteinized or mixed with other sugar sources, by lactose-utilizing yeasts [4-14]. Although
reports exists on the screening of yeasts with the capacity of producing ethanol directly from
lactose [15], no clear assessment has been reported so far on the relative efficiency of direct
whey permeate fermentation compared to the indirect systems. The result is that
Kluyveromyces fragilis has been the yeast applied in most commercial plants for many years
[16, 17]. In batch fermentations K. fragilis utilizes more than 95% of the lactose of non-
concentrated whey with a conversion efficiency of 80-85% of the theoretical value of 0.538
kg ethanol / kg lactose [18].

In Switzerland, and other countries where there is decentralized cheese manufacturing, the
production of ethanol from non-concentrated cheese whey is not economically feasible,
mainly because the levels of ethanol obtained reach only about 2% (v/v), making distillation
and transport costs too high [19]. In order to obtain higher alcohol concentration, ultrafiltrated
(UF) whey permeate concentrate must be used with specific alcohol tolerant strains [15-18].
Direct fermentation yeasts are reported to be highly alcohol intolerant showing significant
loss of viability at ethanol concentrations as low as 20 g/L. Such yeasts also ferment lactose
less efficiently than Saccharomyces cerevisiae does when fermenting glucose. Typical yields
of 0.400 kg ethanol / kg lactose are reported for direct fermentation [20], resulting in
considerably lower productivity than for indirect fermentation processes. Thus indirect
fermentation organisms represent an interesting alternative because ethanol production yields
(0.520 kg ethanol / kg lactose) and relative alcohol tolerance (100-120 g/L) are much higher
[21]. The fact that the latter yeast are incapable of directly assimilating lactose results in the
need for an enzymatic hydrolysis step, which renders comparison of both production
pathways and the best strategy for bioethanol production from whey difficult.

For this reason the production of ethanol from whey permeate has been characterized for four
direct fermentation yeasts, and four indirect ones, and the fermentation performance discussed

in view of an industrial ethanol production process.
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2.1 Microbial Growth Kinetics

Fermentations can be carried out as batch, continuous or fed-batch experiments. Batch
culture is an example of a closed culture system containing a limited initial amount of
nutrient. After inoculation the growing cells go through a defined number of phases. The first
phase, termed lag phase, corresponds to the transition step between an initial physiological
state and the growth phase. Following a period during which the growth rate of the cells is
kept at its maximal value, this phase is known as the log or exponential phase [22]. The

exponential phase may be described by:

dx_
dt

where x is biomass concentration (g/L)

LX

t is time [h]

u is specific growth rate [h™']

On integration this yields:
X, = X,e"
where X is initial biomass concentration (g/L)

x; i1s biomass concentration after time t [h]

Taking natural logarithm, we obtain:

Inx, =Inx, + 4

A plot of the natural logarithm of the biomass concentration versus time during the
exponential phase should yield a straight line, the slope of which is the maximum specific
growth rate, pmax. It should be pointed out that this is only valid during the exponential growth
phase, with growth generally becoming limited through the depletion of substrate,
accumulation of inhibitory products or changes to the physical environment [23]. Thus the
growth rate slows and the cells enter the stationary phase, and ultimately the decline or death

phase where the specific death rate is higher than the specific growth rate.
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The decrease in growth rate and cessation of growth, due to the depletion of substrate, may be
described by the relationship between p and the residual growth-limiting substrate and can be
described by the Monod relation. The similarity in behavior of limited enzymatic kinetic and
cell growth leads to the following equation:

S
K, +s

ﬂ = /LI!TIQX

where s is the limiting substrate concentration [g/L]

K is the saturation constant for substrate s [g/L]

This relation can take other forms when describing specific inhibition:

S
By the substrate: =
Y HZ K K,+s+s’ /K
. S K,
By the product (non competitive): — u= g
Ki+sK,+p

where Kjs and K, are the inhibition constants of the various substrates and
products respectively [g/L]
p is the concentration of the product [g/L]

As an analogy with growth, the specific production rate, qp, can be defined as:
qp = (dP/dt)/ X [gproduct/gcells'h]
and the specific substrate consumption rate, qs:

qs = (dS /dt)/ X [gsubstrate/gcel]s'h]

In addition to the kinetic parameters of growth, the metabolic activities of microorganisms

can be characterized by their respective yields.

The biomass yields, Yxs, is defined as:

Yx /s = AX / AS [gcells/ gsubstrate, consumed]

In this case, the substrate is considered as the reference component for yield calculations.
When the microorganisms produce metabolic products in addition to cells (such as
fermentation products like ethanol), specific product yields must also be defined [24]. For

ethanol, the specific product yield, Yp/s, is described by:
YP/S =AP/AS [gethanol/ Ssubstrate, consumed]
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The theoretical maximum yield of ethanol, assuming that all of the initial sugar is converted

into ethanol (Equation 1), is 0.667 C-mol ethanol / C-mol lactose.

Overall: CH,0+Y (NH, - Y, (CH, Oy;N;, +Yp,sCH;0.5 +Y.,sCO, +Y,,,sH,O (1)

Maximum theoretical: CH,0 — Y, CH,0,; +Y.,,CO, (1)

2.2 Ethanol fermentation

The word metabolism comes from the Greek word “metabole” which means “change”, and
refers to the chemical transformations which occur in living organisms. Enzyme-catalyzed
reactions are characterized by very small changes of the molecules. However our metabolism
implies lots of chain reactions so that very substantial chemical changes can occur [25].
These sequences of reactions are termed metabolic pathways. Metabolism can be divided in
anabolism and catabolism.

Anabolism is the set of reactions involved in the building-up of complex molecules from
simple precursors or biosynthesis ultimately leading to an increase in cell number.
Catabolism consists in breaking-down complex compounds into simple molecules for two
main goals: provision of appropriate compounds for subsequent biosynthetic reactions and by

providing chemical energy and reducing power to drive biosynthesis.

2.2.1 Catabolism

Kluyveromyces fragilis and K. lactis, which unlike S. cerevisiae can metabolize lactose
aerobically, contain a lactose permease system for lactose transport [26] into the cell where it

is hydrolyzed to glucose and galactose which enter glycolysis (Figure 2).

CH,OH CH,OH i CH,OH CH,OH
HO 1o 0 ' Ho | ?H 0
OH N L AOH ™\ L/OH ™ Z/OH ™
f + P

CI) . I B-Galactosidase N o

OH HO OH
OH OH OH OH
Lactose Galactose Glucose

Figure 2. Enzymatic conversion of lactose in glucose and galactose
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Figure 3. Embden-Meyerhof-Parnas and Pentose phosphate metabolic pathways [27].

Figure 3 shows the main pathways of sugar catabolism in a very simplified way. Complex
sugars are first reduced to sugar monomers by enzyme-catalyzed reactions before entering
the various metabolic pathways [28].

The major metabolic route for the breakdown of glucose is glycolysis, also called the
Embden-Meyerhof-Parnas (EMP) pathway. Glucose is first phosphorylated and then
metabolized though a series of phosphorylated intermediates of six and three carbons ending
with the formation of acetate and carbon dioxide. This acetate is, bound to a carrier molecule,
coenzyme A, to form acetyl CoA. Acetyl CoA may form citrate by condensing with a
molecule of oxaloacetate. This is the first step in a cyclic sequence of reactions in which two
molecules of CO, are released. This cycle is termed the tricarboxylic acid (TCA) cycle,
because a number of the intermediates are tricarboxylic acids.

Glucose can also be broken down by the pentose phosphate pathway. By this way, glucose is
first phosphorylated and then oxidized and decarboxylated to form ribulose 5-phosphate, then,
by a series of complex reactions, transformed into 6-phosphate and glyceraldehydes 3-
phosphate. Metabolism of six molecules of glucose 6-phosphate, via the pentose phosphate
pathway, results in the degradation of one complete molecule of glucose to carbon dioxide.
The principal function of this pathway is the provision of NADPH and precursors for

biosynthetic reactions.
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2.2.2 Fermentation

Fermentation is the simplest mode of energy generation and is used by microorganisms
growing under anaerobic conditions. Glucose is metabolized by glycolysis with the

production of pyruvic acid, ATP and NADH (Figure 4).

First glucose is converted into fructose-1,6-bisphosphate implying the consumption of two
molecules of ATP. Fructose-1,6-bisphosphate is then cleaved into two triose phosphate.
Glyceraldehyde-3-phosphate is oxidized by the reduction of NAD+, and then esterified with
inorganic phosphate resulting in 1, 3-bisphosphoglyceric acid which is then converted to

pyruvic acid with the production of two molecules of ATP [27, 29].
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ATP — ]
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Figure 4. Alcoholic fermentation of the yeast S. cerevisiae. All ATP is produced by
substrate-level phosphorylation, and NAD is cycled between the oxidized and

reduced forms [27].

Synthesis of ATP usually occurs in reactions which involve the participation of ADP and
either 1,3-bisphosphoglycerate or phosphoenolpyruvate.

The NADH produced during the glycolytic pathway must be reoxidized. This is the main
characteristic of this type of fermentations, namely that the electron acceptor is an organic
compound. In the alcoholic fermentation, pyruvate is decarboxylated to acetaldehyde, which

plays the role of electron acceptor [30]. It is then reduced to ethanol by electrons coming from
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NADH, in the process regenerating NAD required for continued functioning of the glycolytic
pathway. Most fermentations result in the production of several major end-products, the
formation of which is influenced by environmental and physiological factors and is a property
of each individual organism. Products, such as acetate, butyrate, butanol, isopropanol,
propionate, lactate, glycerol or butanediol, can be formed by metabolism of pyruvate from
multiple microorganisms (bacteria and yeasts) and via different pathways (Figure 5).
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Figure 5. Possible fermentation products of pyruvate. Pyruvate formed by the
catabolism of glucose is further metabolized by pathways which are characteristic of

particular organisms and which serve as a biochemical aid to identification [31].

By comparison with respiration and photosynthesis, fermentation is only producing ATP by
substrate-level phosphorylation, which is associated with a low yield of ATP (2 mole ATP/
mole glucose) and results in the need for consumption of large quantities of substrate in order
to support modest growth. A consequence of this is that most of the carbon and energy of the
substrate consumed ends up in the reduced fermentation end-products, e.g. in the ethanol.
Although these products are in fact metabolic wastes, many have considerable value as
commercial products. In our case ethanol results from this low efficiency pathway. There is
also a great interest in exploiting biological fermentations as an alternative to chemical
synthesis for the economic production of fuels, solvents, and fine chemicals, being termed

green biotechnology of which biofuels are a major part [32-35].
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3. Materials and Methods

3.1 Yeast strains and inocula

The yeast strains characterized in this study were selected from yeast culture collections.
Among them, four strains were capable of directly fermenting whey and whey permeate:
Kluyveromyces marxianus strains CBS 6432, CBS 397 and CBS 5795 (Centraalbureau voor
Schimmelculturen, Utrecht, The Netherlands) and ATCC 8619 (American Type Culture
Collection, Teddington, UK). The other four studied strains were glucose/galactose-utilizing
yeasts, capable of fermenting hydrolyzed whey permeate: Saccharomyces cerevisiae ATCC
200062 (ATCC, Teddington, UK), Ethanol Red and Safdistil C-70 (Fermentis-Lesaffte,
France) and Saccharomyces bayanus (Avidor, Switzerland). Stock cultures were stored as
suspensions in 9 g/[. NaCl and 10 g/L glycerol at -80°C. Cells were re-activated in a 1 liter
baffled shake-flask containing 100 mL YPL medium at 30°C for 24h on rotary shaker at 200
rpm. Two cultures in baffled shaken flasks of 100 mL each were used to prepare the inocula.
After 24 h of incubation at 30°C, the two precultures were centrifuged at 4°C (10 minutes at
1500 g) and the cell pellets resuspended in 10 mL sterile water and used immediately. YPL
medium contained 40 g/L lactose, 6 g/L yeast extract (Oxoid, Hampshire, England) and 5 g/L

Bacto™Peptone (Becton, Le Pont de Claix, France) and was sterilized at 121°C for 20 min.

3.2 Fermentation media

Direct fermentation culture medium was whey permeate powder (Cremo, Villars-sur-Glane,
Switzerland) reconstituted to a lactose concentration of 40 g/L, completed with 3.75 g/L yeast
extract (Oxoid, Hampshire, England) to avoid nitrogen limitation [4], in ultra-pure water and
sterilized by filtration (0.22 pm, Steriltop, Millipore Corporation, Billerica, USA). Sterile
antifoam agent (Structol J647, Schill&Seilacher, Germany), 1 mL/L was added to the sterile
medium immediately prior to inoculation.

Indirect fermentation culture medium mimicked a hydrolyzed lactose medium by dissolving
yeast extract (6 g/L), peptone (5 g/L) and glucose-galactose in equal quantities (20g : 20g)
into ultra-pure water and sterilized by filtration (0.22 pum, Steriltop, Millipore Corporation,
Billerica, USA). Sterile antifoam agent (Structol J647, Schill&Seilacher, Germany), 1 mL/L

was added to the sterile medium immediately prior to inoculation.
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3.3 Culture conditions

Characterization of yeast productivity was performed using the BioXplore system (HEL,
Barnet, UK) comprising four 1-liter bioreactor vessels in each of which temperature,
dissolved oxygen, agitation and pH were monitored and controlled.

Ethanol production yield, biomass evolution and final ethanol concentrations were
characterized for pH values of 4, 5 and 6; an initial sugar concentration of 40 g/L, and
fermentation temperatures of 25, 30 and 37°C. pO, was maintained below 3% throughout the
experiments by gassing with nitrogen in order to ensure anaerobic conditions.

Determination of ethanol tolerance was achieved by a fed-batch operation. Shake-flask
cultures were performed in 500 mL Erlenmeyers with initially 100 g/L. lactose whey
permeate. Mixing was achieved by stirring with a magnetic stirrer at 200 rpm in a temperature
controlled incubator. Successive additions of 50g/L pure lactose or glucose-galactose

(according to the yeast strain) were repeated until no more ethanol was produced.

3.4 Reagents and metabolite analysis

Glucose, galactose, lactose and ethanol concentrations were determined by HPLC analysis
(1100 series, Agilent Technologies, Palo Alto, USA). An ion-exchange chromatography
column (Supelcogel H, 30 cm x 4.6 mm; 9um, Supelco, Bellefonte, USA) was used at 60°C
and a 0.005 M H,SOy solution in ultrapure water was applied at a constant eluent flow rate of
0.6 mL/min. Metabolites were then measured using a refractive index detector. Cell density

was determined spectrophotometrically by measuring optical density at 600 nm (ODggo).

4. Results

Kinetic and stoichiometric characteristics were compared for eight different ethanol-
producing yeasts. To facilitate characterization and comparison, it was important to grow the
yeasts under optimal conditions. This was achieved by a series of cultures carried out with
each yeast for different temperatures and pH conditions. Response surfaces were generated

from 5 experimental conditions for each strain, four at the extrema and one middle value.
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Figure 6. Performance of batch cultures of indirect ethanol producing yeast from synthetic
hydrolyzed whey permeate of S. cerevisiae Safdistil C-70, Ethanol Red, ATCC 200062 and S.
bayanus. The effect of pH and temperature was measured on (a) ethanol production yield (Yps), (b)

biomass production yield (Yx;s) and (¢) maximum specific growth rate (Lmay)-
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4.1 Indirect whey fermenting yeasts

Figure 6 presents the results for the characterization of S. bayanus and S. cerevisiae ATCC
200062, Ethanol Red and Safdistil C-70 on hydrolyzed lactose medium. The influence of
culture conditions on the ethanol production yield, the biomass production yield and the
maximum specific growth rate, is apparent and shows the importance of comparing data for

yeast strains under multiple conditions.

