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ABSTRACT

For centuries, breweries have produced their products using batch fermentations.
which utilize freely suspended yeast in large fermenters. Wort, a complex natural
medium consisting of carbohydrates, nitrogen compounds, vitamins, and ions is
metabolized by yeast to produce beer. Rapid continuous fermentation, using immobilized
veast and the associated free cells, could be an effective approach to improving brewery
productivity.

Fermentations were performed using brewer's wort and an industrial strain of
Succhuromyces cerevisiue immobilized in kappa-carrageenan beads. Batch kinetics using
immobilized and freely suspended yeast were studied. A continuous fermentation system,
utilizing a gas-lift draft tube bioreactor, was designed and installed in a commercial pilot
plant. Continuous fermentations were performed to evaluate veast flavour metabolite
production and the merits of the new pilot plant bioreactor system.

Over six months of continuous fermentation, freely suspended cells in the liquid
phase retained viabilities greater than 90%, while immobilized cell viability decreased to
less than 60%. Scanning electron micrographs revealed that cells located near the bead
core had an irregular shape and fewer bud scars, suggesting impaired growth.

Data collected on secondary yeast metabolites produced during continuous beer
fermentations, highlighted the importance of controlling oxygen in the tluidizing gas. and
residence time, for flavour formation. The following flavour compounds were measured
in the liquid phase: diacetyl, acetaldehyde, ethyl acetate, isobutanol. isoamyl acetate,
1soamyl alcohol. ethyl hexanoate, and ethyl octanoate. It was found that concentrations of
diacetyl and acetaldehyde remained at unacceptably high concentrations even when the
oxygen in the fluidizing gas was minimal. However, diacetyl concentration was reduced
by 46% when a commercial preparation of alpha-acetolactate decarboxylase was added to
the wort supplying the continuous fermentation.

A secondary +48-hour batch-holding period. at 21°C, resulted in a flavour profile
within the range of market beers, without the need for enzyme addition.

Continuous fermentation using a gas-lift bioreactor could potentially replace
batch fermentation technology currently used in commercial breweries. In the past,

flavour formation in continuous fermentations and process complexity were major
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stumbling blocks to commercialization, but by intregrating the operational advantages of
a gas-lift bioreactor with the biochemical principles associated with flavour formation

discussed in this work, success is more probable.

Keywords: yeast, beer, fermentation, flavour, immobilization.
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EPIGRAPH

“There has been a noticeable trend in the roles of Biochemical Engineers as a
result of the advances in the new biotechnology. This trend has been the
movement away from biochemical equipment design and operations. toward the
understanding at the cellular level of biochemical and biological systems. [t is my
belief that this trend is a healthy one since the integration of engineering concepts
with biological principles is one of the major contributions from Biochemical
Engineering to the new biotechnology.”

- Daniel I.C. Wang, MIT

Dedicated to
my husband, Glen Burston

and my mother, Diane Pilkington
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NOMENCLATURE

surface area of a sphere, m*

molar concentration of solute (amount per total volume of immobilization
matrix), mol/m’

concentration of solute A in liquid at liquid-solid interface, mol/m’
concentration of solute A in the immobilization matrix, mol/m’
concentration of solute A in the immobilization matrix at liquid-

solid interface. mol/m’

concentration of solute A in the liquid at the gas-liquid interface, mol/m’
concentration of solute A in bulk liquid phase, mol/m’

solubility of solute A in the liquid phase. mg/L or mol/m’
concentration of solute A in the liquid phase when Q> is max. mol/m’
concentration of solute in the liquid void phase. molm’

dissolved oxygen concentration, my/L

equilibrium solute concentration in entire matrix volume, mol m’
diffusion coefficient in the immobilization matrix. m*/s

diffusion coefficient in the aqueous phase, m*/s

critical dilution rate, h'!

effective diffusion coefficient in the immobilization matrix, m™/s
diffusion coefficient in the bulk liquid phase, m*/s

dilution rate, h™'

particle diameter, m

volumetric flow rate, mL/min or m’/s

Henry's Law constant, atm-L/mg

current. A

molar flux. mol/m™-s

local gas side mass transfer coetficient, molz(mzs-ulm)

local liquid side mass transfer coefficient, m/s

liquid side volumetric mass transfer coefficient, s™

. . I
overall gas side mass transfer coefficient, mol/(m’s-atm)
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KL overall liquid side mass transfer coefficient, nm/s

K, Monod Constant, mol/m® or kg/m3

L charactenstic length, L = V/S. m

M, molecular weight of solvent A, g/mol

My molecular weight of solvent B, g/mol

N overall volumetric gas-liquid flux of solute A, mol/m"s
Na. liquid side film volumetric flux of solute A, mol/m’s
Na overall gas-liquid flux of solute A, mol/m"s

Nag gas side film flux of solute A, mol/m’s

N liquid side film flux of solute A, mol/m-s

OUR oxygen uptake rate, mol/m’h

P product concentration, g/100 mL or kg/m’

Pa Pascals

Pag partial pressure of solute A in the gas phase, atm

PG solubility of solute A in gas phase, atm

P partial pressure of solute A in the gas phase at the gas-liquid interface, atm
P, product concentration at time, t = 0, g/100 mL or kg/m’
Q volumetric flow rate, m*/s

Qoa specific rate of oxygen consumption, mol/(kgyw.h)

r radial coordinate in sphere. m

Tp rate of formation of product, kg/m’h

rs rate of consumption of substrate, !z{g/m5 h

Iy rate of biomass production, kgg../m°h

R radius of spherical immobilization matrix, m

R, bioreactor liquid residence time, h or days

S rate of surface renewal, s™'

S substrate concentration, g/100 mLor kg/m*

STP standard temperature and pressure

So substrate concentration at time, t =0, g/100 mL or kg}m3
S external surface area, m°

t time, s, h or days
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4 biomass doubling time, h

t exposure time of a fluid element, s

T temperature, K

Va solute molar volume at boiling point, m*/mol

\'3 liquid volume, m*

Vo volume of particle, m’

Vi bioreactor working volume, Vg, L or m*

Vieer bioreactor volumetric productivity of beer, m’ beer/(m°h)
V cthanol bioreactor volumetric productivity of ethanol. kg/(m“h)

X space coordinate, m

X biomass concentration kgdw‘m" or cellsrmL

X, biomass concentration at time t = 0, kgdw/m} or cells'smL
Yps yield of product from substrate, g product/g substrate consumed
Ypx vield of product from biomass, g product/g biomass

Yxs yield of biomass from substrate, g biomass/g substrate consumed
Greek Symbols

ol kinetic model parameters ot Leudeking and Piret

B kinetic model parameters of Leudeking and Piret

p density, kg/m’

d diffusion path, film thickness, m

L specific growth rate, h™'

Hmax maximum specific growth rate, h

(i viscosity of solvent, Pas

L, relative velocity, m/s

) specific death rate, h™

Dimensionless Numbers

Bi
Kp
n

Re
Sc

Biot Number, Bi = k¢ L/D.

equilibrium solute partitioning coefficient. K, = C\'/ Cy .~
integer number (number of terms)

Reynolds Number, Re = v, pdy/ug

Schmidt Number, Sc = ug/ pD;
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Sherwood Number, Sh =k d,/ D,

Thiele Modulus, ® = L(tma/DeK,)"

Effectiveness Factor, n = (observed reaction rate / rate obtained with no
mass-transfer resistance)

void fraction, e =1 - ¢p

polymer volume fraction

tortuosity factor
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GLOSSARY OF BREWING TERMINOLOGY

Adjunct: A term, which refers to any agricultural product, other than malted barley,

which is used as a source of sugar in the brewing process.