Figure 6 shows that each yeast responds differently to variations in culture conditions, with
certain strains being pH-sensitive (S. cerevisiae Ethanol Red and Safdistil C-70), others
temperature-sensitive (S. cerevisiae ATCC 200062) while certain strains (S. bayanus) are
sensitive to neither. However the optimum responses, listed in Table 1, show that most of the
selected strains approach the theoretical ethanol production yield (Yp/s) of 0.67 C-mol/C-mol
with little variation. Maximal biomass production yields (Yxss) and maximum specific growth
rate (Umax) of ATCC 200062 appears to be significantly higher than the other yeast strains
studied resulting in a shorter fermentation period. Total carbon balance measurements

revealed a good match of values exposed in Table 1 (£ 11-18%).

Table 1. Optimized ethanol performance and culture conditions for indirect
fermentation yeasts grown on synthetic hydrolyzed whey showing maximum ethanol
production yields (Yps), biomass production yields (Yxs) and maximal specific

growth rate (Mmax)-

Yeast strain Temperature  pH Yers Yxs Wmax

°C - Cmol-Cmol"  Cmol-Cmol’ h'
S. cerevisiae ATCC 200062 30 5 0.664 £0.020 0.114+0.006 0.163+0.014
S. cerevisiae Ethanol Red 37 6  0.662+0.020 0.080+0.004 0.090 +0.020
S. cerevisiae Safdistil C-70 37 4  0.656+0.019 0.077+£0.004 0.112+£0.020
S. bayanus 37 4 0.642 £0.019 0.087£0.005 0.125+0.018

Kinetics of fed-batch fermentations, under the optimized culture conditions enabled the
identification of the ethanol tolerance of the yeast and determination of kinetics prior to total
product inhibition. The results, presented in Table 2, show that S. bayanus is the most
resistant strain, tolerating alcohol concentrations as high as 162 g/L while S. cerevisiae ATCC

200062 is inhibited at ethanol concentration as low as 85 g/L.
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Table 2. Kinetics and productivity data for indirect fermentation yeasts grown on
synthetic concentrated hydrolyzed whey. Maximum ethanol tolerance (CroHmax)s
fermentation time global productivity (Qpgiobal) and maximum productivity (Qpmax)

are reported for each strain under their optimized culture conditions.

Yeast strain CEOHmax ~ tiME Qp global' Qpmax
gL’ h gL h! gL h!
S. bayanus 162 119 1.61+£0.04 3.60+0.25
S. cerevisiae Ethanol Red 148 48 276 +0.10 6.24+0.44
S. cerevisiae Safdistil C-70 120 64 2.00+0.05 3.82+0.30
S. cerevisiae ATCC 200062 85 29 227+0.08 551+£0.26
I

represents overall fermentation productivity between t, and t at which maximum ethanol
concentration was achieved.
represents the productivity during exponential phase.

Despite the high alcohol tolerance (162 g/L) S. bayanus exhibited the slowest fermentation
(119h) and lowest overall productivity (Qp gioba=1.61 g/L-h; Qpmax=3.60 g/L-h) compared with
yeasts such as Ethanol Red and Safdistili C-70 which showed higher productivities
(Qp.globa=2.76 g/L-h and 2.00 g/L-h respectively) and growth kinetics (Figure 7).
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Figure 7: Kinetics of ethanol production and maximum ethanol tolerance from
synthetic concentrated hydrolyzed whey permeate with batch cultures of (¢) S.
cerevisiae Safdistil C-70, (o) Ethanol Red, (o) ATCC 200062 and (A) S. bayanus,

grown under optimized culture conditions.
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4.2 Direct whey fermenting yeasts

For comparison Figure 8 shows the influence of culture parameters on growth and ethanol
production of the direct fermentation yeast metabolism Kluyveromyces marxianus CBS 6432,
CBS 397 and CBS 5795 and ATCC 8619 on whey permeate. Ypss, Yx/s and pmax values
reported as the z axis and presented as an experimental surface response to pH and
temperature describe growth of these direct yeasts on whey permeate first and then compare
to indirect yeasts on hydrolyzed whey. Comparison of the results (Table 3) on whey permeate
shows that direct fermentation yeasts are more strongly dependent on culture conditions
compared to indirect ones. Ethanol production yields were similar (0.625-0.660 C-mol/C-
mol) compared to the indirect fermentation yeasts (0.642-0.664 C-mol/C-mol). Only K.
marxianus CBS 397 was an exception with a low yield of only 0.490 C-mol/C-mol. Important
differences to indirect fermentation yeasts were observed with respect to biomass yield and
maximum specific growth rate. Yx/s of direct fermentation yeasts was generally slightly lower
and pma Was between 30-60% of the growth rate of direct fermentation yeasts. K. marxianus
CBS 397 was again an exception to these general trends. Based on ethanol yields, two strains
are particularly interesting, namely CBS 5795 and ATCC 8619. The slightly smaller Ypss
observed for ATCC 8619 is compensated by a shorter fermentation, due to the high pmax
(0.094 h™") compared with CBS 5795 ( 0.047 h™"). Total carbon balances show very accurate
matching of values exposed in Table 3 (+ 4-10%).

Table 3. Optimized ethanol performance and culture conditions for direct fermentation
yeasts grown on concentrated whey permeate showing maximal ethanol production

yield (Ypss), biomass production yield (Yxss) and maximal specific growth rate (pmax)-

Yeast strain Temperature  pH Yess Yxs max
°C Cmol-Cmol"  Cmol-Cmol’ h'
K. marxianus CBS 5795 37 4 0.660 +0.020  0.050 £0.020  0.047 +0.015
K. marxianus ATCC 8619 30 5 0.645+0.019 0.082+0.031 0.094 +0.023
K. marxianus CBS 6432 30 5 0.625+0.018 0.078 £0.029  0.074 £ 0.006
K. marxianus CBS 397 37 6 0.490+0.030 0.167+0.041 0.302+0.026

Comparison of ethanol tolerance (Table 4) shows that CBS 397 is very strongly inhibited by
ethanol at concentrations as low as 9.4 g/L, while ATCC 8619, CBS 5795 and CBS 6432 can
tolerate 7-9 fold higher concentrations (71, 79 and 81 g/L respectively), with fermentation

times ranging from 11 to 32 hours.
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Figure 8: Performance of batch cultures of indirect ethanol producing yeast from whey permeate of

K. marxianus CBS 6432, CBS 5795, CBS 397 and ATCC 8619. The effect of pH and temperature on

(a) ethanol production yield (Ypss), (b) biomass production yield (Yxss) and (c) maximum growth rate

(Mmax) Was determined.
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Table 4. Kinetics and productivity data for direct fermentation yeasts from
concentrated whey permeate in batch cultures. Maximal ethanol tolerance (Cgonmax),
fermentation time global productivity (Qpgiobal) and maximal productivity (Qpmax) are

reported for each strain grown under their optimized culture conditions.

Yeast strain CEOHmax  time Qp global' Qpmax
gL’ h gL h! gLh!
K. marxianus CBS 6432 81 32 233+032 3444042
K. marxianus CBS 5795 79 22 329+028 6.15+0.39
K. marxianus ATCC 8619 71 26 2.14+0.29 2.55+0.32
K. marxianus CBS 397 94 11 0.61+0.03 0.72+0.06

represents overall fermentation productivity between t, and t at which maximum ethanol
concentration was achieved.
represents the productivity during exponential phase.

8}

The fermentation kinetics are shown in Figure 9 where it can be observed that growth of CBS
397 ceased after 10 hours with no further ethanol production observed after 11 hours. On the
other hand, CBS 5795 fermented the most rapidly reaching an ethanol concentration,

equivalent to CBS 6432 and higher than that of ATCC 8619.
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Figure 9: Kinetics of ethanol production and maximum ethanol tolerance from
concentrated whey permeate with batch cultures of (¢) ATCC 8619, (o) CBS 6432,
(o) CBS 5795 and (A) CBS 397 grown under optimized culture conditions.
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5. Discussion

Direct whey fermenting yeasts are reported to be highly inhibited by the product, with toxicity
appearing at ethanol concentrations as low as 20 g/L. These are unrealistically low values and
would require large fermentation plants and uneconomic energy costs for distillation
(Chapter 1). However, the first criterion for selection of a producing yeast must still be Yps,
due to the relatively low added-value of the product compared with the substrate. Direct
fermentation yeasts are also reported to ferment lactose less efficiently than S. cerevisiae,
fermenting glucose with Yps of about 0.499 C-mol/C-mol. However, these yeasts cannot
metabolize lactose directly; therefore an expensive whey pretreatment step (hydrolysis) is
required. As a result it is difficult to determine which of the production methods would be
most suited to whey fermentation at the whey production site (dairy). If transportation of
dilute whey to a central bioethanol site is required, the costs of transportation / refrigeration
for such a poorly stable substrate would be positive (currently approximately 60% of alcohol
costs), which would suggest that on-site hydrolysis and membrane concentration prior to

transport would be a viable alternative (Chapter 1).

As a result a range of both direct and indirect lactose-fermenting yeasts were studied in order

to determine which route is the most suitable using currently available alcohol tolerant strains.

5.1 Indirect whey fermenting yeasts

Safdistil C-70 appears to be a relatively efficient indirect fermentation yeast with relatively
high alcohol productivity and tolerance. The parameter which appears to affect growth and
production most significantly is pH, with the yeast fermenting more efficiently under acidic
conditions. Thus at pH 4 the highest values on the defined experimental surface were
observed, reaching a Ypss of 0.656 C-mol/C-mol, a Yx;s of 0.077 C-mol/C-mol and a piyx of
0.112 h™', the tendencies of the results suggest that by reducing the pH even further, even
higher yields should be possible. Previous results on Safdistil have already demonstrated this
pH dependency reporting a maximum final ethanol concentration of 105 g/L. when fermented
at pH 4.3 and 40°C, while at pH 3 ethanol production decreased by almost 30% [36].Growth
of the yeast was sensitive to temperature with a maximum Yxss observed at 37°C. Since the
maximum specific growth rate and Yp/s are strongly dependent on pH, it is clear that ethanol

production is coupled to yeast growth, while Yps and Yxss show opposite trends. As

100



CHAPTER 5 - Ethanol fermentation: yeast strain selection and performance optimization

stoichiometric equilibrium of equation 1 must be fulfilled, and if no co-product is produced,
an increase of Yps will result in a decrease of Yx/s as Yyss is constant (0.04 C-mol/C-mol)

and Y¢ys is linked to the yeast metabolism.

S. cerevisiae ATCC 200062 also presented strong temperature dependence with respect to
Ypss, Yxis and pma, and, like Safdistil C-70, ethanol production appears to be related to cell
growth and Yps measurements are inversely proportional to Yxs;s. The optimal conditions
measured were at 30°C and pH 5, where Ypss reached 0.664 C-mol/C-mol, the highest result
obtained in this study, while Yx/s was 0.114 C-mol/C-mol. The link between Yp/s and pimax
explains the high specific growth rate for S. cerevisiae ATCC 200062, which reached
0.163 h™'. Literature describes S. cerevisiae ATCC 200062 as a thermophylic yeast mostly
studied for producing ethanol from hydrolyzed cellulose materials [37-39]. The better results
observed at 37°C compared to 25°C thus agree with this reported thermophylic preference.
Average ethanol yields of 0.54 C-mol/C-mol [49] and 0.52 C-mol/C-mol [38] were measured
at respectively 42 and 45°C [39], which is 20% lower than the values measured in the present
study. This could be explained by the operating conditions. In this study glucose and
galactose were used in a complex medium while in these former studies simultaneous
saccharification and fermentation were carried out from lignocellulosic material and may
result either in incomplete hydrolysis of the substrate or in some growth limitation, which was
not observed in the present study. Finally better fermentation performance was reported at

neutral pH compared to acidic conditions [39], which agrees with present conclusions.

S. bayanus is well-known in the wine industry due to its ability to ferment to very high
ethanol levels. Under the conditions studied here, no significant dependency on either pH or
temperature was observed with respect to Yps. Although, like S. cerevisiae strains, a
correspondence between Yps and pma.x Was also observed. Thus only at 37°C and pH 6 was a
significant increase in pmax reflected in the value of Yx/s. The optimum growth conditions for
this strain were observed at 37°C and pH 4, where Yp/s reached 0.642 C-mol/C-mol, Yxss
0.098 C-mol/C-mol and pima 0.125 h™'. S. bayanus is usually reported to be a cryophilic yeast,
fermenting more efficiently at about 10-12°C. However, at that low temperature much longer
periods are required (two weeks) for fermenting the initial (250 g/L) glucose medium [40].
The same paper characterizes ethanol production between 28°C and 35°C and no relevant

difference was reported which agrees with the non-dependency on temperature which was
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also observed in this study. High ethanol tolerance with S. bayanus was reported by Amin
[41] and ethanol concentration as high as 123 g/L could be measured. In this work S. bayanus
was the most tolerant yeast studied, reaching 162 g/L ethanol, although long fermentation

periods were required.

The yeast Ethanol Red also showed very good results with respect to ethanol production yield
with a value of 0.662 C-mol/C-mol at 37°C and pH 6. By contrast, the biomass production
yield (0.080 C-mol/C-mol) at these conditions was slightly lower. However, the growth rate
of Ethanol Red (0.09 h™) was the lowest of the four indirect fermentation yeasts studied, thus
high inoculum densities would be required to reduce the fermentation time. Of the remaining
parameters pH had little effect on Yp/s, Yx/s Or Limax, While temperature significantly increased
ethanol production and growth rates. Fermentis (Fermentis-Lesaffre, Marcq-en-Baroeul,
France) characterizes Ethanol Red fermentation for temperature values from 30-40°C while
the pH value is not specifically provided. At 37°C, very efficient glucose conversion is
reported (94% of maximum theoretical yield) and final ethanol concentration of 142 g/L is
achieved. These data agree with the limiting ethanol concentration measured in this study
(148 g/L) while little higher yield was measured for optimal pH and temperature conditions
(99% of maximum theoretical yield). Ethanol Red is actually used for industrial fermentation
processes from sugar beet but little is reported in the literature. However, an ethanol yield of
68% of maximum theoretical yield was reported with mixed substrate culture of xylose,
glucose, cellobiose and hemicellulose [42] and a maximum ethanol concentration of 116 g/L

has already been achieved when fermenting corn residues [43].

The main reason for testing yeasts which cannot directly assimilate lactose is that they are
reported to exhibit high alcohol tolerance and thereby produce higher concentrations than
lactose fermenting yeast [46, 51, 53], thereby reducing the energy requirement for distillation.
Consequently, while ethanol production yields are very similar for S. cerevisiae ATCC
200062, Safdistil C-70 and Ethanol Red, ethanol tolerances were 85, 120 and 148 g/L
respectively.