Apparent Extract (AE): The measure of extract in the beer is expressed in degrees Plato
(not used for beer which has been de-alcoholized). No allowance is made for the effect of

alcohol on the specific gravity.

Cereal Cooker: The unmalted cereals must be cooked prior to their addition to the mash

tun. This is to ensure liquefaction of the starch.

Chill Haze: Haze (protein - polyphenols), which forms when the beer is chilled during

aging.
Dropping: Yeast is removed from the termented wort, with centrituges or by flocculation.

Flavour stability: The ability of a beer to maintain its original (fresh) flavour over a

period of time.

Flocculate/Flocculation: The aggregation of yeast into small masses, which often leads to

the rapid precipitation of yeast to the bottom of the fermenter.

Fusel Alcohols: Higher alcohols, 1.e.. butanol and 1-propanol.

Green Beer: Fermented wort prior to any conditioning (aging).
Hectoliter (hecto = 100): 100 L.

High Gravity Wort: Wort with an initial gravity of above 12°P.

XXviii



Hops: A bittering substance added during wort boiling to flavour the beer.

Kettle: The vessel where the wort is boiled.

Lauter Tun: A vessel where the soluble components from the mash (mostly

carbohydrates) are separated from the insoluble fraction (grain husks).

Malting: Malting involves germination of the barley until the starchy endosperm has

undergone some degradation by the malt enzymes. «- and B-amylase.

Mashing: A process whereby the malt, usually some unmalted cereals and water are

mixed and the enzymes formed during malting continue to hydrolyze the starch material.

Mash Tun: The vessel where the mashing process occurs.

Normal Gravity Wort: Wort with an initial gravity ot 10-12°P. which results in a beer of

4-52%% (v/v) ethanol content at the end of fermentation.

Pitching: The wort in inoculated (or pitched) with yeast.

Plato: Also degrees Plato (°P). Term used to describe wort and beer density. Refers to the
numerical value of a percentage (w/v) sucrose solution in water at 20°C whose specific
gravity is the same as the wort in question.

Specific Gravity: See Plato.

Spent Grains: The insoluble fraction of the grains, which can be dried and sold as cattle

feed.

Spent Hops: The solid material removed by the hop strainer.
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Sweet Wort: The liquor, which is collected after ftltration of the mash.

Total Fermentable Carbohydrate (as glucose): Equal to [glc] + [fruc] ~ 1.053[malt] -
1.106[DP3]

Trub or Break: Heat sensitive proteins coagulated during wort boiling that form a

precipitate known as trub or break.

Wort: Liquid extracted from a mash of malt or malt and adjunct.

XXX



CHAPTER 1. INTRODUCTION

The traditional beer fermentation process utilizes free veast cells and is essentially
a baich operation. typically seven to fourteen days in duration. As with many industrial
processes throughout history. the beer industry could make significant gains in efficiency
and productivity by advancing from batch to continuous processing. There has been
significant research conducted in the area of immobilized veast for continuous primary
beer fermentation in the past decade (Masschelein and Vandenbussche, 1999). Currently.
there are industrial scale systems available for beer maturation. which utilize immobilized
cells (Pajunen et al. 1987). However. there have been no reports of breweries using
industrial scale immobilized yeast cell systems for continuous primary fermentation.
There is a need for additional research on the effects of immobilization on veast viability
and vitality. on bioreactor system design. and on veast tlavour metabolite production in
order to take continuous primary fermentation to the next level of development.

For this study. fermentations were carried out using brewer's wort and an
industrial strain of Succharomyces cerevisiae veast immobilized in kappa-carrageenan
beads. The tollowing detailed objectives for this investigation were tormulated:

I) Design and construct a continuous primary fermentation system. utilizing a gas-litt
draft tube bioreactor. in a commercial brewery pilot plant:

2) Examination of the batch kinetics of free and immobilized Saccharomyces cerevisiae
industrial veast strain LCC3021:

3) Examination of immobilized and freely suspended veast cell viability (methylene
blue) and morphology (using scanning electron microscopy) over extended
continuous fermentation time in a gas-lift bioreactor system:

4) Examination of yeast flavour metabolite production during continuous primary beer
fermentation in a gas-lift bioreactor system using cells immobilized in kappa-

carrageenan gel beads.



In this chapter a briet outline of the brewing process is given to orient the reader

CHAPTER 2. LITERATURE REVIEW

(1)

and a discussion of yeast metabolism during batch fermentation is provided. The concept

of continuous primary beer fermentation using immobilized veast cells is then introduced.

followed by a review of the current findings on the production of beer flavour and aroma

compounds during continuous fermentation processes.

2.1 Nature’s Oldest Biotechnology Process: Traditional Beer Fermentation
Even in the huge mega-breweries of today. the process of making beer is still

essentially a natural one and uses the raw materials water. malt. hops. and veast. Many

breweries will also incorporate adjuncts such as rice or corn and/or other processing aids.

Figure 2.1. illustrates the basic steps in the beer production process.

Malt ('icﬁglﬁ?ﬁun > Hot Wort Tank
+ 4 3
Mill »| Cereal Cooker Plate Cooler
$ +
Mash Mixer e Yeast O,
3 — —— P 2
{ Lauter Tun or Syrup Hops Fermenter
t  Mash Filter T
T ! ! -
if
Spent Grain l entrifuge
| Kettle ) T
Aging
L 2
(:’%ﬁkggl ?o%; B"%Z;Eeer Carbonation Filtration

Figure 2.1. Schematic of a traditional batch brewing process.

2.1.1 Raw Materials Used in Beer Fermentation

a) Water

Typically. breweries use between 4 and 12 volumes of water to brew one volume

of beer. Where water is an expensive commodity. or in short supply. more attention is



)

given to reducing water use. Larger breweries often use munictpal water supplies. some
use well-water. The water that is to be used for brewing must be potable and very pure
so that it does not cause off-notes in the finished product. Water is usually treated within
the brewery by filtration processes and there may be an inclusion of salts or occasionally
organic acids.

b) Malt and Malt Substitutes (Adjuncts)

Under carefully controlled conditions of temperature and humidity. malt cereal.
usually barley is allowed to germinate for a specific time period (after 4-6 days).
tfollowed by a drying process at controlled temperatures (71-92°C) to arrest growth of the
embryo. Malting brings about changes in the barley kernel and this “moditication™
results in malt. which can then be efficiently extracted. The malting process produces an
easily ground product which provides a plentiful source of enzymes to break down the
tood polvmers (i.e. starches and proteins) of malt. When ground malt is extracted with
warm water. the resultant extract is called “sweet wort™.

The starch trom malt is often supplemented by the addition of adjuncts. Examples
ot adjuncts include corn grits, corn tlakes. rice and wheat. Syrups derived from corn.
barley or wheat and produced using an acid or acid/enzyme treatment and concentration
process. are frequently used. as is cane sugar in Australia and South America. One by-
product from this stage of brewing is the spent grain. which consists of protein. cellulose
and the residual sugars and starch. which were not extracted into the wort solution. Spent
grain is used both wet and dry as livestock feed. “Hot kettle break™ or trub is also
produced in the brewhouse and this is the coagulated protein. which is separated trom the
wort after boiling in the brew kettle.
¢) Hops

Hops are hardy climbing herbaceous perennial plants. Hops are used in the
brewing industry as cones (kiln-dried). in the powdered form (as pellets). as liquids
(solvent extracts). as liquid carbon dioxide extracts. or as hop oils (distilled essential oil
of hops). Hops are usually added during the brewing stage as seen Figure 2.1 and
provide the beer with bath its characteristic bitter flavour and with additional flavour

complexity.