Ethanol Red appears to be the optimal yeast studied for indirect fermentation of hydrolyzed

whey due to its high fermentation efficiency coupled to a high ethanol resistance.
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5.2 Direct whey fermenting yeasts

By comparison, of the direct whey-fermenting yeasts, higher conversion yield was observed
for K. marxianus CBS 6432 at 30°C and pH 5. The Ypss trend surface (Figure 8) shows that
both pH and temperature changes are important for ethanol production with an optimum at
acidic pH, and temperatures of 25-30°C. Biomass production rate strongly increases with
temperature, with a minimum at 30°C, and Yx;s seems to be related to pm.. Maximum
specific growth rate occurred at 37°C, which also corresponds to the temperature at which the
highest biomass conversion yield was obtained. A temperature of 30°C and pH 5 have been
reported to be the most efficient for the fermentation of 15% lactose whey permeate by
immobilized cultures of K. marxianus CBS 6432 [44]. Vienne [4] reported a slightly higher
optimal temperature (38°C) in acidic pH. Under these conditions very similar Yp/s (0.603 C-
mol/C-mol compared to 0.625 C-mol/C-mol in this study) and Yx;s (0.057 C-mol/C-mol
compared to 0.078 C-mol/C-mol) were obtained but maximum specific growth rate was much
larger (0.311 h™"). Finally ethanol concentration of 72.2 g/L was achieved when fermenting a
250 g/L lactose medium in batch mode at 30°C [45]. Under these conditions, volumetric
productivity of 1 g/L-h and biomass yield of 0.045 C-mol/C-mol was reported, which agrees
with the results obtained in this study for K. marxianus CBS 6432 (81 g/L, 2.3 g/(L-h), 0.078
C-mol/C-mol).

Of the eight yeasts studied, K. marxianus CBS 397 was the least efficient with respect to
ethanol production. A reason for this may be due to the production of fermentation products
other than ethanol, such as glycerol which could result in reduced ethanol production yield
[46]. In the present study glycerol production was not characterized therefore this could not
be confirmed. Under optimal conditions the ethanol production yield for CBS 397 was 0.490
C-mol/C-mol, which is very low compared to the other yeasts. This could be the result of a
different growth and maintenance coefficient with sugar for fermentation [47, 48].

On the other hand the biomass production yield (0.167 C-mol/C-mol) was almost two times
higher than for other direct fermentation organisms, while pm.x Was approximately three times
higher. These data clearly show that K. marxianus CBS 397 has rapid and efficient growth,
compared with the other strains, yet is unsuitable for efficient ethanol production. A similar
ethanol production rate was reported by Anderson [49] were a maximum of 4.6% (w/v) was
obtained with CBS 397 when fermenting 10% (w/v) lactose whey permeate with a Yp/s of
78.5% of theoretical yield. However other reports [4] present higher ethanol production
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efficiency and ethanol tolerance (0.56 C-mol/C-mol and 83 g/L respectively) when fermented
at 35°C and pH 5.5. This difference may be due to the formation of non desired products,
such as glycerol and 2-phenylethanol, which have been reported in the literature [49, 50] as
major fermentation products of CBS 397 under certain conditions, and lower ethanol
production efficiency and cell viability which could result from a single or combination of
toxic effects [51]. The observed relative non-dependence on pH between 4-6 is confirmed by
the results of Vivier [52]. Toxic conditions below pH 3 or above pH 10 were identified by this
author. The preferred thermophilic conditions identified in this study (35°C) agree with
reported literature values [4, 51, 53].

Among direct fermentation organisms, CBS 5795 was the most efficient yeast. Ethanol
production yields were close to the theoretical maximum value (0.667 C-mol/C-mol) the
relative ratio (Yps / Yxsis) was also the highest of all eight yeasts studied with the graphs of
Ypss and Yxis (Figure 8) clearly demonstrating the relationship between ethanol production
and growth. The optimum experimental conditions were identified to be 37°C and pH 4 where
Ypss reached 0.660 C-mol/C-mol, Yx;s 0.050 C-mol/C-mol and pm.x 0.047 hl. In previous
studies, the fermentation of 15% lactose concentrated whey permeate also resulted in very
efficient ethanol production (92% [64] and 95 % [4] of the theoretical maximum value) and
10% higher biomass yield (0.062 C-mol/C-mol) [4]. Less dependence on pH agrees with the
results obtained by Burgess [54] which reported that no significant effect could be measured
on ethanol production for pH values from 4.6 to 5.6. The yeast K. marxianus CBS 5795 was
also reported to be an alcohol tolerant direct fermenting yeast. Gianetto [55] presented a
continuous tubular reactor process where ethanol concentrations higher than 50 g/L were
achieved although concentrations as high as 78 g/L have been achieved with concentrated
whey [53].

K. marxianus CBS 5795 appeared to be very efficient at producing ethanol, while minimizing
substrate consumption for growth. The low growth rate would require a high inoculation
density and a two stage culture, involving an initial aerobic phase to achieve a high biomass

concentration followed by switching to anaerobic / micro-aerophilic ethanol production.

K. marxianus ATCC 8619 showed similar results to K. marxianus CBS 5795 for Yp/s (0.645
C-mol/C-mol) and Yx;s (0.082 C-mol/C-mol), the optimum experimental conditions being
30°C and pH 5. However, the results suggest that reducing the pH even further might improve
Ypis. With the exception of CBS 397, ATCC 8619 showed the highest specific growth rate of
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all the direct fermentation yeasts studied and an ethanol production yield almost as high as
CBS 5795. K. marxianus ATCC 8619 has been widely utilized for ethanol production from
whey [54-58]. Optimal temperature and pH conditions of 30°C and 5.5 respectively are
reported in literature [59] and ethanol efficiencies as high as 90%, 98.3% and up to 99.6% of
theoretical maximum yield have been reported [60-62], when fermenting 10, 28 and 15%
lactose whey permeate in 72, 72 and 42 hours respectively. Ethanol resistance up to 79.3 g/L
was even reported when fermenting 15% whey permeate with an efficiency >99% of
theoretical yield at pH 4 and 35°C [63]. Under these conditions a volumetric productivities
between 1.3 - 3 g/L-h were reported which is similar to the values presented in this study

(2.14 - 2.54 g/L-h).

Lactose has a low solubility (240 g/L at 20°C), which limits the maximum ethanol
concentration that can be expected from a direct fermentation organism. Furthermore, using
current membrane technology, it is difficult to concentrate whey permeate above 200 g/L.
Thus the ethanol tolerance required of a direct formation yeast would need to be
approximately 104 g/L ethanol, since the maximum theoretical ethanol yield is 0.538
g ethanol /g lactose. From the results it can be seen that K. marxianus CBS 397 would be
completely unviable (ethanol tolerance 20g/L) while K. marxianus CBS 5795, 6432 and
ATCC 8619 showed considerable alcohol tolerance of 79 g/L, 81 g/L and 71 g/L respectively.
For all four direct fermentation yeasts, temperature was shown to have the largest influence

on growth and ethanol production and is therefore the critical parameter.
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6. Conclusions

The indirect fermentation yeasts studied presented very good characteristics with Ethanol Red
determined to be the most suitable organism for fermenting concentrated whey permeate, with
high alcohol production yield (Yps= 0.662 C-mol/C-mol) and alcohol tolerance (148 g/L). In
addition the rapid kinetics of production of Ethanol Red allowed the maximum ethanol level
to be obtained within 48 hours compared to 119 hours for S. bayanus.

In this study three of the four direct fermentation organisms (CBS 5795, CBS 6432 and
ATCC 8619) showed a much higher alcohol tolerance than has been commonly considered,
with CBS 5795 achieving the theoretical maximum ethanol production yield, similar to those
for indirect fermentation yeast, yet resistant to 79 g/L ethanol.

Comparison of the results to simulated production models based on direct or indirect
bioethanol production [64-66, Chapter 1], would suggest that direct whey permeate
fermentation is the best way to produce bioethanol from whey permeate with K. marxianus
CBS 5795, determined to be the most efficient yeast for this purpose. On the other hand a
multi-substrate bioethanol plant would almost certainly require a stable mixed-culture, which
is a real challenge, or Ethanol Red could be used after suitable pretreatment of the whey

permeate through enzyme hydrolysis.
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7. Nomenclature

u
EtOH

K
NADH

Subscripts
global

i

O(—P

Specific growth rate

Ethanol

Saturation constant
Dihydronicotinamide adenine
dinucleotide

Optical density

Specific productivity
Volumetric productivity
Tricarboxilic acid cycle
Yield coefficient of substance j on
substance i

Yeast extract-Peptone-Lactose medium

Overall mean value

Refers to compound i

Refers to compound j

Refers to the produced ethanol
Refers to limiting nutrient
Refers to biomass

Refers to CO,

Refers to water

Refers to nitrogen

Conditions at time t

Initial conditions
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1. Abstract

A mixed-culture, able to produce ethanol as main fermentation product, was isolated from
spontaneous fermenting whey. The microorganisms present in this mixed-culture were
identified to be Kluyveromyces marxianus (S1), Issatchenkia orientalis (S2), and
Enterococcus faecalis (S3). Comparison of fermentation of non-sterilized whey by K.
marxianus (S1) alone or by a reconstituted consortium of K. marxianus (S1) and E. faecalis
(S3) indicated protection by E. faecalis (S3) against lactic acid bacteria present in non-
sterilized whey without negatively influencing ethanol production. The highest ethanol
performance parameters were obtained using the mixed-culture, grown at pH 4 and 30°C,
with an ethanol production yield of 0.65 C-mol ethanol /C-mol lactose and a volumetric
productivity of 1.85 g ethanol/(L-h). At 37°C and pH>4.0, lactate fermentation became

important and thus reduced significantly the ethanol production yield.
This chapter was submitted for publication in Enzyme and Microbial Technology

de Glutz FN, Hugonnet M, Oertlé E, Holliger C, Marison IW. Mixed-culture fermentation of

non-sterile whey permeate

114



CHAPTER 6 - Mixed-culture fermentation of whey permeate

2. Introduction

Kluyveromyces marxianus is a Crabtree-negative, lactose-utilizing yeast. Several strains have
generally-regarded-as-safe status ensuring that large-scale utilization of this strain is
facilitated by regulatory agencies [1, 2]. K. marxianus species have been isolated from a large
variety of habitats due to their wide metabolic diversity and substantial degree of intraspecific
polymorphism with other yeast strains [3-9]. As a consequence, several biotechnological
applications of these yeast have been reported [10]: production of enzymes, such as [-
galactosidase [11-13], inulinase [14-16], polygalacturonases [17-19] and B-glucosidase [20,
21]; aroma compounds [22-24]; single-cell protein [25] and ethanol [26-30]. In the latter case
considerable effort was dedicated to high-temperature [31-33] and simultaneous
saccharification-fermentation processes [34-36]. Other applications of K. marxianus include
the reduction of lactose content in food products [12], the production of bio-ingredients from
cheese whey [12, 13] and bioremediation when producing anticholesterolemic agents [37].
Issatchenkia orientalis is a thermophylic variant of Candida krusei naturally present in
animals [38]. Several yeasts belonging to the genus Candida and Pichia such as Candida
santamariae, Candida lambica, Candida krusei, Pichia farinosa, Pichia fermentans and
Pichia stipitis are known to produce ethanol from glucose [39-44].l. orientalis is mainly
studied with relation to wine related fields [39-45] since, according to the taxonomical study
of yeasts [46], this strain ferments glucose to produce ethanol and is able to assimilate
succinic acid and lactose, an ability which differentiates it from Saccharomyces cerevisiae
[38]. Other applications of |. orientalis are related to degradation of malic acid [45],
production of key intermediates for the pharmaceutical industry, such as L-phenyl acetyl
carbinol [47], and wastewater treatment [48].

The first description of Enterococcus was reported in 1899 by Thiercelin who characterized it
as Gram-positive bacteria from intestinal origin [49]. In 1980 this spherical shaped bacterium,
very similar to Streptococcus faecalis, was named Enterococcus faecalis. This class of
bacteria has been used to produce lactic acid [50-52] or fumarate reduction. From a medical
point of view, E. faecalis detection can be used to indicate the presence of pathogenic bacteria
and can lead to diseases [51] but the use of dead cells has also been reported to be efficient as
a cancer treatment [53].

The aim of the present work is to characterize ethanol production by a consortium of these
strains, one bacterium and two yeasts, isolated from spontaneous fermenting whey [54-58].

The rationale behind this was to take advantage of the high fermentative activity of K.
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marxianus combined with the ethanol tolerance of I. orientalis [57]. Another potential
advantage of this co-culture is the production by E. faecalis of a substance, as yet non-
identified, active against numerous gram-positive as well as gram-negative bacteria, which
may help to avoid bacterial contamination during the fermentative process [58], particularly
when the ethanol concentration in the medium is low. I. orientalis is a flocculating yeast and
this characteristic might be important for the continuous production of ethanol since a high
concentration of cells can be maintained within the fermentor without the aid of immobilizing

agents.

3. Materials and Methods

3.1 Microorganisms, inocula preparation and media

A stable mixed-culture was isolated from a Swiss dairy and determined to be composed of
two yeasts and one bacterium which produced ethanol at efficient levels. The yeast species
were identified to be Kluyveromyces marxianus (S1) and Issatchenkia orientalis (S2), and the
bacterium, Enterococcus faecalis (S3). A consortium of these three organisms (CEKI-
Consortium E. faecalis, K. marxianus, I. orientalis) was characterized for ethanol production
from whey permeate. Stock cultures were stored as a suspension in 9 g/LL NaCl and 10 g/L
glycerol at -80°C. Cells were re-activated in a 1-liter baffled shake-flasks containing 100 mL
YPL medium at 30°C for 24h. Two cultures, in baffled shake-flasks of 100 mL each, were
used to prepare the inocula. After 24 h at 30°C, the two precultures were centrifuged (10
minutes at 1500 g) at 4°C and the cell pellets resuspended in 10 mL sterile water and used
immediately. YPL medium contained 40 g/L lactose, 6 g/L yeast extract (Oxoid, Hampshire,
England) and 5 g/L Bacto™Peptone (Becton, Le Pont de Claix, France) and sterilized by
filtration (0.22 pm, Steriltop, Millipore Corporation, Billerica, USA).

Isolation of the organisms comprising the microbial consortium culture was done by
harvesting 100 pL of samples from the flask harvests followed by dilution (10°- fold),
spreading on solid medium (Plate-Count Agar, Merck, Germany) and incubation at 37°C for
48h. Identification of the organisms comprising the consortium was performed by DSMZ
(Deutsche Sammlung von Microorganismen und Zellkulturen, Braunschweig, Germany),

which characterized them based on morphological and physiological criteria.
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The culture medium used for ethanol production was whey permeate powder (Cremo, Villars-
sur-Glane, Switzerland) reconstituted to 40 g/L, completed with 3.75 g/ yeast extract
(Oxoid, Hampshire, England) to avoid nitrogen limitation, pasteurized at 65°C for 30 min,
then quickly cooled to 37°C immediately prior to inoculation. Cell density was determined
spectrophotometrically by measuring optical density at 600nm (ODgqp).

Assessment of population stability was done by comparing cell-bank mixed-cultures with
long term cultures. The latter were obtained by harvesting cell-bank mixed-cultures in 1-liter
shake-flasks containing 300 mL YPL medium at 30°C. Every 24 h 1:5 of the produced

biomass was centrifuged and introduced to fresh YPL medium for over 96 hours.

3.2 Culture conditions

Shake-flask cultures were performed in 250 mL Erlenmeyer flasks stirred with a magnetic
stirrer at 200 rpm in temperature controlled conditions. Bioreactor fermentation experiments
were undertaken using a 2-liter Bio-Engineering system (1.5 L working volume, Bio-
Engineering AG, Wald, Switzerland) operating at an agitation rate of 500 rpm. Temperature
was monitored by a regulating system and automatic addition of NaOH 3M was utilized to
maintain pH. A polarographic pO, probe (InPro 6800, Mettler Toledo, Greifensee,
Switzerland) was used to monitor dissolved oxygen, with respect to air saturated medium.
pO, was maintained below 3% by gassing with nitrogen in order to ensure anaerobic

conditions. Initial biomass concentration was fixed to 1 g/L for all cultures.

3.3 Reagents and metabolite analysis

Lactose, acetic acid and ethanol concentrations were determined by HPLC analysis (1100
series, Agilent Technologies, Palo Alto, USA). An ion exchange chromatography column
(Supelcogel H, 30 cm x 4.6 mm; 9um, Supelco, Bellefonte, USA) was used at 60°C. A 0.005
M H,SOy solution in ultrapure water was applied at a constant eluent flow rate of 0.6 mL/min.

Metabolites were measured using an [R-refractive index detector.
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4. Results and Discussion

4.1 Identification of strains present in a whey-fermenting mixed-culture

A number of samples were taken from different cheese industries and cultivated separately in
order to identify and isolate characteristic microorganisms contaminating milk and whey.
Various morphological types of bacteria could be observed through microscopic examination,
of which some species were present in whey as lactic ferments added artificially during the
cheese making process. In some cases yeast cells were also present that apparently grew as
mixed-cultures with bacteria.

Preliminary shake-flask cultures showed that one of these mixed-cultures produced ethanol at
promising levels. Subsequent batch cultures on whey permeate in a bioreactor, operated at
37°C and pH 6, resulted in an ethanol production yield (Ypss) of 0.432 C-mol/C-mol, a result
similar to pure cultures of direct fermentation yeasts reported in the literature [28, 58-61], and
obtained with K. marxianus CBS 397 in chapter 5.

Microscopic examination of one sample of fermented whey showed cells of various sizes and
shapes characteristic of bacteria and yeasts. Subsequent isolation and identification by DSMZ
(Table 1) revealed that this mixed culture contained two yeast strains (a) Kluyveromyces
marxianus van der Walt (S1) and (b) Issatchenkia orientalis Kudryavzev (S2) and one

bacterial strain (c) Enterococcus faecalis (S3).
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Table 1. Morphological and physiological interpreted by DSMZ for identifying
the microorganisms comprising the isolated mixed-culture: (a) Kluyveromyces
marxianus (S1), (b) Issatchenkia orientalis (S2) and (c) Enterococcus faecalis
(S3).

(a) Identification: Kluyveromyces marxianus van der Walt

Colony on potato dextrose agar appeared to be cream-coloured and
butyrous. Absence of Blastospores globose-ellipsoidal, pseudomycelium

and true mycelium.

Utilization of C sources

anaerobic Glucose +
aerobic Glucose + | a-metyhlglocoside
Galactose + | Salicin
Sorbose - | Cellobiose
Rhamnose - | Maltose
Dulcit - | Lactose
Inositol - | Melibiose
Mannitol + | Sucrose
Sorbitol + | Trehalose
Gylcerol + | Inulin
Erythriol - | Melezitose
D-Arabinose - | Raffinose
L-Arabinose + | Starch
Ribose - | Xylitol
D-Xylose + | Gluconate
L-Xylose - | 2-keto-Gluconate
Adonitol + | 5-keto-Gluconate
Additional tests

Growth with N- acetylgluconamine

(b) Identification: Issatchenkia orientalis Kudryavzev

Formed colony on potato dextrose agar hyaline. Absence of Blastospores
globose-ellipsoidal, pseudomycelium and true mycelium. No sexual

reproduction was detected

Utilization of C sources

anaerobic Glucose +

aerobic Glucose + | o-metyhlglocoside
Galactose - | Salicin
Sorbose - | Cellobiose
Rhamnose - | Maltose
Dulcit - | Lactose
Inositol - | Melibiose
Mannitol - | Sucrose
Sorbitol - | Trehalose
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Gylcerol + | Inulin -
Erythriol - | Melezitose -
D-Arabinose - | Raffinose -
L-Arabinose - | Starch -
Ribose - | Xylitol -
D-Xylose - | Gluconate -
L-Xylose - | 2-keto-Gluconate -
Adonitol - | 5-keto-Gluconate -

Additional tests

Growth with N-acetylgluconamine

Growth at 40°C

(c) Identification: Enterococcus faecalis

Cocci +

Diameter 1.2-1.5 pm

Acid from Trehalose + | Melibiose -
Mannitol + | Sorbitol +
Raffinose - | Melezitose +
Lactose + | L-Rhamnose -
Ribose + | Cellobiose +
Saccharose + | Mannose +
Arabinose - | Inositol -
Urease - | Growth at 45°C +
Voges + | Growth at 50°C -
KOH - | B—galactosidase -
Oxidase - | Alcaline Phosphatase | -
Gram-reaction | + | Aminopeptidase -

Mass spectroscopy

The profile of the cellular fatty acids contents the typical components for

Enterococcus.

The partial sequences have shown a similarity of 99.8% to Enterococcus
faecalis. The physiological tests confirm this result.
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4.2 Characterization of whey fermentation by mixed-culture

4.2.1 Temperature optimum

Parallel batch cultures of the mixed-culture CEKI in 40 g/l whey permeate were performed at
four temperatures, varying from 20°C to 37°C, and pH 6, in order to determine the influence
of temperature on ethanol production yield and lactate production yield (Yrs). The results
obtained (Table 2) show that temperature plays a crucial role in lactic acid production and
thus directly influences ethanol production performance. Up to 30°C, ethanol was the major
fermentation product of this mixed-culture reaching maximal ethanol production at 30°C
within 22 h. However, ethanol production yield and selectivity decreased dramatically at 37°C
indicating the crucial role that temperature plays in ethanol production performance by CEKI.
The selectivity for ethanol compared to lactic acid is above 98% when fermentation is carried

out at 30°C, while the same mixed-culture at 37°C has a selectivity of 47%.

Table 2. Characterization of ethanol production from whey permeate with mixed-
culture CEKI, composed of K. marxianus (S1), I. orientalis (S2) and E. faecalis

(S3) grown at different temperatures in 250 mL shake-flasks.

Temperature Yois Yis ethanol ¢! Yps/Ys
°C C-mol-C-mol”" C-mol-C-mol’ gL' h’ -
20 0.64 0.02 19.4 49 32
25 0.61 0.04 18.7 29 15
30 0.62 0.01 19.7 22 62
37 0.44 0.23 14.2 23 1.9

! Time needed to ferment 40 g L' lactose

While ethanol production performance was shown to be relatively constant from 20-30°C the
duration of the batch culture is strongly temperature dependent. At 20°C, total lactose
consumption, and thus final ethanol concentration, was reached after 49 hours. Fermentation
time was reduced from 49 to 22 h by increasing the temperature to 30°C which, combined
with the high ratio of Yp/s/Y1ss, indicates that the optimal temperature for this mixed-culture

growing on whey permeate was 30°C.
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4.2.2 pH optimum

The results depicted in Figure 1 clearly show that pH also played an important role in ethanol
fermentation from whey by the mixed-culture. The lactic acid yield decreased from 0.13 C-
mol/C-mol at pH 6 to 0.043 C-mol/C-mol at pH 4. Under these optimized conditions (30°C
and pH 4) a maximal ethanol yield of 0.65 C-mol/C-mol was measured and total lactose

consumption was observed after 14 hours of cultivation.
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Figure 1. Dependency of ethanol performance parameters on pH for the mixed-
culture CEKI, composed of K. marxianus (S1), I. orientalis (S2) and E. faecalis
(S3). These cultures were performed at 30°C in 250 mL shake-flasks.

4.2.3 Stability of ethanol fermentation performance

Since the microbial consortium CEKI isolated in this work is composed of a bacterium and
two yeast strains, competition for the carbon source consumption might reveal a dominance of
one or more of these organisms after a longer cultivation period. Thus the ethanol production
performance of the mixed-culture cell-bank was compared to a new equilibrium consortium
which was obtained by harvesting cell-bank inocula for 96 hours at 30°C anaerobically.

The stable consortium was compared to the results of cell-bank cultures. The data presented in
Figure 2 show that the ethanol yield remained constant as a function of both temperature and
age, thereby suggesting that the composition of CEKI remained stable. This was confirmed by

microscopic examination and enumeration.
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Figure 2. Comparison of ethanol production yields of CEKI, composed of K.
marxianus (S1), I. orientalis (S2) and E. faecalis (S3), grown in 250 mL shake-

flasks at different temperatures with cell-bank inocula and stabilized consortia.

4.2.4 Fermentation performance parameters under optimal conditions

To determine the performance parameters of this microbial consortium under optimal growth
conditions, batch cultures were performed at 30°C and pH 4. The profile of the biomass
production curve (Figure 3) suggests that no substrate or product inhibition were observed,
thus enabling the measurement of maximal performance parameters (Table 3).

Comparing theses values with those of K. marxianus CBS 5795 growing in batch culture on
40g/L whey permeate under similar conditions (chapter 3), show that the main difference was
the time of fermentation for reaching total consumption of the lactose. Thus for CBS 5795 the
fermentation lasted 22 hours, if the lag phase is neglected, while only 14 hours were needed
for achieving the same result with CEKI. In both cases initial biomass was set to 1 g/L but an

almost three times higher pm,x was measured for the mixed-culture.
Chapter 5 presented the kinetics of eight ethanol producing yeasts. A comparison of the

ethanol production performance of the mixed-culture with direct fermentation yeast shows

that Yp/s is very similar but Yx/s and pmax are lower for the direct fermentation yeasts. Since
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the growth profile was exponential during the major part of the fermentation period
(Figure 3), it can be deduced that no substrate or product inhibition affected the mixed-
culture. Comparison of productivity values is more delicate since the initial biomass
concentration was 5 g/L in bioreactor batch cultures with direct fermentation yeasts compared

to 1 g/L for mixed-culture experiments.

Average ethanol productivity (Qpoverall) 0f the mixed-culture was 1.39 g/(L-h) and maximal
ethanol productivity 1.85 g/(L-h). These data are approximately 3-fold lower than the
productivity of direct fermentation yeasts, although the initial inoculation density was five
times lower. If the results are related to cell number the mixed-culture shows an
approximately 50% higher productivity than for Kluyveromyces marxianus, CBS 6432, CBS
397 and CBS 5795.

Table 3. Ethanol fermentation parameters of the mixed-culture CEKI, composed of
K. marxianus (S1), I. orientalis (S2) and E. faecalis (S3). Cultures were performed in

a 1.5-liter bioreactor grown on whey permeate at 30°C and pH 4.

Parameter Units

Ethanol production yield Yoss 0.65 C-mol-C-mol’
Yris 052 g g'1

Lactate production yield Yus 0.043 C-mol-C-mol™
Yus 0.045 gg’

Biomass production yield Yxs 0.13 C-mol-C-mol
Yxs 012 gg'

Growth rate Hmax 0.14 h'

Fermentation period' t 14 h

Ethanol production rate? Qp, overall 139 gL"h!

Maximal ethanol production rate ~ Qp, max 185 gL'h!

Maximal ethanol concentration CEtOH.max 55 gL'

" Time needed to ferment 40 g L™ lactose
* Overall ethanol production from inoculation until total consumption of
lactose
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Figure 3. Kinetics of ethanol production of the mixed-culture CEKI, composed of
K. marxianus (S1), I. orientalis (S2) and E. faecalis (S3). This cultures was
performed in a 1.5-liter bioreactor grown on 40 g/L lactose whey permeate at

30°C and pH 4.

4.3 Whey fermentation by pure cultures of the mixed-culture isolates

The microbial consortium studied is composed of three microorganisms: two yeasts, K.
marxianus and I. orientalis; and one bacterium E. faecalis. In order to understand the role of
each organisms, the ethanol production performance of the individual organisms was
determined. E. faecalis alone was not able to grow on whey permeate indicating that this

bacterium lacks the property to hydrolyze lactose.
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4.3.1 Whey fermentation by K. marxianus (S1)

Kluyveromyces marxianus is well known for ethanol production from whey and whey
permeate. Very high production yields and good tolerance to the product usually characterize
this yeast. For the strain isolated from CEKI, ethanol performance parameters are reported in
Table 4. Biomass yield (Yx;s) was 0.14 C-mol/C-mol, which is almost identical to the value
measured with the consortium. With respect to the ethanol yield (Ypss), K. marxianus (S1)
demonstrated a slightly lower value (0.63 C-mol/C-mol) compared to the mixed-culture
(0.650 C-mol/C-mol). K. marxianus (S1) produced less than 0.7% of lactic acid, while ethanol
productivities were also in comparable range of values (approximately 10% lower) than for

CEKI.

Table 4. Performance parameters of K. marxianus (S1). Cultures were performed

in a 1.5-liter bioreactor grown on whey permeate at 30°C and pH 4.

Parameter Units

Ethanol production yield Yorss 0.63 C-mol-C-mol
Yoss 051 gg!

Lactate production yield Yuis 0.067 C-mol-C-mol™
Yuis 0.070 gg’

Biomass production yield Yxs 0.13 C-mol-C-mol
Yxos 012 gg’

Growth rate Mmax 0.14 h'!

Fermentation period' t 14 h

Ethanol production rate’ Qp, overall 1.37 g-L'l-h'l

Maximal ethanol production rate  Qp, max 1.75 gL'h!

Maximal ethanol concentration CEtOH,max 48 g-L'l

" Time needed to ferment 40 g L™ lactose
* Overall ethanol production from inoculation until total consumption of
lactose
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4.3.2 Whey fermentation by I. orientalis (S2)

Pure culture fermentations by I. orientalis (S2) demonstrated reasonable ethanol production
characteristics. Compared with the corresponding values obtained with K. marxianus (S1), the
final biomass concentration was 20% higher (Table 5) and the final ethanol concentration
10% higher, indicating a higher ethanol tolerance. When the fermentation stopped, the
presence of available sugar pointed to an inhibition of the cell activity due to ethanol (54 g/L).
The yield was 0.59 C-mol ethanol /C-mol lactose when cultivated at 30°C and pH 4, a value
about 11% lower than the one reported for K. marxianus (S1). Less lactic acid (35%) was
produced compared to K. marxianus (S1), characterized by a yield of 0.044 C-mol/ C-mol.
Growth of |. orientalis (S2) was 50% slower than for K. marxianus (S1) and as a consequence
fermentation time was significantly increased from 14 to 18 hours, thus reducing ethanol

global productivity by 40% and maximum productivity by 60% compared to cultures of K.

marxianus (S1) (Table 5).

Table 5. Performance parameters of I. orientalis (S2). Cultures were performed in

a 1.5-liter bioreactor grown on whey permeate at 30°C and pH 4.

Parameter Units

Ethanol production yield Yorss 0.59 C-mol-C-mol”’
Ypis 048 gg'

Lactate production yield Yuss 0.044 C-mol-C-mol™
Yus 0.046 gg’

Biomass production yield Yxs 0.17 C-mol-C-mol
Yxs 0.16 gg’

Growth rate Wmax 0.067 h’

Fermentation period’ t 18 h

Ethanol production rate’ Qp.overall 0,932 gL h!