2.1.2 The Brewing Process

The brewing process serves several important functions: a sweet liquid sugar
solution called wort is produced by converting the starch in malt and adjuncts into sugar
(extract): protein and other ingredients are present which support yeast growth and
fermentation: malts husks are removed in the form of spent grains; and natural flavouring
elements of hops and malt are extracted in the wort solution. The cereal cooker. malt mill.
mash mixer. lauter tun. kettle. hot wort tank. and cooler are the major pieces of
equipment involved in the traditional brewing process (Hardwick. 19935: Kunze. 1996).
a) Cereal Cooker

Adjuncts such as corn grits, corn flakes. rice, wheat. or raw barley are added to
the cereal cooker along with warm water and a small amount of malt. As the mash is
heated in the cooker the enzymes from malt become more active and break down the
starch. The temperature in the cooker is raised to boiling to ensure that the starch absorbs
water and to fluidize the slurry. The enzymes from the malt are very important at this
point. the starch degrades and the solution becomes more fluid and can be more easily
pumped to the mash mixer. where the conversion of starch to sugar is completed. [f no
malt were added. the adjunct and water mixture would become a thick. solid paste.

b) Malt Mill

[n the malt mill. the kernels of malt are ground such that the husks allow the
starch and enzymes to be released for conversion to sugars. [f the malt is ground too
tinely the husks may not be able to form a proper filter bed in the lauter tun downstream.
Skill and experience are required to pertect the grinding regime.
¢) Mash Mixer

Mashing is the term used to describe the process occurring in the mash mixer.
The purpose of this unit is to mix the malt. unmalted cereals (eg. corn grits) and water
and then. with the addition of heat. produce a sweet sugar solution. which can later be
fermented by yeast into a high quality beer. Enzymes found in the malt help to produce
wort. The beta- glucanases attack the barley gums. proteases act on proteins in the outer
husk and seed coat of the barley kernel. and alpha- and beta-amylases attack the starches

and polysaccharides to cleave them into simple sugars that yeast cells can metabolize.



Temperature is varied with time in the mash mixer so that each enzyme has an adequate
amount of time at its optimum activity to perform its given conversion.
d) Lauter Tun

The bottom of this vessel is covered by false slotted bottom. The purpose of
lautering is to separate the liquid part of the mash from the insoluble fraction (spent
grains). The husks or spent grains form a depth filter upon the false slotted bottom of the
lauter tun and this filter clarifies the wort as it passes through. A rotating shaft above the
grain bed supports a number of blades. These gently disturb the grain bed so that
channeling will not occur. Wort is sent through the grain bed and recycled back to the
lauter tun until the wort runs clear, at which point the wort is sent to the kettle.
d) Kettle

The clarified wort is sent to the kettle, where hops are added. and the wort is
boiled. During kettle boiling malt enzymes are denatured. wort is sterilized by boiling
and aromatic hop oils and bitter resins are extracted for bitterness and hop aroma
qualities. “Kettle break™ (proteins and tannins in wort which clump together) is tormed
and is removed to prevent haze tormation during cold beer storage and the sugars present
in the wort caramelize during the boiling process and the wort develops its characteristic
amber shade. In the kettle. the pH is adjusted to the optimum level tor fermentation and
the wort is concentrated to the desired extract level (density) by evaporating unnecessary

water in the form of steam.

2.1.3 Primary Batch Fermentation

In the traditional brewery. fermentation is a batch process. Oxvgenated wort is
placed in a fermenter with a defined amount of thick yeast slurry. During the primary
fermentation stage. the yeast cells converts the sugar-rich wort to ethanol. carbon dioxide
and flavour compounds. The yeast cells reproduce during primary fermentation,
resulting in a many-fold increase in yeast biomass. which accounts for the waste veast
by-product. a portion of which is reused in the next batch. Waste veast is often used in
livestock feed to increase its nutritional value and there is a market for veast in the food

industry as vitamin supplements and texture enthancers.



After primary batch termentation. centrifuges are commonly used to remove most
of the veast rapidly from the “green™ beer. The biochemical pathways occurring in yeast

during beer fermentation are described in greater detail in section 2.2.

2.1.4 Aging, Filtration, and Final Processing

After primary fermentation. the beer and the remaining low levels of veast are
sent to aging tanks. The beer is typically held at a low temperature with some veast still
present to allow a slow fermentation of the remaining sugars and the beer tlavour to
mature. During aging. certain protein and tannin substances precipitate eliminating some
harsh and bitter tlavours from the beer. These substances called “cold break™ or “trub™
have poor solubility in beer. If these proteins and tannins are not removed prior to
packaging. they may settle out in the keg. bottle or can. making the beer hazy. After
aging. the yeast and haze is removed from the vessels (Stewart, 1977).

Following aging. beer can be claritied by passing it through a filter that has been
precoated with a filter aid such as diatomaceous earth powder. Diatomaceous carth is
composed of silica and is mined from deposits of prehistoric diatomites. This tyvpe of
filtering is referred to as "kieselguhr™ in Germany and other European countries. Any
yeast. “cold break™. or particulate matter remaining in the mature beer stream is removed
during this filtration. The beer is then carbonated and sent to the packaging line where it

is filled into bottles. kegs and cans for consumer distribution.



2.2 Metabolism of Wort Nutrients by Yeast for Beer Production

In this section. the current knowledge on yeast biochemistry of primary batch
fermentation is detailed. Continuous beer fermentation processes are discussed later in

separate sections.

2.2.1 Uptake of Wort Nutrients by Yeast

Brewer’'s wort is a complex and difficult to define mixture of components
including sugars and carbohydrates. amino acids. peptides. proteins. vitamins. and ions

which are discussed in the sections that follow.

2.2.1.1 Sugars and Carbohydrates

Brewer's wort contains the sugars sucrose. fructose. glucose. maltose and
maltotriose as well as dextrin material. During batch fermentation. brewing yeast strains
utilize sucrose, glucose. fructose. maltose and maltotriose in this approximate order.
although some degree of overlap occurs. The majority of brewing strains leave the
dextrins unfermented. Yeast cells are bounded by a cell wall and. within the wall. lies the
yeast cell membrane. Most of the material dissolved in the wort liquid medium
surrounding the yeast cells will diffuse freely through the cell wall to the cell membrane
(Hough et al.. 1982). The first step in the uptake of sugars by yeast is either the sugars
passage intact across the cell membrane or its hydrolysis outside the cell membrane
followed by entry into the cell by some or all of the hydrolysis products. Maltose and
maltotriose are examples of sugars that pass intact across the cell membrane whereas
sucrose is hydrolyzed by the extracellular enzyme invertase, and the hydrolysis products.
glucose and fructose. are taken up into the cell. Maltose and maltotriose are the major
sugars in brewer’s wort and. once inside the cell. both sugars are hydrolyzed to glucose
units by the alpha-glucosidase system (Lewis and Young, 1993). It is important to re-
emphasize that the transport. hydrolysis and fermentation of maltose is particularly
important in brewing. since maltose usually accounts for 50-60% of the fermentable

sugar in wort.



Once the sugars are inside the cell, they are converted via the glycolytic pathway.
also known as Embden-Meyerhof-Parnas (EMP) or glycolysis pathway. into pyruvate.
Figure 2.2 shows the basic steps in the glycolytic pathway and where adenosine
triphosphate (ATP) is broken down and created. This conversion to pyruvate generates a
net total of 2 ATP molecules. which supply the yeast cell with energy (Hough et al..
1982). NAD" (nicotinamide adenine dinucleotide) is a cofactor for dehydrogenase
enzymes controlling oxidative reactions in catabolism. Reduced NAD™ (or NADH,) is
tformed when electrons are transferred to NAD™ as hydride ions [H']. seen in equation 2.1.

NAD™ + [2H] —» NADH + H" (or NADH>) (2.1)
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Figure 2.2. Embden-Meyerhof-Parnas (EMP. glycolysis. glycolytic) pathway (adapted
from Hough et al.. 1982).



When veast are respiring in an aerobic environment. the Krebs cycle [also known
as the tricarboxvlic acid cycle (TCA)] and oxidative phosphorylation (also called the
electron transfer chain) occurs. This massive electron transfer system produces large
amounts of energy in the form of ATP. The synthesis of citrate, isocitrate and 2-
oxoglutarate for nucleic acid and amino acid svnthesis also occurs during the Krebs cycle
and these organic acids will spill over into the fermented beer. The additional substrates
that are generated from the Krebs cycle may be used to supply additional material tor
biosynthesis as seen in Figure 2.3. In respiring cells. molecular oxygen is used as the final
hydrogen acceptor and glucose is completely oxidized. By the end of oxidative
phosphorylation. one glucose molecule yields 2 ATP from the glycolytic pathway. 2 ATP
from the Krebs cycle. and 24 ATP tfrom oxidative phosphorylation. Thus. respiration of 1
glucose molecule vields 28 molecules of ATP overall. In respiring yeast. NAD  is
regenerated using oxidative phosphorylation and the Krebs cycie (Aquilla. 1997).

Under anaerobic conditions. the Krebs cycle may operate partially. but the extent
of operation has vyet to be determined. When yeast are in the termentative state. NAD  is
regenerated using a range of hydrogen acceptors as illustrated in Figure 2.4. Yeast are not
tolerant of highly acidic environments for extended lengths of time. Pyruvic acid is

converted to carbon dioxide and acetaldehyde and finally into ethanol. as in equation 2.2.

pyruvate acetaldehvde ethanol
CH;COCOOH —Y CH;CHO 7“: CH;CH,OH (2.2)
CO, NADH. NAD"™

This serves two purposes. the cofactor NAD™ molecules that were consumed during
glvcolysis are regenerated. and the veast cell is detoxified by the conversion of pyruvic
acid into carbon dioxide and ethanol. Other hydrogen acceptors used to restore the redox

ratio of the cell include diacetyl. tumarate, oxaloacetate. aldehydes. and others (Lewis

and Young. 19935).
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Figure 2.4. Regenerating NAD+ by fermenting veast (adapted from Lewis and Young,
1995).

2.2.1.2 Control of Yeast Metabolism
Pusteur effect

[f oxygen is introduced during fermentation. the veast cell will revert to
respiration. This means that pyruvate from glycolysis will move directly into the Krebs
cyvcle and oxidative phosphorylation in the presence of glucose. In this case glucose is
oxidized completely into carbon dioxide and water. A key observation of Pasteur was that
the uptake of glucose is slower in respiring cells than in non-respiring (fermenting) cells.
This is due to the fact that aerobic respiration produces more energy for the cell for each
glucose molecule (or other carbon source) compared to fermentation. and therefore less
substrate is needed to supply the yeast cell with a given amount of energy (Hough et al..
1982).
Crabtree effect (glucose repression, catabolite repression)

The Crabtree effect occurs when respiration is inhibited and termentation occurs.
Even if oxygen is present, if glucose levels are high. the fermentative pathway is used
rather than the Krebs cycle. In Saccharomyces cerevisiae, a glucose sensitive yeast.
respiration is repressed in the presence of a small [i.e. 0.4% (w/v)] concentration of

glucose in the medium. This is regardless of the presence or absence of molecular



oxygen. During a typical brewery fermentation. wort contains about 1% glucose. so it can
be assumed that the yeast cells are repressed. In the absence ot repressive amounts of
glucose and in the presence of molecular oxygen. glucose is completely oxidized to
carbon dioxide and water through to the glycolytic pathway and the Krebs cycle. Neither
maltose nor maltotriose exhibits a repressive action on respiration.

This phenomenon may be explained somewhat by the model of Sols (Priest and
Campbell. 1996). ATP has been shown to inhibit the enzyme 6-phosphofructokinase in
the glycolytic pathway. whereas ADP and adenosine monophosphate (AMP) cause
activation. Thus in high-energy situations (i.e. during respiration). the tlux of glucose
through the EMP pathway is lowered. Also. as ATP levels increase. the intracellular
reserve of inorganic phosphate decreases and the operation of the glycolytic pathway also
decreases. resulting in a lowered glucose tlux.

Figure 2.5 shows how the glycolytic pathway and the Krebs cycle provide

intermediates for biosynthetic reactions.
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Figure 2.5. The contribution of carbohydrate catabolism to intermediate compounds for
biosynthetic reactions (adapted from Hough et al.. 1982).

2.2.1.3 Amino Acids, Peptides and Proteins

Active yeast growth involves the uptake of nitrogen. primarily as amino acids. for
the synthesis of proteins and other nitrogenous compounds of the cell. Later in the
fermentation as yeast multiplication stops. nitrogen uptake slows or ceases. In wort. the
main nitrogen source for svnthesis of proteins. nucleic acids and other nitrogenous cell
components is the variety ot amino acids tormed from the proteolysis of barley proteins.
Brewer’s wort contains 19 amino acids and. as with wort sugars. the assimilation of
amino acids is ordered. Four groups of amino acids have been identified on the basis of
assimilation patterns (Table 2.1). Those in group A are utilized immediately following

veast pitching. whereas those in group B are assimilated more slowly. Utilization of
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group C amino acids commences when group A types are fully assimilated. Proline. the
most plentiful amino acid in wort and the sole group D amino acid. is utilized poorly or

not at all (Jones and Pierce. 1964).

Table 2.1. Classification of amino acids according to their speed of absorption from wort
by ale veast under brewery conditions (adapted from Jones and Pierce. 1964).

A - Fast B - Intermediate  C - Slow D - Little or
Absorption Absorption Absorption No Absorption
Glutamic acid Valine Glycine Proline
Aspartic acid Methionine Phenylalanine

Asparagine Leucine Tyrosine

Glutamine Isoleucine Tryptophan

Serine Histidine Alanine

Threonine Ammonia

Lysine

Arginine

The metabolism of assimilated amino nitrogen is dependent on the phase of the
fermentation and on the total quantity provided in the wort. The majority of amino
nitrogen is ultimately utilized in protein synthesis and. as such. is vital for yeast growth.
[t is thought that amino acids are not usually incorporated directly into proteins but are
involved in transamination reactions and a signiticant proportion of the amino acid
skeletons of yeast protein are derived via the catabolism of wort sugars. This explains
why the total amino content of wort is important in determining the extent of veast
growth. the amino acid spectrum being to some extent secondary.

The nitrogen obtained from the amino acids in wort is used to synthesize amino
acids and ultimately proteins intracellularly. The yeast assimilates the wort amino acids
and a transaminase system removes the amino group and the carbon skeleton is
anabolised. creating an intracellular oxo-acid pool. The oxo-acid pool generated by the
transaminases and anabolic reactions is a precursor of aldehydes and higher alcohols.
which contribute to beer flavour. Thus the formation of higher alcohols (i.e. higher in
number of carbon atoms than ethanol) is tied in with nitrogen metabolism.