Maximal ethanol production rate Q) max 1.11 gL"h"

Maximal ethanol concentration CEtOH, max 54 g-L']

" Time needed to ferment 40 g L™ lactose

? Overall ethanol production from inoculation until total consumption of lactose
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4.4 Fermentation of non-sterilized whey permeate by a reconstituted
consortium of K. marxianus and E. faecalis

The presence of E. faecalis (S3) in CEKI isolated from spontaneously fermenting whey
despite the fact that this bacterium is not able use lactose directly indicates that this bacterium
fulfills a certain role in the consortium, possibly a protective one against bacterial
contaminants. In order to test this hypothesis, non-sterilized whey permeate was fermented in
shake-flasks with a reconstituted consortium containing K. marxianus (S1) and E. faecalis
(S3), and the results were compared to pure cultures of K. marxianus (S1). The maximal
ethanol concentration obtained with the mixed-culture was comparable to one obtained
previously with pasteurized whey permeate, and 30% higher compared to batch culture with
only K. marxianus (S1) (Figure 4).

The specific production of lactic acid increased by a factor of 5 in the pure culture
fermentation compared to the reconstituted mixed-culture, indicating growth and fermentation
by lactic acid bacteria present in non-sterilized whey permeate. This result suggested that E.
faecalis (S3) had an inhibiting effect on the growth of undesired lactic acid bacteria present in

non-sterilized whey permeate and thus led to an optimal ethanol fermentation of raw whey

permeate.
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Figure 4. Fermentation of raw non-sterilized whey permeate by a reconstituted
mixed-culture of K. marxianus (S1) and E. faecalis (S3) (triangles) and by K.
marxianus (S1) alone (circles) cultivated in 250 mL shake-flasks at 30°C and pH
4, showing the production of ethanol (closed symbols) and lactic acid (open

symbols).
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5. Conclusions

In this work it was shown that CEKI comprising Kluyveromyces marxianus (S1), Issatchenkia
orientalis (S2) and Enterococcus faecalis (S3) enhanced the global fermentative process
compared to pure cultures of this consortium. The main parameters considered for the
comparison of pure and mixed-culture fermentations, such as ethanol production yield and
volumetric productivity of the system, were higher in the consortium cultures compared with
those obtained using pure cultures. The ethanol yield of CEKI was 0.65 C-mol ethanol/C-mol
lactose, which is very similar to pure cultures of K. marxianus (S1) (0.63 C-mol/ C-mol) and
slightly higher than for I. orientalis (S2) (0.59 C-mol/ C-mol). The yields reported with pure
cultures of yeasts are typically in the range of 0.60 C-mol ethanol/ C-mol lactose [28, 58-61]
which is lower than the yields obtained in this work, but comparable results have already been
reported by Ghaly [62-63] and Ozmihci [64], on whey as fermentation medium, with
respectively C. pseudotropicalis and K. marxianus. The other measured parameters, Qp giobal,
Yxss and Y5 of CEKI were also very similar to pure culture of K. marxianus (S1) suggesting
that K. marxianus (S1) is mainly responsible for ethanol production. I. orientalis (S2) enables
to reach higher final ethanol concentration, thus reducing energy costs for ethanol purification
by 10%. However, the main advantage of this mixed-culture consists in its protective
properties, which enable new production strategies because fermentation procedure requires
the control of many operating conditions. While efforts were undertaken to ensure
stabilization of the substrate until a centralized treatment center, fermentation at the
production site seems to be possible without expensive control equipment and specific know-

how of the operators.
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6. Nomenclature

EtOH
n;

Qr

t

T

X

Yii

YPL

CEKI

Subscripts
global

Ethanol

Number of moles of substance i C-mol
Volumetric ethanol production rate gL'h!

Time h
Temperature °C

Cell dry weight gL’

Yield coefficient of substance j C-mol-C-mol™
on substance i gg’

Yeast extract-Peptone-Lactose rich

medium

Specific growth rate h!
Consortium of E. faecalis (S3) K.

marxianus (S1) and I. orientalis (S2)

Overall mean value

Refers to compound i

Refers to compound j

Refers to the produced lactic acid
Maximal

Refers to the produced ethanol
Refers to limiting nutrient

Refers to biomass
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1. Abstract

A novel in-situ product recovery (ISPR) method, based on capsular perstraction is presented
for ethanol extraction in batch fermentation systems, which utilizes microcapsules. In order to
continuously remove ethanol, seventeen organic solvents were screened and a liquid-liquid
extraction system using oleyl alcohol was compared to a new liquid-core encapsulation design
with laurinaldehyde and 2-ethyl-1-butanol. Culture medium was brought into contact with
capsules of 2 mm diameter that contained a hydrophobic core of solvent and an alginate-based
membrane. This novel application permitted to characterize ethanol recovery with organic
solvents, whose toxicity for the growing culture, prevents the use in ISPR applications.

The microcapsules were produced by coacervation and extrusion techniques which enable a
maximum solvent loading capacity of 20% (w/v). Capsules were shown to be mechanically
stable at 80°C and ethanol extraction performance was characterized with and without
complexation of the alginate gel with oligochitosan. Mass transfer experiments assessed that
ethanol diffusion through the capsule wall was not limiting the rate of extraction. A
substantial reduction of the toxicity of the solvent was observed by encapsulating
laurinaldehyde, but no improvement could be demonstrated with 2-ethyl-1-butanol. The
ethanol extraction rate with encapsulated laurinaldehyde was 3.17 ggion/(Esolvent'S) While a
specific ethanol production rate of 0.21 ggion/(8biomassh) Was achieved with a consortium
(CEKI) of Kluyveromyces marxianus (S1), Issatchenkia orientalis (S2) and Enterococcus
faecalis (S3).

This chapter was submitted for publication in Biotechnology Progress
de Glutz FN, Hugonnet M, Holliger C, Marison IW. Mixed-culture fermentation of non-

sterile whey permeate
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2. Introduction

In-situ product recovery (ISPR), sometimes named “extractive fermentation”, involves
methods taken for the immediate separation of a product from the producing cells. This offers
an alternative to standard batch or fed-batch processing which are characterized by-product
accumulation to potentially toxic levels, since product is removed as it is formed. The
potential benefits inherent in this approach have attracted much attention in recent years [1-7].
ISPR is designed to increase the yield and productivity of a biotechnological process via three
effects: (i) minimization of product losses which can either result from cross-interactions with
the producing cells, environmental conditions or uncontrolled removal from the system (such
as by evaporation); (ii) reduction in the number of subsequent downstream processing steps
(to avoid chromatographic purification by-product extraction); (iii) minimization of inhibition
resulting from product accumulation with the producing cells allowing for continuous
expression at the maximum production level (such as ethanol with yeast cells). Interference
by the accumulating product with the producing cells often occurs on the biochemical level,
namely product inhibition or further product metabolism/biotransformation [2, 8]. Product
accumulation may also affect aspects of cell physiology, such as growth rate [3, 9].

A product may be removed from the vicinity of the producing cells by various possible

techniques:

- Evaporation, via vacuum fermentation, gas stripping or pervaporation, which are mainly
effective for low molecular weight volatile products, such as ethanol or butanol [3, 10-
11], when applying a vacuum to the fermentation headspace or by stripping with an inert
£as;

- Extraction into another phase using water-immiscible organic solvents, supercritical
fluids or a second aqueous phase [2-3, 9, 12-13]. Two modes of operation have been
used for product removal: direct addition of the water-immiscible organic solvent into
the reactor or circulation of the medium through an external extracting unit, thus
reducing direct contact between the extracting solvent and the producing cells;

- Size selectivity permeation based on membrane dialysis [2-4, 14];

- Reversible complex formation based on chemical reaction with soluble or insoluble
reagents (e.g. Schiff’s base formation) or biological recognition resulting in
precipitation of insoluble complexes [15];

- Product immobilization via adsorption or specific binding onto water-insoluble

polymeric carriers [16].
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ISPR techniques may involve a combination of two or more of the above techniques, such as
when membrane permeation is combined with an extraction step or with immobilization of
producing cells [17-19].

The small size of the ethanol molecule and its physical properties mean that evaporation and
extraction techniques have been extensively used for ethanol recovery. Extraction into a
second liquid phase has also been widely studied. However many solvents with a high
extraction capacity exhibit toxicity to the producing cells [3, 12]. Physical separation by either
a membrane or a polymer barrier can in many cases prevents this toxicity and allows
operating of this type of system [20]. In this study various organic solvents were investigated
for in-situ ethanol recovery from whey permeate broth. Direct contact essays were compared

to encapsulated solvent systems for preventing phase toxicity for cultivated cells.

Designing and choosing a suitable encapsulation method, is based on simplicity of the
technique and the number of steps during the immobilisation must be limited in order to limit
possible problems. Materials should be cheap and reusable, the geometry and the size adapted
to the goals. In this study a spherical shape was chosen since this can be achieved by
extrusion-based techniques and because it is possible to use either in suspension, fluidized bed
or fixed bed modes. Finally the diameter should be of the range of 1 mm in order to reduce

mass transfer limitations [20].

2.1 Solvent toxicity

The toxicity of solvents can be divided into two major classes, molecular and phase toxicity

[21-24].

Phase toxicity: The term phase toxicity is used when direct contact of cells with the
solvent causes a toxic effect. The mechanism which describes this class
of toxicity is the disruption of the cell wall or membrane resulting from
an adherence of the cells to the interface or entrapment in an emulsion

[20, 25-26].
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Molecular toxicity: While phase toxicity describes the effect due to direct contact of a
solvent with cells, molecular toxicity describes the consequence of the
solvent solubility on cell viability. The lipid membranes of cells are
directly affected by the quantity of solvent dissolved in the medium
resulting in a modification of the membrane permeability. As a result,
cells become incapable of actively transporting nutrients and finally die
[27-28]. Molecular toxicity was shown to be linked to hydrophobicity,
since the more hydrophobic the solvent, the less solvent dissolves in the

aqueous phase [29-30], and therefore the lower the toxicity towards cells.

2.2 Encapsulation for decreasing solvent toxicity

Since phase toxicity is a result of direct contact with cells, various techniques have been used
to prevent this. The use of membranes allows, either by size exclusion or hydrophobicity,
separation of the culture solution and the solvent [21]. Cells can be retained by a filter and the
solvent is put in contact with the aqueous phase in a system separated from the culture vessel
[31]. Another possibility consists in encapsulating the solvent and/or the cells which are then
physically separated [20] in a process termed capsular perstraction. Gel polymers, such as
alginate or cellulose, may be used to form the capsule membrane. However it is more difficult
to totally prevent molecular toxicity. As solvents are small molecules, they readily diffuse
through the membrane pores and into the medium. The encapsulation technique represents an
interesting strategy for separating both medium and solvent by a hydrogel layer [32], while
preventing direct contact of solvent with cells, as wells as simplifying phase separation and

the avoidance of stable emulsion formation.

2.3 Choice of polymer

The choice of polymer to create the capsules requires consideration of the specific
characteristics of the encapsulation solutions: easy mixing of the material with the polymer
solution, quick gelation of the mixture, no chemical reaction between gelation agents and

products, good mechanical resistance of the gel and stable matrix to temperature and pH [33].
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2.3.1 Synthetic polymers

Many gel compositions exist with very different properties which can be readily varied by
changing the nature of the monomer and the linear copolymer, such as polymers of styrene
and divinyl benzene [34-36]. They have the advantage of having a high porosity however,
suffer from the major drawback of being toxic for living organisms which cause significant
losses of viability and, what is more, they are expensive. These types of polymers are mainly
used in synthetic chemistry where the process requires a high mechanical and chemical

stability.

2.3.2 Polysaccharides

These types of polymers are usually cheap and few are toxic for cells. Three major types of
polysaccharides are used for encapsulation: k-carrageenan / agarose, cellulose, and alginate.
These structures may be subsequently coated with a chitosan membrane, which improves

mechanical characteristics of the polymer.

K-carrageenan / agarose

This category of polymers has the advantage that the biocatalyst has a long shelf life resulting
in stable biochemical activity. Mechanical performance is improved significantly by the
cross-linking of the matrix through addition of glutaraldehyde or haxamethylenediamine [35].
However these properties dramatically drop when the polymer is exposed to temperatures
higher than 37°C [33] which makes k-carrageenan / agarose polymers non-suitable for
ethanol extraction, since back extraction of the ethanol from the capsules requires high

temperatures (>72-75°C).

Cellulose
Cellulose polymers, such as carboxymethyl cellulose, are very cheap and permit a rapid
transport of ethanol through the membrane because of their high porosity [37]. The major

drawback might be excessive exodiffusion of the solvent.

142



CHAPTER 7 - In-situ ethanol recovery by a two-phase extraction system

Alginate

Widely used in microbiology, alginate is cheap and presents similar characteristics to -
carrageenan. These polyelectrolytes form hydrogels in the presence of divalent cations, are
relatively resistant to abrasion and withstand thermal treatment. The mechanical stability can
be improved further by diverse treatments, which do not affect cellular viability [33, 38-39].
The principal inconvenience of utilizing alginate gels is the vulnerability to chelating agents,
such as phosphate anions, although the addition of Ca’" or other divalent cations, can
reinforce interactions between the polymer chains. Another drawback can be its high

viscosity, which can make extrusion to form microcapsules difficult.

As a result, calcium alginate seems to be the most suitable polymer for the formation of
microcapsules for use in ethanol extraction because it is cheap, presents good mechanical
properties, is non-toxic for microorganisms, and provides good resistance to the thermal
treatments necessary for the recovery of ethanol. Since an effective removal of ethanol from
fermentation media requires a large interfacial mass transfer area, the number and size of the

microcapsules must be optimized.

2.4 Properties of alginate

2.4.1 Characteristics

The name alginate comes from specific algae, such as Macrocystis pyrisea, which produce
alginic acid. Alginates are a family of linear unbranched copolymers, formed from B-D-
mannuronic acid (M) and a-L-guluronic acid (G) (Figure 1A). These acids are linked by a [3-
1-4 bond and of a range of monomer sequences. Monomers are positioned along the polymer
chain to form M, G and MG blocks as shown in Figure 1B, when complexed with divalent

: 2+
cations, such as Ca™".
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Figure 1. Polymeric structure of alginate (A) single monomers from alginate

polymer chains (B). Structural differences in polymerized alginate gel are due to
relative amounts, and sequence of B-D-mannuronic acid (M) and a-L-guluronic acid

(G) (archimede.bibl.ulaval.ca).

2.4.2 Mechanical properties

The properties of alginates vary strongly according to the composition of the monomer, the
molecular weight of the monomer and the length of the G blocks [39]. The rigidity of the
alginate structure increases with the proportion of GG blocs [40]. This fact can be explained
by the preference of Ca”" ions to bind to G blocs during the gelation step. It is also important
to choose alginate of a certain molecular weight, because gelation efficiency is reduced if the
alginate chains are too short. The viscosity depends of the size of the polymer and increases
with increasing molecular weight [38-39]. Finally it is also important to evaluate a suitable
concentration of alginate in order to ensure good mechanical properties without negatively
influencing mass transfer, but also to ensure maximal solvent loading capacity in the capsules.
Co-complexation with chitosan (Figure 2) results in improved mechanical properties
compared with alginate gels. The oligomeric chains of chitosan are able to penetrate the

alginate gel and resulting in an increase in overall rigidity and mechanical strength.