Normally only the necessary amount of alpha-keto-acid (2-oxo-acid) is produced
for the synthesis of required amounts of amino acids. The production is controlled by

feedback inhibition of the required amino acid. However, as nitrogen shortage develops



later in the fermentation (e.g.. by slow transfer of the remaining amino acids or by using
wort with a high level of nitrogen free adjunct) teedback control deteriorates. Larger
quantities of various keto- or oxo-acids are produced in an attempt to guarantee synthesis
of missing amino acids. When the necessary nitrogen is not available, synthesis of
missing amino acids is not possible and since accumulation of keto-acids is not tolerated
by yeast. compounds are reduced to corresponding alcohols. Theretfore higher alcohols of
beer have structural similarity to amino acids. The reduction of a keto-acid to alcohol is
the same as the mechanism of conversion as pyruvic acid to ethanol. Carbonyl by-
products (for example. diacetyl) of the syntheses of certain of these keto-acids impart
deleterious tlavours to the beer if present in excess. A major aim of fermentation
management is to ensure that these carbonyls are present at an appropriate concentration
in the finished beer. This will be facilitated if the wort contains a suitable amino acid
profile (Hough et al.. 1982).

Thus the amino nitrogen composition of wort has a profound impact upon
fermentation performance and on beer flavour. Where malt is used as the principal source
of extract. the quantity and composition of amino acids are such that these problems are
usually not encountered. However. care must be exercised when using adjuncts. many of’

which are relatively deficient in amino nitrogen.

2.2.1.4 Oxygen Requirements

Wort fermentation in beer production is largely anaerobic, but when the veast is
first pitched into wort. some oxygen must be made available to the yeast. Oxygen must
be excluded. as far as it is possible. from all other parts of the process because it will have
a negative effect on beer quality. particularly flavour stability (Takahashi and Kimura.
1996).

Oxygen has a marked influence on yeast activity and especially on yeast growth.
Certain yeast enzymes only react with oxygen and other hydrogen acceptors cannot
replace it. This applies to the oxygenases involved in the synthesis ot unsaturated fatty
acids and sterols. which are vital components of cell membranes. The traditional concept
of beer fermentation was that growth occurred prior to the fermentation of most wort

sugars and that non-growing. stationary phase cells carried out the fermentation. It is now



known that yeast growth. sugar utilization and ethanol production are coupled
phenomena. For a brewery fermentation to proceed rapidly there must be sufficient
amounts of yeast propagated. Inadequate growth of a brewer’s yeast culture will result in
poor attenuation. altered beer flavour. inconsistent fermentation times and recovered
pitching yeasts which are unsuitable for subsequent termentations (Hardwick. 1995).

Trace amounts of oxygen have profound stimulatory etfects on veast termentation
and particularly on veast growth. Oxygen is necessary tor normal yveast reproduction,
although excessive wort aeration during batch fermentation causes undesirable tlavour
ettects on the finished beer. Over-vigorous aeration of fermenting worts can lead to yeast
“weakness™. illustrated by increasingly sluggish fermentations characterized by longer
lag phases. a slower specific rate of fermentation and/or residual sugar remaining in the
final beer. Sterols and unsaturated fatty acids are both found in cell membranes and are
critical for membrane function and integrity. Both ot these lipid classes require molecular
oxygen for their biosynthesis (Hough et al., 1982).

Lipids in beer quantitatively form an almost negligible component. but can
influence both its organoleptic and physio-chemical properties. Malt is the main source of
unsaturated fatty acids in wort. Wort concentrations of these acids are sub-optimal and
can be growth-limiting. During fermentation. yeast can take up free fatty acids from wort.
most of which are incorporated as structural lipids. Fatty acid composition is an
extremely important variable in determining yeast membrane structure. morphology and
function.

Ergosterol is the major sterol in brewing yeast strains and can account for over
90% of the total sterol. The biosynthetic pathway for sterol formation is complex. The
ergosterol precursor sequences can be synthesized anaerobically. but the final reaction
step requires molecular oxygen. The major function of sterols in yeast is to contribute to
the structure and dynamic state of the membranes by modulating membrane fluidity
under fluctuating environmental conditions (Lewis and Young. 1995).

Pitching yeasts are normally propagated under weakly aerated conditions or
recovered from previous fermentations. In both cases. the cells are lipid-depleted and to
promote normal growth and attenuation either pre-formed lipids must be added to the

wort. or oxygen must be made available for lipid synthesis. [n commercial brewing, only
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the second alternative is feasible. Wort is cooled and aerated or oxygenated to 8-18 mg/L
dissolved oxygen. Within a few hours of pitching. this oxygen is removed from the wort.
During this time there is intensive synthesis of lipids (sterol and fatty acid) by the yeast
(Hardwick. 1995).

There is a relationship between wort trub levels and wort dissolved oxygen at
pitching. Trub contains high concentrations of unsaturated fatty acids. particularly
linoleic acid. This linoleic acid is absorbed by yeast and has a negative effect on ester
production (Lentini et al.. 1994). In a similar manner. high concentrations of oxyvgen have
a stmilar negative effect on ester production. The role of linoleic acid in ester
biosynthesis is not tully understood but it has been suggested that it plays a role in
modifying membrane structure and affects ester synthesizing enzymes. some of which are

membrane bound.

2.2.1.5 Vitamin Requirements

Yeast vary widely in their need for vitamins tor metabolism and. in a given strain,
this need may also vary between active respiration and growth on the one hand. and
alcoholic fermentation on the other. Almost all vitamins (except mesoinositol) required
by veast function as a part of a coenzyme, serving a catalytic function in yeast

metabolism (Hough et al.. 1982).

2.2.1.6 The Role of Ionic Species

Yeast requires a number of inorganic ions for optimum growth and fermentation.
Appropriate concentrations ot these elements allow for accelerated growth and increased
biomass yield. enhanced ethanol production. or both with a higher final substrate to
product vield. An imbalance in inorganic nutrition is reflected in complex. and often
subtle. alterations of metabolic patterns and growth characteristics (for example. cellular
morphology. tolerance to the environment and by-product formation) (Jones et al.. 1981:
Jones and Greentield. 1984). The role played by these ionic species is both enzymatic and

structural. Table 2.2 summarizes key roles of some ionic species utilized by yeast.



Table 2.2. [onic nutrients required by brewing yeast (adapted from Jones et al. 1981:
Jones and Greentield. 1984).

lon Function in yeast cells

Mg** Stimulation of synthesis of essential fatty acids
Alleviation of inhibitory heavy metal effects
Regulation of cellular ionic levels
Activation of membrane ATPase
Maintain membrane integrity and permeability

K* Central component in the regulation of divalent cation transport
Essential for the uptake of H,PO,4 Potent stimulator of
glycolytic flux — significantly increases the levels of ATP,
NAD(P)H, ADP and P;

Zn“ Essential cofactor in a number of important metabolic
enzymes, e.g. alcohol dehydrogenase
Enhances riboflavin synthesis, activates acid and alkaline
phosphatases
Helps increase protein content of fermenting cells

Ca“’ Not a requirement but may stimulate cell growth
Protects membrane structure and helps maintain membrane
permeability under adverse conditions
Counteracts magnesium inhibition
Plays an important role in flocculation

Mn=* Essential in trace amounts for yeast growth and metabolism
Helps to regulate the effects of Zn*
Stimulates the synthesis of proteins and biosynthesis of
thiamine

Cu“’ Essential as an enzyme cofactor

Fe<" Small amounts required for the function of haeme-enzymes

2.2.2 Yeast Excretion Products

The following sections describe the key excretion products from yeast during the

fermentation of wort to produce beer.