R= H or COGH,

Figure 2. Chitosan unit [32].
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2.4.3 Molecular diffusion

In some cases diffusion is a real problem when using alginate matrixes, particularly when
macromolecular proteins are secreted, however this is rarely a problem for small, relatively
chemically neutral molecules such as ethanol [38]. Previous studies showed that a gel
composed of 2% of alginate yields pores between 5 and 200 nm in diameter [41], which is
large enough to ensure good penetration of ethanol molecules. The encapsulation of organic
solvents aims to decrease the toxic effect of the solvent on microorganisms and it is thus the
“leaking” of the solvent (exodiffusion) through the capsule membrane which needs to be

avoided. This is achieved by the use of hydrogels, such as those formed by alginates.

2.4.4 Chemical stability

The main limitation in using calcium alginate capsules is their sensitivity to chelating agents
such as phosphate, citrate or lactate. These compounds compete for Ca®’ ions, causing the
calcium alginate chains to separate and become soluble. It is possible to reduce this effect in

cell cultures by the addition of Ca®" (0.01-0.02 M) to the medium [39, 40-42].

3. Materials and Methods

3.1 Microorganisms, inocula preparation and media

A consortium (CEKI) of Kluyveromyces marxianus (S1), Issatchenkia orientalis (S2) and
Enterococcus faecalis (S3), described in chapter 6 was used for assessing in-situ product
recovery when fermenting whey permeate. Stock cultures were stored as a suspension in 9
g/L NaCl and 10 g/L glycerol at -80°C. Cells were re-activated in a 1-liter baffled shake-flask
containing 100 mL YPL medium at 30°C for 24h. Two cultures in baffled shake-flasks of 100
mL each were used to prepare the inocula. After 24 h at 30°C, the two precultures were
centrifuged at 4°C (10 minutes at 1500 g) and the cell pellets resuspended in 10 mL sterile
water and used immediately. YPL medium contained 40 g/L lactose, 6 g/L. yeast extract
(Oxoid, Hampshire, England) and 5 g/L Bacto™Peptone (Becton, Le Pont de Claix, France)
and sterilized by filtration (0.22 um, Steriltop, Millipore Corporation, Billerica, USA).

The culture medium used was whey permeate powder (Cremo, Villars-sur-Glane,

Switzerland) reconstituted to 40 g/L or 100 g/L, completed with 3.75 g/L of yeast extract
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(Oxoid, Hampshire, England), and pasteurized at 65°C for 30 min, then quickly cooled to

operating temperature just prior to inoculation.

3.2 Reagents, biomass and metabolite analysis

Lactose, lactic acid and ethanol concentrations were determined by HPLC analysis (1100
series, Agilent Technologies, Palo Alto, USA). An ion exchange chromatography column
(Supelcogel H, 30 cm x 4.6 mm; 9um, Supelco, Bellefonte, USA) was used at 60°C. A 0.005
M H,SOy solution in ultrapure water was applied at a constant eluent flow rate of 0.6 mL/min.
Metabolites were measured using an I[R-refractive index detector. Cell density was
determined using the packed cell volume (PCV) technique (VoluPAC, Sartorius, Germany).
Tubes were filled with 200-500 pL of culture sample and stirred (4000 g) for 2 minutes before

measuring biomass on a graduated scale.

3.3 Measurement of the ethanol partition coefficient

The partition coefficient is a measure of the capacity of the solvent for the product and is
defined as the ratio CroHorga / CEiOHaq- Five mL of an organic solvent were vigorously
mixedfor 10 min with 5 mL of (i) distilled water, (ii) 100 g lactose/L whey permeate medium,
having an initial ethanol concentration of 3, 5, 10 and 20% (v/v). The two phases were
separated by centrifugation, followed by measurement of ethanol in the aqueous phase.
Solvents tested were 2-ethyl-1-butanol (Fluka, Lot:1245726), 2-ethyl-1,3-hexanediol
(Aldrich, Lot: E29125), oleyl alcohol (cis-9-octadecen-1-ol, Fluka, Lot : 362896), dibutyl
phthalate (Fluka, Lot : 360852), n-hexadecane (Acros organics, Lot : A015845501), sebacic
acid (dibutyl decanedioate, Sigma, Lot : 102H0529), soybean oil (Sigma, 39F-0493), castor
oil (Fluka, Lot : 358315), silicone oil (Fluka, Lot : 32264111), polypropylene glycol (PPG)
2000 (Fluka, 273160-687), PPG 1200 (Fluka, 349336), kerosene (Acros organics, Lot :
A0247220), oleic acid (cis-9-octadecenoic acid, Fluka, Lot: 397407), tributyl phosphate
(Fluka, Lot :1251120), dibutyl adipate (dibutyl hexanedioate, Aldrich, Lot :66788-026), 3-
methyl-1-butanol (Sigma-Aldrich : Lot :533034-337), 3-pentanol (Aldrich, Lot : P8025) and
laurinaldehyde (methyl dodecanoate, Fluka, Lot : 1317034).
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3.4 Biocompatibility measurements

In order to determine whether the extractive solvent was toxic for the mixed-culture (§2.1),
CEKI was grown in batch mode at 30°C, in direct contact with the extractive solvent. Growth
of the cells in the two-phase system (culture medium / solvent) was compared with a
reference culture grown on whey permeate solution in the absence of solvent. Molecular
toxicity was tested by fermenting 40 g/ whey permeate solution in 100 mL shake-flasks
filled with 75 mL of whey permeate solution and 25 mL of solvent stirred at 100 rpm and
setting the initial biomass concentration to 5 g/L. Phase toxicity was determined by increasing
the agitation rate to 300 rpm when fermenting an identical culture medium as in molecular
toxicity experiments, resulting in an emulsion between the medium and the solvent. Solvents
used for biocompatibility tests were 2-ethyl-1-butanol, oleyl alcohol, tributyl phosphate, 3-
methyl-1-butanol, 3-pentanol and laurinaldehyde.

3.5 Capsule production

Mononuclear capsules were produced by the direct extrusion method. The capsules contained
(i) laurinaldehyde or (ii) 2-ethyl-1-butanol as core material and had an alginate based
polymeric membrane. Sodium alginate solution (6% w/v) was mixed with the desired
encapsulation solvent in the ratio 4:1 v/v to obtain a homogeneous emulsion which was
extruded through a 1.2 mm diameter needle at a flow rate of 100 mL/h. Alginate solution was
prepared in an isotonic buffer containing 10 mM 3-(N-morpholino)propanesulfonic acid
(MOPS), 0.85 % w/v NaCl, pH 7 and filtered sterilized. The capsules were collected in a
gelling bath containing 10 mM MOPS at pH 7 and 200 mM CaCl, [32]. For the production of
coated capsules, the saline solution was subsequently separated and the beads added to an
agitated solution containing 1% w/v low molecular weight chitosan (Acros Organics,
A2044263) and 100 mM HCI for 10 min at room temperature and stored in isotonic buffer

solution.

3.6 Batch cultures

Assessment of in-situ ethanol recovery was carried out with oleyl alcohol, laurinaldehyde and

2-ethyl-1-butanol. The non-toxicity of oleyl alcohol for the microbial population enabled
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direct liquid-liquid extraction while the encapsulated solvent method was required for
laurinaldehyde and 2-ethyl-1-butanol. Shake-flask cultures were performed in 250 mL
Erlenmeyer flasks stirred with a magnetic stirrer at 360 rpm, 30°C and contained 75 mL of
whey permeate solution and 50 mL of encapsulated solvent beads. In direct contact
experiments, 25 mL of oleyl alcohol was added in place of the capsules. Initial biomass

concentration was set to 3 g/L.

4. Results and Discussion

An organic-aqueous, two-phase extraction system, was studied for the continuous removal of
ethanol from fermentation medium. An evaluation of a successful procedure for ISPR process
is described involving:

- an extensive solvent screening to assess applicability in an extractive fermentation.
Promising solvents were experimentally tested for determining ethanol extraction
performance and to define biocompatibility through direct contact with cells.

- based on the bioconversion characteristics and the behavior of the mixed-culture in the
presence of the solvent, an encapsulation technique was developed. Ethanol mass transfer
was characterized with the encapsulated solvent system.

- an in-situ ethanol extractive system was characterized using batch cultures using solvents

encapsulated in alginate-based hydrogels.

4.1 Selection of a solvent

In a first step, theoretical and experimental procedures were used for the systematic screening
of potential extractive solvents. Selection criteria were: high ethanol extraction performance
(system efficiency), high boiling point (easy recovery of ethanol), density difference with
water (easy phase separation), price (low cost) and high biocompatibility (reported non-
toxicity). Over 200 solvents were screened according to these criteria from the literature [43-
48] but very few have been reported to combine high ethanol extraction performance and non-
toxicity for microorganisms. As a result, a range of non-tested solvents were also selected for
ethanol recovery since they had demonstrated good performance with similar low molecular
weight alcohols [43-48]. The 17 pre-screened solvents, listed in Table 1, were first tested for
ethanol extraction efficiency in water and whey permeate. Ethanol partition coefficients (Pg)

with an initial ethanol concentration of 20% (v/v) in pure water (Pgw) and whey permeate
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(Pgm) are reported in Table 1 and show the influence of the medium. With the exception of
silicone oil, the measured partition coefficients are 50 to 100% higher in whey permeate
solution than in pure water showing that the gradient is more favorable for ethanol extraction
when the ionic strength of the medium is high. From the results obtained for other ethanol
concentrations, ionic strength clearly acts on coefficient partition. It was observed that Pg
decreased when extracting ethanol from 10, 5 and 3% (v/v) EtOH solutions. Among these
solvents, five were characterized by a partition coefficient greater than 1, meaning that, at
equilibrium, the concentration of ethanol in the organic phase was higher than in the aqueous

phase.

Table 1. List of successfully pre-screened solvents that were submitted to experimental determination

of the P partition coefficient in water (Pgw) and in whey permeate medium (Pgpy).

Solvent b.p. density price logP  metabolic Pew Pem
°C g'cm'3 CHF-L"! - activity % c‘,()rga~c.dq'l c()rga~caq'l
3-pentanol 116 0.82 n.a. 1.14 0 1.02 1.65
3-methyl-1-butanol 131 0.81 45 1.14 0 1.06 1.62
2-ethyl-1,3-hexanediol 244 0.93 49 1.2 0 0.81 1.33
2-ethyl-1-butanol 146 0.83 100 n.a. 100* 0.83 1.27
Tributyl phosphate 289 0.97 n.a.’ n.a. 0 0.61 1.10
Laurinaldehyde 239 0.84 n.a. n.a. 0-80 0.42 0.81
PPG 1200 >230 1.04 43 n.a. 0 0.47 0.80
PPG 2000 >230 1.04 43 n.a. 100 0.31 0.54
Oleyl alcohol 330 0.85 33 7.5 100 0.24 0.45
Castor oil 229 0.96 18 n.a. 100 0.08 0.31
Dibutyl adipate 305 0.96 56 n.a. 100 0.17 0.28
Dibutyl phthalate 340 1.05 15 4.3 n.m.° 0.15 0.23
Sebacic acid 294 1.21 79 n.a. n.m. 0.10 0.14
Soybean oil n.a. n.a. 70 7.4 n.m. 0.09 0.11
n-hexadecane 287 0.773 20 8.7 n.m. 0.06 0.066
Silicone oil >300 0.96 32 n.a. n.m. 0.06 0.048
Kerosene 200 n.a. n.a. n.a. n.m. 0.04 0.044

* highly reduces the growth rate but not the ethanol production
® data not available
¢ data not measured
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These solvents were 3-pentanol, 3-methyl-1-butanol, 2-ethyl-1,3-hexanediol, 2-ethyl-1-
butanol and tributyl phosphate. However, 3-pentanol, 3-methyl-1-butanol and tributyl
phosphate formed stable emulsions with the aqueous phase making phase separation difficult.
To these five solvents it was decided to also test oleyl alcohol, since this solvent is frequently
used as a reference solvent for ethanol extraction [44-45, 48], PPG 1200 and laurinaldehyde

for biocompatibility essays.

Growth in shake-flask batch cultures with CEKI was used to assess toxicity of the organic
phase. A reference culture was carried out in parallel, to which no solvent was added. Of the
solvents tested:

- 3-pentanol, 3-methyl-1-butanol, 2-ethyl-1,3-hexanediol, tributyl phosphate, and PPG
1200 exhibited both molecular and phase toxicity characterized by a strong inhibition of
growth and ethanol production, consequently no further studies were carried out with
these solvents.

- 2-ethyl-1-butanol inhibited growth (Figure 3) of the mixed-culture as well, however,
measurements of ethanol production during the cultures revealed that ethanol was
produced during all the experiment suggesting that 2-ethyl-1-butanol did not affect
metabolic activity and ethanol production of the consortium culture (data not shown).

- In the case of laurinaldehyde (Figure 4), batch cultures performed with vigorous
agitation, for assessing phase toxicity, were strongly inhibited, while no significant
effect was observed at low agitation rates. Thus it was concluded that laurinaldehyde
exhibits no molecular toxicity but does show phase toxicity.

- No difference in growth or ethanol production was observed when oleyl alcohol was

used as extractant (Figure 5), indicating that this solvent is completely biocompatible.

From these results three solvents: oleyl alcohol, laurinaldehyde and 2-ethyl-1-butanol were
retained for further characterization for continuous in-situ ethanol recovery. While non-
toxicity of oleyl alcohol allows product removal by direct liquid-liquid extraction,
laurinaldehyde presents phase toxicity, while both laurinaldehyde and 2-ethyl-1-butanol show
molecular and phase inhibition of growth. In order to use these solvents for ISPR it is thus
necessary to overcome the inhibition. Encapsulation of the solvents in calcium-alginate was
chosen as a system to avoid direct contact of the organic phase with the mixed-culture, and

thus avoiding solvent toxicity.
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Figure 3. Growth of mixed-culture CEKI, composed of K. marxianus (S1),

I. orientalis (S2) and E. faecalis (S3). Cultures were performed in 100 mL shake-

flasks with an initial solvent volume of 1:3 of the whey permeate medium (A) in the

absence of solvent, (m) in the presence of 2-ethyl-1-butanol stirred at 100 rpm and ()

in the presence of 2-ethyl-1-butanol stirred at 300 rpm to obtain an emulsion.

Cultures were undertaken in batch mode at 30°C.
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Figure 4. Growth of mixed-culture CEKI, composed of K. marxianus (S1),
I. orientalis (S2) and E. faecalis (S3). Cultures were performed in 100 mL shake-
flasks with an initial solvent volume of 1:3 of the whey permeate medium (A) in
the absence of solvent, (m) in the presence of laurinaldehyde stirred at 100 rpm and
(o) in the presence of laurinaldehyde stirred at 300 rpm to obtain an emulsion.

Cultures were undertaken in batch mode at 30°C.
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Figure 5. Growth of mixed-culture CEKI, composed of K. marxianus (S1),
I. orientalis (S2) and E. faecalis (S3). Cultures were performed in 100 mL shake-
flasks with an initial solvent volume of 1:3 of the whey permeate medium (A) in
the absence of solvent, (m) in the presence of oleyl alcohol stirred at 100 rpm and
(o) in the presence of oleyl alcohol stirred at 300 rpm to obtain an emulsion.

Cultures were undertaken in batch mode at 30°C.

4.2 Capsule characterization

Coacervation was applied to create liquid-core capsules containing laurinaldehyde and 2-
ethly-1-butanol. This method is commonly used when the organic phase is hydrophobic and
results in small droplets when vigorously agitated with capsules obtained by the addition of
Ca’" to the suspension. A subsequent wall stabilization step is possible through a chemical
cross-linking step using chitosan (§2.4.2).

Capsules were produced according to the method described in §3.5 and the permeability with
respect to ethanol was determined, as well as mass transfer limitations, size distribution and
mechanical / heat resistance properties. Ethanol diffusion in pure water is very rapid (1.1-107
cm?/s) [32] and decreases with increasing alginate concentration. Thus this value decreases to
1.0-107° cm?/s in 2% (w/v) alginate solution [41], 0.8:107 cm?/s in 4% (w/v) alginate solution
[42], and 0.5-107 cm?’/s in 6% (w/v) alginate solution [20]. Breguet (2007) reported that an
alginate concentration of 6% (w/v) was the optimal compromise for loading a maximal
solvent quantity in the capsules without negatively influencing mass transfer. The

characteristics of liquid-core calcium alginate capsules were compared with those coated with

152



CHAPTER 7 - In-situ ethanol recovery by a two-phase extraction system

chitosan. Spherical microcapsules of 2 + 0.5 mm diameter were produced by the coacervation
method and permitted to entrap 20% (v/v) of solvent. The opaque aspect of the capsules
resulted from the entrapment of the solvent emulsion with the alginate solution during

gelation (Figure 6).

Figure 6. (A) 5x enlargement and (B) 2.5x enlargement pictures of capsules formed

\_1000um , %

from 80% polymer solution with 6% (w/v) alginate and 20% laurinaldehyde.

Back extraction/recovery of ethanol is achieved by heating the capsules at the boiling point of
ethanol (78.4°C). It is essential, in order that the capsules can be re-used, that during this
phase the capsules are not damaged. Thermal stability was confirmed by heating the capsules
for 30 min at 80°C however, at 121°C disruption of the majority of capsules was observed
resulting in solvent leakage. Consequently it was demonstrated that, capsules were stable at
80°C, resulting in possible ethanol recovery and capsule recycling. The instability at 121°C
implies that the capsules should be produced under sterile conditions from pre-sterilized
solutions, rather than autoclaved prior to use in bioprocesses.
Table 2 compares the ethanol diffusion coefficient (kg) obtained with pure alginate beads and
capsules composed of alginate membranes surrounding a core of laurinaldehyde or 2-ethly-1-
butanol. The effect of heat treatment and coating with chitosan is also described. Diffusion
coefticient kg is defined by equation 1:
kg -S-Ac

L
where: D the diffusion rate [g-s'l]

D (h

kg the diffusion coefficient [cm*s™]
S is the exchange surface [cm?]
Ac the difference in concentration between the core and surrounding medium [g-cm™]

L the thickness of the membrane layer [cm]
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Table 2. Ethanol diffusion coefficients kg measured in alginate beads, encapsulated
laurinaldehyde and 2-ethly-1-butanol prior and after thermal treatment by heating at
80°C for 30 minutes.

Bead and capsule materials Ethanol diffusion coefficient’

ke -(10° cm?s™)

prior thermal treatment after thermal treatment
uncoated coated’ uncoated coated”
Alginate Beads 0.47 - 0.71 -
Alginate/2-ethly-1-butanol 1.28 0.96 1.75 1.59
Alginate/Laurinaldehyde 0.27 0.66 0.33 0.56

" determined for for a drop of Ac from 2.5 g/L to 0.4 g/L

? refers to capsules with have been treated with chitosan

The ethanol diffusion coefficient measured in 6% (w/v) alginate beads was 0.47-10° cm?/s,
which is similar to the value of 0.50-10° cm?/s obtained by Stark (2001). The diffusion
coefficient obtained with capsules composed of alginate and 2-ethly-1-butanol was 1.28-107
cm?/s. Thus it appears that ethanol penetrates into the capsules at a 3-fold higher rate than into
solid alginate beads. Since alginate is essentially 94% water, this suggests that the distance
over which the ethanol diffuses in beads and capsules is responsible for rate of mass transfer,
with the solvent-core absorbing the ethanol rapidly. In the case of laurinaldehyde, the
diffusion coefficient of 0.27-10° cm?/s is probably the result of mass transfer limitations due
to a stagnant layer of laurinaldehyde.

Heating the capsules to 80°C for 30 minutes led to a substantial increase of the diffusion
coefficient for all systems tested, alginate beads, alginate capsules and coated alginate
capsules. This may be due to the expulsion of water from the gel causing a reduction in the
size of the beads and capsule membrane thickness [50]. This is confirmed by the larger
increase of kg for 2-ethly-1-butanol capsules, where the alginate membrane was probably
responsible for the mass transfer limitation compared to laurinaldehyde, where the solvent
layer was limiting. Finally the values of kg measured with capsules coated with chitosan
demonstrated a 25% loss of wall permeability (from 1.28:107 cm?/s to 0.96:107° ecm?/s) in 2-
ethly-1-butanol capsules before heating, with a decrease of only 9% (from 1.75-10” ¢cm?/s to
1.59-10° cmz/s) after thermal treatment. This small reduction in kg was caused by the chitosan
reducing the amount of water lost during the thermal treatment, with the result that the

capsule membrane did not change appreciably in size.

154



CHAPTER 7 - In-situ ethanol recovery by a two-phase extraction system

4.3 Batch cultures

The viability of the mixed microbial culture to the presence of 2-ethly-1-butanol and
laurinaldehyde was compared with encapsulation of the solvents in order to define whether
phase toxicity could be controlled. Figures 7-9 show batch growth profiles for CEKI, grown
in flask cultures with 40 g/l whey permeate. Comparison of direct contact of the ethanol-
producing culture with the encapsulated laurinaldehyde system is shown in Figure 7. The
toxicity of the solvent, demonstrated in § 4.1, was partially overcome by encapsulating the
solvent in alginate capsules. By comparison with the reference culture, performed without any
solvent, 20% less biomass was produced with the encapsulated laurinaldehyde extraction
system, while 92% less biomass was produced when the solvent was placed in direct contact
with the aqueous phase. A closer observation of the alginate encapsulated laurinaldehyde
system suggests that two growth phases can be observed. The first, for the initial three hours,
was probably due to laurinaldehyde diffusing through the alginate membrane and attaining the
equilibrium solubility, which resulted in some molecular toxicity, causing an initial reduction

for the first 6-7 hours of culture.
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Figure 7. Growth of mixed-culture CEKI, composed of K. marxianus (S1),
I. orientalis (S2) and E. faecalis (S3) on 40 g/ whey permeate. Cultures were
performed in 250 mL shake-flasks with an initial capsule volume of 2:3 of the whey
permeate medium (A) in the absence of solvent, (m) with alginate-based
microcapsules with a core of laurinaldehyde (o) and with direct contact of

laurinaldehyde. Cultures were undertaken in batch mode at 30°C, stirred at 360 rpm.
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Figure 8. Growth of mixed-culture CEKI, composed of K. marxianus (S1),
I. orientalis (S2) and E. faecalis (S3) on 40 g/L whey permeate. Cultures were
performed in 250 mL shake-flasks with an initial capsule volume of 2:3 of the whey
permeate medium (A) in the absence of solvent, (m) with alginate-based
microcapsules with a core of 2-ethyl-1-butanol (0) and with direct contact of 2-ethyl-

I-butanol . Cultures were undertaken in batch mode at 30°C, stirred at 360 rpm.

Subsequently, the growth rate increased to that of the reference culture, thereby showing that
encapsulation indeed protected the microbial culture from laurinaldehyde. Encapsulation of
ethyl-1-butanol however did not present a real advantage for overcoming cells growth
inhibition (Figure 8), since no growth was observed when placed in direct contact or

encapsulated in alginate-based microcapsules.

The specific ethanol productivity of CEKI (Figure 9) in the reference culture was determined
to be 0.21 grion/(ghiomass'h). An efficient ISPR system must be able to recover ethanol from the
fermentation medium at a similar rate as ethanol is produced, in order to avoid product
accumulation. With the minimal kg value of 0.27-10° cm?/s for alginate-based capsules
containing laurinaldehyde, the diffusion rate is 2.23-10° ggon/(s-capsule). Considering the
volume of one capsule equal to 4.19-10° cm® (loaded with 20% w/v alginate), the quantity of
encapsulated laurinaldehyde is 7.04-10*  ggwen/capsule, meaning that 3.17-107
geon/(Zsolvent's) May be recovered. This value should be possible to improve by reducing the
size of the capsules, thereby increasing the specific interfacial mass transfer area, as well as

by increasing the number of capsules added to the culture.
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Figure 9. Specific ethanol productivity mixed-culture CEKI, composed of
K. marxianus (S1), I. orientalis (S2) and E. faecalis (S3), grown at 30°C and pH 4 on
40 g/L whey permeate in the absence of solvent and stirred at 360 rpm.
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5. Conclusions

An encapsulation method was designed for reducing solvent toxicity using alginate-based
capsules (6% w/v), which also made solvent recovery from the extractive processes easier. It
would represent an alternative to other ISPR methosds as membrane distillation or vaccum
fermentation, which use expensive membranes or require an important quantity of energy.
Heat stability experiments demonstrated that ethanol could be recovered from the organic
phase at 80°C but instability at 121°C would imply making the capsules under sterile
conditions. In general heating resulted in an improvement of the ethanol diffusion coefficient
because of the expulsion of water from the gel and thus a reduction of the membrane
thickness. Characterization of the system behavior demonstrated that the alginate membrane
was the main mass transfer limiting layer for encapsulated 2-ethyl-1-butanol and that in
alginate-based / laurinaldehyde capsules it was the organic layer which was limiting.

A substantial reduction of the toxic effect of the solvent was observed by encapsulation of
laurinaldehyde but no improvement could be demonstrated for 2-ethyl-1-butanol. This may
either be due to the high toxicity of this solvent and/or due to the presence of extracapsular
solvent resulting from the capsule production method. The extraction rate achievable using
encapsulated laurinaldehyde was 3.17-10° geron/(Esolvent'S) Which must be dimensioned for
the specific ethanol production rate of 0.21 ggion/(Zbiomass'h) for the consortium culture.
Encapsulated laurinaldehyde would thus be an alternative system to direct contact with oleyl
alcohol for ethanol extraction. The partition coefficient of laurinaldehyde is twice larger than
the one of oleyl alcohol, although phase toxicity prevents its direct utilization as an extractive
solvent. Physical separation of the solvent from producing cells by an alginate polymer
membrane enables the solvent toxicity to be overcome and thus opens the way to the use of

laurinaldehyde and a wide range of similar solvents.
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6. Nomenclature

MOPS

PCV
PPG

Yii

YPL
Ac

Subscripts
aq
E

exp

[

Boiling point

Diffusion rate

Ethanol

o-L-guluronic acid

In-situ product recovery
Diffusion coefficient

Thickness of the membrane layer
-D-mannuronic acid
3-(N-morpholino)-propanesulfonic acid
Partition coefficient

Packed cell volume
Polypropylene glycol

Exchange surface

Temperature

Cell dry weight

Yield coefficient of substance j on substance 1

Yeast extract-Peptone-Lactose rich medium
Difference in concentration between inside

and outside the membrane layer

Aqueous phase

Ethanol

Obtained experimentally

Refers to compound i

Refers to compound j

Culture medium (whey permeate)
Refers to the produced ethanol
Refers to limiting nutrient

Water
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1. General Conclusions

A recent EMPA study [1] compares ecological biofuels balances and depicts whey as the
ideal raw material for bioethanol production, since it is characterized by the most important
reduction in terms of greenhouse gas emissions and has the lowest environmental impact.
Whey is a waste product which still needs to be valorized, when producing ethanol, ecological
balance is positive and its utilization does not result in an increase of essential living raw
materials resulting in recently reported problems, which are linked to extensive cultures, such

as wheat or sugar cane [1].

The present work has revealed novel possibilities for ethanol production from whey permeate.
Identification of key parameters of the production process resulted in a main effort on
substrate stabilization, fermentation and ethanol recovery. A wide variety of ethanol
producing microorganisms were characterized reporting optimal culture conditions, specific
growth rate, ethanol inhibition and ethanol performance when cultivated with different
qualities of substrate. Design of experiment methodology permitted to determine the influence
of operating parameters and improve global productivity of the process. A consortium of
Kluyveromyces marxianus, Issatchenkia orientalis and Enterococcus faecalis was presented
as a promising ethanol producing alternative to pure cultures. Finally liquid-liquid and
organic-aqueous two-phase systems were tested on this mixed culture for continuously
extracting ethanol from the culture broth. Targeting a realistic valorization of whey permeate
by Alcosuisse in Switzerland, the present study focused on practical and economical aspects

of these newly investigated fields.

1.1 Substrate stabilization

For cheese industries, whey valorization represents a real logistical challenge because of the
extreme instability of whey [2], which reduces significantly the number of possible
valorization pathways, with the result that often considered being a waste product [3].

The preservation problem mainly results from the proliferation of lactic acid bacteria naturally
present in whey, which breakdown the lactose and thereby reduce the amount of ethanol that

can be produced. As a result transport and storage of whey are difficult; consequently
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inexpensive methods to conserve the whey by addition of microbial growth inhibitors must be
developed.

As a result, seven compounds, and a range of conditions, were tested for their ability to
stabilize and inhibit bacterial growth in whey and whey permeate. The criteria used to select
an ideal preservation agent for whey, when it is to be used in bioethanol production, were
prevention of bacterial growth properties, high efficiency and non-interference with the
alcoholic fermentation and/or ease of removal. Of these, hydrogen peroxide and formic acid
were shown to successfully preserve the substrate over a period of three weeks at room
temperature. This increase in terms of length of possible storage before utilizing whey and
whey permeate for subsequent treatment significantly reduces the logistics and distribution
constraints. When it is to be used in bioethanol production, stabilized whey must be non-toxic
for ethanol producing cells. An inhibitory chemical for bacteria is often toxic for yeast cells
and eliminating or withdrawing the preservative compound is required. The possible
application of a whey stabilization strategy for producing ethanol by fermentation thus
focuses on the simplicity of switching from inhibitory and non-toxic behavior of the
stabilizing agent.

While a more complex procedure was needed to remove hydrogen peroxide from whey prior
to ethanolic yeast fermentation, the fully dissociated form of formic acid was shown to be
non-toxic for K. marxianus CBS 5795. Practically it means that by simply adjusting the pH
prior to inoculation, K. marxianus was able to produce ethanol at least as efficiently as in the
absence of formic acid.

Such a method should result in significantly improved process economics, since presently the
use of whey and whey permeate to produce ethanol is limited to large dairies which must use
the permeate directly after production [4-6]. Small producers’ production can now be
integrated with respect to raw matter availability and storage of large volumes at room

temperature thus saving important energy costs.