2.2.2.1 Ethanol

Although ethanol is one of the major excretion products made by veast during
wort fermentation. this primary alcohol has little impact on the tlavour of the final beer
with the exception of providing a warming eftect. [t also influences the extent to which
other molecules contribute to flavour. The type and concentration of the many other yeast
excretion products produced during wort fermentation primarily determine the flavour of
the beer (Meilgaard. 1982). The tormation of these excretion products depends on the
overall metabolic balance of the yeast culture. and there are many tactors that can alter
this balance and consequently beer flavour. Yeast strain, fermentation temperature,
adjunct type and level. fermenter design. wort pH. buftering capacity. wort gravity. etc..
are all influencing factors.

Some volatiles are ot great importance and contribute significantly to beer
flavour, whereas others are important in building background flavour. The following
groups ot substances are found in beer: organic and fatty acids. alcohols. esters.
carbonyls. sulphur compounds. amines. phenols and a number of miscellaneous

compounds.

2.2.2.2 Organic and Fatty Acid Production

Some 110 acids. both organic and short-to medium-chain-length fatty acids are
present in beer. In part these are derived from malt or other wort constituents, but a
proportion arise during fermentation as a result of veast metabolism. Organic acids
contribute to the decrease in pH observed during fermentation and many are flavour-
active. They arise from carbohydrate metabolism and include pyruvate. succinate. citrate.
and acetate. [t is presumed that most of these arise as a consequence of the incomplete
tricarboxylic acid cycle. which occurs under anaerobic conditions. It has been observed
that pyruvate is secreted into the wort during the active fermentation phase and that in
later stages. when yeast growth has ceased. it is re-utilized and the accumulation of
acetate occurs. This observation provides evidence for the overspill model of ethanol
formation (Lewis and Young. 1995), previously discussed (Section 2.2.1.1). Thus. for
pyruvate secretion to occur it would suggest that under conditions of high glycolytic flux

the pathways devolving from pyruvate are rate-determining.



2.2.2.3 Production of Higher Alcohols

The flavour-active higher alcohols. also called fusel oils. that occur in beer and
many spirits include n-propanol. isobutanol. 2-methyl-1-butanol and 3-methyl-(-butanol.
However. more than 40 other alcohols have been identified. Regulation ot the
biosynthesis of higher alcohols is complex as seen in Figure 2.6. since they may be
produced as by-products of amino acid catabolism or via pyruvate derived tfrom
carbohydrate metabolism.

The catabolic route. which is detined as a biochemical process in which organic
compounds are metabolized (usually an energy-liberating process). involves a pathway in
which the keto-acid produced from an amino acid transamination is decarboxylated to the
corresponding aldehyde. then reduced to the alcohol via an NAD-linked dehydrogenase.
[n this way. for example. isobutanol may be produced trom valine. 3-methyl-1-butanol
from leucine and 2-methyl-1-butanol from isoleucine.

The anabotic route. which is detined as a biochemical process involving the
synthesis of organic compounds and usually utilizes energy. uses the same pathways as
those involved in the biosynthesis of amino acids. As in the catabolic route. the keto-acid
intermediate is decarboxylated and the resultant aldehyde reduced to the alcohol.

The relative contribution made by the two pathways varies with individual higher
alcohols. Since there is no corresponding amino acid. the anabolic route would seem to
be the sole mechanism for the formation of n-propanol. In general. the catabolic route
would seem to predominate during the early growth phase when exogenous amino
nitrogen is plentiful. In the later stages when the wort becomes deficient in assimilable

nitrogen. the anabolic route is probably the major source ot higher alcohols.
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Figure 2.6. Production of higher alcohols (adapted from Lewis and Young. 1995).

The total concentration of higher alcohols produced during fermentation is
linearly related to the extent of yeast growth. Thus. conditions that promote growth. such
as increased provision of oxygen. will result in increased production of higher alcohols
(Kunze. 1996). Similarly. supplementation of worts with additional amino nitrogen also
results in stimulation of higher alcohol synthesis. In this case the nature of the amino
acids present is reflected in the spectrum of higher alcohols produced. Application of
pressure during termentation. which may be accomplished by restricting the release ot
evolved carbon dioxide, results in reduced yeast growth and is accompanied by a similar

reduction in the extent of higher alcohol formation.

2.2.2.4 Ester Production

Esters are important tflavour components. which impart flowery and fruit-like
flavours and aromas to beers. Their presence is desirable at appropriate concentrations
but failure to properly control fermentation can result in unacceptable beer ester levels.
Organoleptically important esters include ethyl acetate, isoamyl acetate. isobutyl acetate.
ethyl caproate and 2-phenylethyl acetate (Meilgaard. 1982). In total. over 90 distinct

esters have been detected in beer.
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Many factors. in addition to the yeast strain employed. have been found to
influence the amount of esters formed (Stewart et al.. 1999) during a wort fermentation:
wort composition (lipids amino acids. vitamins. inorganic nutrients. sugars, dissolved
oxygen. trub. original specific gravity) and fermentation conditions (temperature.
agitation. pH. pitching rate). Low levels of oxygen appear to enhance stimulate ester
formation (Kunze. 1996).

Esters arise as a result ot a reaction between an alcohol. which may be ethanol or
of longer-chain-length. and a fatty acyl-CoA ester. The reaction is catalyzed by an
alcohol acetyl transterase. The acyl- component of the activated tatty acid may be
acetate, produced by the action of pyruvate dehydrogenase or it may be derived tfrom the
activation of wort fatty acids. from oxo-acids by oxidative decarboxylation. from the
catabolism of fats, or from the biosynthesis of fatty acids (Hough et al.. 1982).

The spectrum of esters produced is largely strain-specitic. This may retlect the
presence of a family of alcohol acetyl transferases with difterent substrate specificities.
The relative activities of these enzymes will depend. to some extent on the availability of
the respective substrates. The rate of formation and type of ethyl ester produced is
influenced by the availability of the respective fatty acids. [n the case ot the synthesis of
acetate esters, the availability of the corresponding higher alcohol is important.

An increase in the concentration of oxygen supplied at pitching is associated with
a progressive decline in the ester content of the final beer. It is assumed that since
increased oxygen availability promotes greater yeast growth, more of the acetyl-CoA
pool is utilized in biosynthetic reactions. as seen in Figure 2.7. thereby restricting that
available for ester synthesis (Hough et al.. 1982). Norton and D Amore (1994) have also
stated that the concentration of esters decreases with an increase in oxygen availability
because ester formation is catalysed by acetyl transferase. Acetyl transtferase is inhibited
by unsaturated fatty acids and ergosterol. which in turn will increase in the presence of

oxygen.
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Figure 2.7. Metabolic interrelationships leading to ester formation (adapted from Hough
etal.. 1982).