1.2 Optimal batch strategy for the production of ethanol

Industrial-scale whey-ethanol plants are spread around the world. In the United States, at
Corona, and Melrose, production plants were developed in the 1980s [7]. The whey-to-
ethanol plant commissioned in 1978 by Carbery Milk Products Ltd. of Ireland is believed to

be the first modern commercial operation to produce potable (drinkable) alcohol [8]. Since
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1985, it has also produced fuel ethanol in a process adopted by New Zealand in August 2007.
Fruteau de Laclos and Membrez (EREP, 2004) present the performance of a typical ethanol
fermentation process with ethanol production yields of less than 70% of theoretical
conversion yield and highest achievable ethanol concentration of 5% (v/v) [9]. Despite the
increasing requirement for process optimization, these processes are built on old fermentation
technologies and important improvements can be envisaged [8]. A computer simulated case-
study, reported in chapter 2, showed that direct fermentation of whey by lactose-utilizing
yeasts or fermentation of hydrolyzed whey by different yeast species resulted in equivalent
production costs. Developing a production strategy thus requires careful evaluation of these
two fermentation modes, and must be followed by selecting appropriate microorganisms. To
this end, the ethanol performance of eight yeasts was compared to define the most appropriate
strain for ethanol production from whey. Selection criteria for this characterization, made in
batch mode, were: high ethanol conversion efficiency (Yp/s), high ethanol tolerance (Cgiom max)
and high productivity (Qp). The best improvement potential was obtained by direct whey
permeate fermentation with K. marxianus CBS 5795 whose (i) ethanol production yield
almost reaches theoretical values, (ii) maximum productivity Qpmax 0f 6.15 ggon/(L-h) was
measured, (iii) resistance was 79 g/L ethanol before stopping fermentation. Comparison of
these results with reported industrial ethanol performance, the improvement on fermentation
step is in the range of 35-40% while increasing ethanol percentage in the medium by a factor
two reduces the working volume and thus energy expense by a corresponding amount.

Finally the optimization of fermentation and pre-culture conditions identified critical
parameters which permitted to significantly reduce the lag phase period in CBS 5795 batch
cultures and thus improve by 11% global productivity of the fermentation procedure.

Using similar tools to those in chapter 2, up-dated production costs for centralized direct
fermentation of concentrated whey permeate (22% DM) can be estimated (Table 1). Whey
was stabilized with 3 mL formic acid /L, concentrated to produce whey permeate, and
transported to an optimized fermentation facility, where CBS 5795 produced 0.530
EE10n/ Clactose, after pH adjustment for removing of the bactericidal effect of formic acid.
Further distillation to 93% (v/v) followed by a dehydration step could produce 9.1-10° L/year
compared to of 6.7-10° L/year with non-optimized process [9]. A main objective of this
project was to reduce production costs to approximately 1 CHF/Lgon. This goal seems to be
achievable by the use of some of the advances brought to the fore in this work, in which a

production cost of 0.95 CHF/Lgon would be obtained (Figure 1).
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Table 1. Annual operating costs for ethanol production from whey permeate in a centralized production plant including direct lactose fermentation
using Kluyveromyces marxianus CBS 5795. 22% DM concentrated whey permeate is stabilized with 3 mL/L formic acid prior to transport and is
subsequently neutralized just prior to fermentation with NaOH. Ethanol conversion yield is 0.530 ggon/gactose @and ethanol concentration of 10% v/v is

achieved after fermentation, resulting in yearly production of 9.1-10° L ethanol.

Concentration Stabilization Transport ~ Fermentation  Distillation = Dehydration Total
ANNUAL OPERATING COST (2004 prices)
A. DFC-DEPENDENT ITEMS cost (CHF) cost (CHF)  cost (CHF) cost (CHF)  cost (CHF) cost (CHF) cost (CHF)
676'000 o' 0 783'000 325'000 486'000
B. LABOR-DEPENDENT ITEMS
1'439'000 0' 0’ 490'000 163'000 163'000
C. ADMINISTRATION AND OVERHEAD (0.6 " (atb+c))
EXPENSE
688'000 0' 0’ 229'000 76'000 76'000
D. RAW MATERIALS
a. Carbon source (0 CHF/tonne)
b. NaOH (360 Sri/tonne) 1'000 108'000
¢. H,SO, (320 Srf/tonne) 1'000 41'000
d. others 0 546'000 29'000
2'000 546'000 0 178'000 0 0
E. OTHER CONSUMABLES
Membrane or filter cloth 42'000 0 0 0 0 0
F. UTILITIES
a. Steam (50 Srf/tonne) 7'000° 426'000° 165'000°
b. Water (0.15 Srf/tonne) 14'000° 7'000°
c. Energy (100 CHF MWh) 235'000° 0 60'000° 13'000° 4000°
256'000 0 0 67'000 439'000 169'000
G. WASTE TREATMENT/DISPOSAL (2 Srf/tonne) 9'000 0 0 0 13'000° 0
H. TRANSPORT (0.31 CHF/tonne km) 0 0 2'747'000 0 0 0
[. BY PRODUCT VALORIZATION -1'388'000 0 0 0 0 0
Total annual operating cost 1'724'000 546'000 2'747'000* 1'747'000 1'016'000 894'000 8'674'000

is was assumed that local milk-producers already possess the necessary heat-exchange units
expenses related to vehicles and salaries are already comprised in the transport costs

values obtained by simulations with ASPEN Plus

non-refrigerated transport costs were assumed to be identical to refrigerated
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Figure 4. Contribution of the individual operating units with the

advancements identified in this work.

1.3 Advantage of mixed cultures

Combining the advantages of multiple organisms has been widely applied in biotechnology
[10-14]. In this work it was shown that a mixed culture of Kluyveromyces marxianus,
Issatchenkia orientalis and Enterococcus faecalis enhanced the global fermentative process.
While pure cultures of these microorganisms provided in batch culture lower ethanol
performances, their combination resulted in a cost effective and stable behavior of the system.
K. marxianus was shown to be the most efficient organism for ethanol production.
I. orientalis also produced ethanol but its higher ethanol tolerance enabled longer
fermentation periods which resulted in an improvement of the global productivity. Finally E.
faecalis demonstrated a protective activity against possible contaminants without negatively
influencing development of the co-cultured yeasts. The highest ethanol performance
parameters were obtained using a mixed culture, grown at pH 4 and 30°C from 40g/L whey
permeate, with an ethanol production yield of 0.65 C-mol ethanol /C-mol lactose and a
volumetric productivity of 1.85 ggon/(L-h) or a specific ethanol production rate of
0.21 gron/(Zbiomass'h).

The main advantage of this mixed-culture consists in its protective properties, which enable

new production strategies because fermentation procedure requires the control of many
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operating conditions. While efforts were undertaken to ensure stabilization of the substrate
until a centralized treatment center, fermentation at the production site seems to be possible
without expensive control equipment and specific know-how of the operators. Costs of
individual production steps are listed in chapter 2. Transport and fermentation were reported
to be the most important expenses in the global process. By fermenting whey with a less
demanding procedure and pre-concentrating ethanol up to 60-70% (v/v) with distillation units
could result in (i) solving substrate stability problems, (ii) reduced storage costs, and (iii)
decreased transported volumes. Pre-distillation up to such concentrations requires few
equilibrium stages and thus small distillation columns but high purification constraints for

biofuel applications will still require a centralized distillation and dehydration plant.

1.4 Novel ISPR system for liquid-liquid extraction

Inhibitory effect of ethanol on growing cultures is often the principle limitation of a
fermentation process [15-18]. Continuous removal of the inhibitory product thus enables
higher system productivity and helps lowering energy costs by reducing working volumes
[19-20]. The application of organic solvents for in-situ product recovery by a mixed culture
producing ethanol was shown to have an important improvement potential in fermentation
technology. The high hydrophilic behavior of ethanol in an aqueous phase makes difficult to
find organic solvents with a partition coefficient higher than 1 and which do not negatively
influence yeasts growth by direct contact. Only oleyl alcohol did not result in visible toxicity
for the microorganisms and is therefore depicted in many articles as the reference solvent for
ethanol extraction even though it has a Pgw partition coefficient of only 0.31 [21-22]. As a
maximum P\ of 1.65 could be measured in all examined solvents, it was thus important to
examine solvents with the highest possible Pg partition coefficient. The toxicity of most of
efficient solvents prevented their use for further fermentation experiments, however
laurinaldehyde (P = 0.81) only affected the system by forming an emulsion with the culture
broth, while 2-ethyl-1-butanol (Pgn = 1.27) inhibited cell growth but not ethanol production.
An encapsulation method was designed for reducing solvent toxicity using alginate-based
capsules (6% w/v), which also made solvent recovery easier. A substantial reduction of the
toxicity of the solvent was observed by encapsulation of laurinaldehyde, while no
improvement could be demonstrated with 2-ethyl-1-butanol. The extraction rate achievable
with encapsulated laurinaldehyde system was 3.17 ggon/(Esolvent's) Which allows dimensioning

an extractive process, which for the mixed cultures is characterized by specific ethanol
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production rate of 0.21 ggon/(biomass'h). Ethanol recovery of such an encapsulated system
would be easier since the organic phase contained the extracted ethanol is easier to separate
from the fermentation broth. Figure 2 shows a possible set-up for continuous ethanol recovery
from encapsulated laurinaldehyde. In this system an external cyclone retains the capsules
from the fermentation broth. Ethanol is recovered from the capsules by heating them at
ethanol boiling point. Proven stability of the capsules at 80°C enables recycling capsules,
which are re-introduced in the fermentation vessel. Further characterization and normalization
of hydrophobic core capsule production remains to be investigated.

Laurinaldehyde was thus demonstrated to be a promising alternative to oleyl alcohol for
aqueous-organic extraction [23] and a novel encapsulation methodology was successfully

applied to overcome the negative effects on the microbial population.

Ethanol

Capsules Capsules + Ethanol

%

Evaporator

Cyclone

Medium + Cells

-

Capsules + Ethanol
Medium + Cells

Bioreactor

Figure 2. Flow chart of ethanol recovery from an encapsulated organic phase. The
capsules are separated from the culture broth by a cyclone and heated to recover

ethanol. Ethanol-free capsules are then recycled.
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2. Perspectives

This project describes the characterization and optimization of ethanol production from whey
and whey permeate in batch mode. Through global economic evaluation of the process, some
upstream and downstream operation units were investigated and modeled. However, a broad
range of possibilities still offer improvement potential or better adaptation to other geographic
cases. Focusing on batch fermentation allows for more flexible operating conditions [24],
which is particularly important when using whey as a substrate, since it is produced once a
day and its preservation presented a major constraint [25]. The objective of complementing
Swiss fuel with 5% (v/v) of bioethanol [9-10] is a huge challenge and would require much
larger quantities of whey than are currently produced [25]. For this reason previous studies
have considered the available amounts of other waste-products such as grass, potatoes, sugar
beets and old papers, as possible substrates [9-10]. Use of mixtures of raw materials would
enable a large-scale multi-substrate bioethanol plant to be designed.

While batch fermentation allows more flexible operating conditions, continuous fermentation
processes play a more important role in large-scale industry [26-27]. Continuous processes
permit to obtain higher productivities not only because the system operates at a higher and
stable biomass concentration compared to standard batch processes but also because no dead
time for filling or emptying is required. This higher productivity results in a reduction of the
size of the fermentation vessel and the possible automation of such systems, which also
reduces operating costs [28]. Working parameters however still need to be defined for
transposing actual data to a continuous process. Flow rate, vessel dimension and dilution rate
must be defined in order to achieve the highest biomass in the chemostat, desired
productivity, medium complements and final ethanol production. Finally deciding which of
the continuous set-ups will be chosen among, simple chemostat [29-30] or combination with
retention devices chemostat including cell recycle [31], membrane [32], cell-immobilization
[33-34] or internal spin-filter [35].

The incorporation of various substrates leads to three main strategies. The first transforms the
different complex carbon sources into a common easy assimilated monosaccharide which is
fermented by one microorganism. The second uses multiple fermentation steps, at the same
time or one after the other, and specific microorganisms ferment the different substrates.
Finally a mixed-culture of these specific microorganisms ferments all mixed substrates at the
same time. Zymomonas mobilis could be an alternative to E. faecalis in mixed-cultures, as it
was reported to have similar protective activity and exhibits more efficient ethanol

performance [12- 14]. Another advantage would be the non-dependency to temperature as it
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was presented using E. faecalis, since an increase of the temperature during the process would
result in an important lactic acid production.

While individual fermentation data are available for the fermentation of most pre-cited raw
materials, it will only be possible to assess the behavior of the resulting mixture of diverse
species by experimental cultures. Numerous combination possibilities are still to be tested and
a real potential can be imagined for simultaneous multi-substrate fermentation.

In addition, the development of new technologies for up- and downstream processing must be
sought. Membrane processes such as pervaporation are currently available for overcoming the
ethanol-water azeotrope and could be applied to ethanol solutions of 70-80% (v/v), which
would reduce significantly distillation columns dimensions and result in a positive energy,
economic and ecologic balance of the process [36]. Nowadays, membrane life is a major
drawback for these types of technologies since their price weighs heavily in the budget but
pervaporation is continuously improving and catching-up with mature technologies such as
distillation.

Liquid-liquid extraction was chosen as an ISPR technology but there are other techniques
which could also be investigated for ethanol recovery, such as membrane distillation, which
allows recovery of very pure ethanol directly from the fermentation broth without using usual
distillation / dehydration processes [37-38]. This functions using a gradient of vapour pressure
induced by a difference of temperature, such that ethanol evaporates through a selective

membrane.

Conclusively, there is still potential for improving the ethanol production from whey and
whey permeate and this work contributed to long-term stabilization of the substrate,
established and optimized the operating conditions for interesting organisms or combination
of organisms, presented an novel economical model for production costs estimation; and

investigated non-sterile ethanol production and in-situ ethanol recovery.
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mother tongue

very good knowledge oral and written (C1 + level)
very good knowledge oral and written (C1 level)
very good knowledge oral and written (C1 level)
good knowledge oral (B1 + level)

Weber W, Rinderknecht M, Baba MD, de Glutz FN,
Aubel D, Fussenegger M. CellMAC: a novel technology
for encapsulation of mammalian cells in cellulose
sulfate/pDADMAC capsules assembled on a transient
alginate/Ca(*") scaffold. Journal of Biotechnology 2004
Nov 9; 114(3): 315-26.

Weber W, Rimann M, de Glutz FN, Weber E, Memmert
K, Fussenegger M. Gas-inducible product gene
expression in bioreactors. Metabolic Engineering 2005
May; 7(3): 174-81.

de Glutz FN, Viscasillas C, von Stockar U, Holliger C,
Marison IW. Stabilization of whey permeate to enable
ethanol production by Kluyveromyces marxianus.
Process Biochemistry, submitted paper.

de Glutz FN, Holliger C, Marison IW. Enhancement of
ethanol productivity by controlling pre-culture conditions.
Process Biochemistry, submitted paper.

de Glutz FN, Hugonnet M, Holliger C, Marison IW. In-
situ product recovery of ethanol by an organic-aqueous
two-phase extraction system. Biotechnology Progress,
submitted paper.

de Glutz FN, Holliger C, Marison IW. Ethanol
fermentation of whey permeate and hydrolyzed whey
permeate: yeast strain selection and performance
optimization. Bioresource Technology, submitted paper.

de Glutz FN, Holliger C, Marison IW. Process design
and economic evaluation for ethanol production from
cheese whey. Journal of Dairy Science, submitted
paper.

de Glutz FN, Hugonnet M, Oertlé E, Holliger C, Marison
IW. Mixed-culture fermentation of non-sterile whey
permeate. Enzyme and Microbial Technology, submitted
paper.
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Personal Interests
VUEeapER e Piano, Salsa

<lielis Rowing (Vogalonga, 2h15)

Running (20km of Lausanne: 43'36”, 10 km; 1h49'13",
20 km)

Athletics (5x80m, Athletissima 1996; javelin throw, Vaud
champion 1997; discus throw, Vaud champion 1996-7 ;
shot put, Swiss record 1997)

Motor bike
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