Practical measures which can be taken to reduce overly high ester levels
(particularly in high gravity worts) include using wort with a suitably low carbon to
nitrogen ratio and an adequate supply of oxygen. both ot which promote yeast growth.
and minimize ester synthesis. The application of pressure during fermentation also
reduces both veast growth and ester synthesis (Kunze. 1996). Likely reasons tor this
effect would appear to be that intracellular carbon dioxide accumulates causing a
decrease in cellular pH control and a disruption of enzyme function. The ionic
composition of wort may intluence ester synthesis. Zinc. which as previously discussed is
often added to wort to ensure adequate yeast growth. may also encourage the tormation
of the acetate esters of higher alcohols. The effect is probably a consequence of zinc
stimulating the production of the higher alcohol from the corresponding oxo-acid. thereby

increasing the supply of precursors for subsequent ester synthesis.
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The major metabolic pathways that control ester synthesis in yeast are outlined in
Figure 2.7. From this figure and from equation 2.3 below, it can be seen why ethyl
acetate is the most common ester produced by yeast (Lewis and Young. 1995). This is
due to the fact that the most common alcohol in veast is ethanol. which is the alcoholic
precursor of ethyl acetate. Esters of higher alcohols and ethyl esters of long-chain fatty
acids are also common.
CH;CH,OH + CH;COSCoA — CH;CH.COOCH; + CoASH (2.3)

ethanol acetyl CoA ethyl acetate

2.2.2.5 Carbonyls

Over 200 carbonyl compounds are reported to contribute to the tlavour of beer.
As a result of yeast metabolism during fermentation. various aldehydes and vicinal
diketones. notably diacetyl are produced. Carbonyl compounds exert a significant
influence on the flavour stability of beer. Excessive concentrations ot carbonyl
compounds are known to cause stale tlavours in beer. The etfects ot aldehydes on tlavour
stability are reported as grassy notes (propanol. 2-methy| butanol. pentanol) and papery
tastes (frans-2-nonenal. turtural) (Meilgaard. 1982).

Quantitatively. acetaldehyde is the most important aldehyde. [t is produced via the
decarboxylation of pyruvate and is an intermediate in the formation of ethanol. [t may be
present in beer at concentrations above its tlavour threshold. at which it imparts a
“grassy’ or “green apple” character. Acetaldehyde accumulates during the period of
active growth in batch tfermentations. Levels usually decline in the stationary phase of
growth late in fermentation. As with higher alcohols and esters. the extent of
acetaldehyde accumulation is determined by the veast strain and the fermentation
conditions. Although the yeast strain is of primary importance. elevated wort oxygen
concentration, pitching rate and temperature all favour acetaldehvde accumulation. [n
addition. the premature separation of yeast from termented wort does not allow the re-
utilization of excreted acetaldehyde associated with the latter stages of fermentation
(Kunze. 1996).

Other important flavour-active carbonyls. whose presence in beer is established in

the fermentation stage, are the vicinal diketones. diacetyl (2.3-butanedione) and 2.3-
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pentanedione. Both compounds impart a “butterscotch™ flavour and aroma to beer.
Diacetyl is very important since its flavour threshold is ten-fold lower than that of 2.3-
pentanedione (Meilgaard. 1982). The organoleptic properties of higher levels of vicinal
diketones contribute to the overall palate and aroma of some ales but in most lagers they
impart an undesirable character. A critical aspect of the management of lager
termentations and subsequent processing is to ensure that the mature beer contains
concentrations of vicinal diketones lower than the flavour threshold.

Diacetyl and 2.3-pentanediones arise in beer as by-products of the pathways
leading to the formation of valine and isoleucine (Figure 2.8). The alpha-acetohydroxy
acids. which are intermediates in these biosyntheses. are in part excreted into the
fermenting wort. Here they undergo spontaneous oxidative decarboxylation. giving rise
to vicinal diketones. Further metabolism is dependent on yeast dehydrogenases. Diacetyl
is reduced to acetoin and ultimately 2.3-butanediol. as in Figure 2.9 and 2.3-pentanedione
to its corresponding diol (Hough et al.. 1982). The flavour threshold concentrations of
these diols are relatively high and. therefore. the final reductive stages of vicinal diketone
metabolism are critical in order to obtain a beer with acceptable organoieptic properties.

The diacety] concentration peak in batch fermentations occurs towards the end of
the period of active growth. The reduction of diacetyl takes place in the latter stages of
fermentation when active growth has ceased (Kunze. 1996). In terms of practical
fermentation management the need to achieve a desired diacetyl specification is often the
factor used to determine when the beer is to be moved to the conditioning phase and
filtered or centrifuged (depending on the processing procedures). Thus, diacetyl
metabolism is an important determinant of overall vessel residence time. which affects
plant capacity.

The concentration of diacetyl present in the fermenting wort is a function of the
rate formation of the diacetyl precursor. alpha-acetolactate. and the oxidative
decarboxylation of the precursor to form diacetyl and the consequent reduction of
diacetyl to acetoin. These reactions are influenced by the yeast strain. the wort
composition. the type of fermenting vessel employed and the fermentation conditions.
Fermentation conditions that favour veast growth rate. and consequently an increased

requirement for amino acid biosynthesis from pyruvate, would be expected to lead to



elevated levels of alpha-acetolactate. These conditions include high temperatures and
pitching rates and an increased level ot wort oxygen, but may be modulated by wort
composition. Consequently. when the assimilable amino-nitrogen level is high. there will
be a reduced requirement for amino acid synthesis and potentially a lower level of alpha-
acetolactate. In addition. the presence of valine and isoleucine specifically inhibits the

tormation of alpha-acetohydroxy acids (Nakatani et al.. 1984a: Nakatani et al.. 1984b).
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Figure 2.8. Formation of diacetyl and 2.3-pentanedione as by-products of pathways

leading to the formation of the amino acids valine and isoleucine (adapted from Hough et
al.. 1982).

Higher levels of alpha-acetolactate in fermented wort do not always lead to high
diacetyl concentrations in beer. The non-enzymatic oxidative decarboxylation of alpha-
acetolactate is the rate-determining step in the diacetyl cycle. The presence of oxygen is
not essential since metal ions such as Cu™™ . Fe’” and A1°" may serve as alternative
electron donors. The rate of formation of diacetyl from alpha-acetolactate is influenced
by pH. Within the range encountered in fermenting wort. a low pH promotes diacetyl
tormation but high wort pH's (>5.3) at pitching will promote yeast growth and elevated

levels of alpha-acetolactate and potentially. therefore, diacetyl formation.
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Figure 2.9. Reduction of diacetyl to acetoin and 2.3-butanediol (adapted trom Russell and
Stewart. 1992).

The reduction of vicinal diketones in the later stages of fermentation and during
maturation requires the presence of adequate yeast in suspension in the fermented wort.
Thus. where the yeast is particularly tlocculent. premature separation may be
accompanied by low rates of diacetyl reduction and potentially elevated levels in finished
beer. Diacetyl removal is also affected by the physiological condition of the veast. When
the pitching yeast is in poor condition. such that the primary fermentation performance is
suboptimal. the yeast present during the latter stages will be stressed and the period of
diacetyl reduction prolonged (Kunze. 1996).

A number of strategies can be adopted to ensure that beer diacetyl specitications
are achieved. Diacetyl removal can be attained post-fermentation in the conditioning
stages of brewing. which is the basis for traditional lagering. This is a slow process.
expensive in terms of time and conditioning capacity. Alternatively. one can ensure that
minimum diacetyl concentrations are achieved before the beer is removed from the
fermenter. [t is necessary to select fermentation conditions such as pitching rate. wort
dissolved oxygen and attemperation regimes. which provide an optimum profile. In
practice. the aim is to promote the maximum alpha -acetolactate levels as early as

possible, so that the resultant diacetyl may be rapidly reduced due to the presence of an



elevated suspended yeast count. [ncreasing the fermentation temperature approximately
two-thirds through the fermentation cycle also stimulates this reductive phase.

There are a number of novel methods that are currently being developed to
control beer diacetyl levels (Inoue. 1992). One involves the use of immobilized yeast
technology (Pajunen et al.. 1987). Research has also been conducted on the genetic
modification of brewer’s yeast strains in order to reduce their diacetyl tormation
potential. The third strategy involves the enzyme alpha-acetolactate decarboxylase which
catalyses the direct formation of acetoin from alpha-acetolactate. Several bacterial
species possess this enzyme activity but it is not present naturally in brewing yeast
strains. The alpha-acetolactate decarboxylase gene has been isolated trom Acerobacter sp.
(the bacteria employed for vinegar manufacture) and inserted into brewing yeast. The
fourth strategy involves the addition of the enzyme alpha-acetolactate decarboxylase. to
the cold wort prior to fermentation. This enzyme transforms the acetolactate directly into
acetoin, thus by-passing the diacetyl stage (Jepsen. 1993). Researchers have also
examined the potential of immobilizing the enzyme alpha-acetolactate decarboxylase.,

thus allowing tor its subsequent removal and reuse (Dulieu et al.. 1996).

2.2.2.6 Sulphur Compounds

Sulphur compounds make a significant contribution to the tlavour of beer.
Although small amounts ot sulphur compounds are acceptable or even desirable in beer.
in excess they give rise to unpleasant off-flavours. and special measures such as purging
with COas. or prolonged maturation times. are necessary to remove them. Many of the
sulphur compounds present in beer are not directly associated with fermentation but are
derived from the raw materials employed. However, the accumuiation of hydrogen
sulphide (rotten egg aroma) and sulphur dioxide (burnt match aroma) are dependent on
yeast activity. Failure to manage fermentation properly can result in unacceptably high
levels of these compounds occurring in the finished beer (Hough et al.. 1982).

Dimethylsulphide (DMS) is one of the major flavour congeners found in
continental European lager beers. This compound has the aroma characteristics of cooked
corn (maize) or garlic. In beer it originates from two primary sources: the hydrolysis of

malt S-methylmethionine (SMM) during mashing and from the reduction of



dimethylsulphoxide (DMSQ) by veast. Normally. the majority of the DMS is produced
by yveast and 80% of that DMS comes from the DMSO in the wort. Malt variety has a
direct influence on DMSO levels in wort (Hough et al.. 1982).

To conclude section 2.2. Figure 2.10 summarizes the major metabolic

interrelationships in yeast atfecting the formation of beer flavour compounds.
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Figure 2.10. [nterrelationship between yeast metabolism and production of beer tlavour
compounds (adapted from Hough et al.. 1982).



'2.3 Continuous Fermentation Using Immobilized Yeast Cells

In this section fundamental aspects of continuous fermentation using immobilized

veast cells tfor beer fermentation are reviewed.

2.3.1 Practical Importance of Cell Immobilization

Producing an alcoholic beverage such as beer using a continuous fermentation

system otfers several important advantages over the commonly used batch systems:

e a more uniform product:

e less process supervision:

e very high bioreactor volumetric productivity (product weight/unit time/unit bioreactor
volume).

Immobilization may be used as a tool to contine intact cells to an inert carrier
within a bioreactor. This “tool™ will further increase the efficiency ot a continuous
fermentation system (Atkinson. 1986: Karel et al.. 1985: Mensour et al.. 1996) by
providing:

e high cell densities per unit bioreactor volume which result in very high termentation
rates:

e the reuse of the same biocatalysts (yeast cells) for extended periods of time due to
constant cell regeneration:

e casy separation ot biocatalyst from the liquid phase where the desired products are
present thus minimizing separation costs:

e improved tolerance or protection of cells from product inhibition:

e smaller bioreactor volumes which may lower capital costs.

Continuous fermentation using immobilized cells also allows for efficient plant
utilization during peak sales periods. Continuous smaller-scale high rate fermentation
systems can be stepped up to meet peak output when required. This is an improvement
over the current technology. which utilizes large batch fermenters which are usetul
during peak production times. but are underutilized during off-times (Dunbar et al..

1988). It was also observed that immobilized cells are less susceptible than free cells to

' A version of section 2.4 has been published (Pilkington et al.. 1998b).



the effects of certain inhibitory compounds. pH variations, and nutrient depletion (Cho et

al.. 1982: Margaritis and Wallace, 1982: Norton et al.. 1993).

The process advantages offered by continuous fermentation will have a
pronounced impact on the brewing industry. The traditional beer production process is
operated in batch mode using free cells and it generally takes 5-7 days to complete
primary fermentation. [nitial studies show that a continuous immobilized cell svstem can
reduce the time required for primary fermentation to as little as one day (Mensour et al..
1997). Coupled with a heat treatment process. maturation using immobilized cells has
shortened the process from 5-21 days to 2 hours (Dillenhoffer and Ronn. 1996).

Many obstacles must be overcome to bring this continuous process to industrial
fruition. Through multi-staged systems. some research groups have successtully
produced a beer of acceptable quality using continuous fermentation. However. many of
these systems are extremely complex and do not lend themselves to scale up or
implementation in a location where sophisticated technical assistance is not available.
[deally. an industrial scale continuous beer fermentation system should be simple. robust.
and not labour intensive to operate.

Other aspects of immobilized systems requiring more research before continuous
fermentation becomes a viable industrial alternative to batch beer fermentation include:

e Process contamination may require that production be stopped. equipment sterilized
and restarted. This could be a disadvantage if continuous fermentation startup time is
significant;

e  When the goal of the immobilized cell process is to produce an exact flavour match to
an existing batch-produced beer. additional difficulty is added:

e New and unique challenges will be encountered when trying to produce a range of
different products using immobilized cells. In order to avoid stopping and restarting a
continuous immobilized cell process with new veast, different products would have to
be produced by using different worts or by further modifications downstream of
primary fermentation:

e The addition of an immobilization matrix to the process could add complexity in
terms ot handling. shipping. costs, sanitation. and selection of the most suitable

matrix for the bioreactor system being used:



(9%
9

e New scientific techniques continue to need further development for the study of the

etfects of immobilization on yeast cell metabolism and physiology.

2.3.2 Properties of Immobilized Cell Systems

Whole-cell immobilization is defined as the localization of intact cells to a
detined region of space with the preservation of catalytic activity (Karel et al.. 1985). An
immobilized cell system is described by Abbott (1978) to be any system in which
microbial cells are confined within a bioreactor. thus permitting their reuse. Methods of
immobilization include physical entrapment within a porous matrix. attachment or
adsorption to a pre-formed carrier. self aggregation by tlocculation or crosslinking
agents. and cells contained behind a barrier. All of these methods have a similar purpose:
to retain high cell concentrations within the bioreactor. leading to increased volumetric
productivity of the system and lowered fermentation costs. Figure 2.11 illustrates basic
immobilization techniques.

An immobilized cell system should have the following properties tor large scale
industrial application:

e the system should be simple. efficient. easy to operate and give good vields:
e the carrier material must be nontoxic. readily available and affordable:
e the carrier material should allow for high cell {oading and physical strength:

e the cells should have a prolonged viability in the support.



(a) Cells entrapped or (b) Adsorption or attachment
encased in a matrix to a preformed carrier
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Figure 2.11. Basic methods of cell immobilization.

2.3.2.1 Physical Entrapment within a Porous Matrix

The entrapment of immobilized cells within a porous polymeric matrix
such as calcium alginate (Bejar et al.. 1992: Curin et al.. 1987: Masschelein et al.. 1985:
Nakanishi et al.. 1986: Nedovic et al.. 1996: Pajunen et al., 1987; Ryder. 1985: Shindo et
al.. 1994 White and Portno. 1978) or kappa-carrageenan (Norton and D" Amore. 1994
Wang et al.. 1982). along with some others (Gopal and Hammond. 1993: Okazaki et al..
1993). has been studied extensively. Polymeric beads are usually spherical with
diameters ranging trom 0.3 to 3.0 mm. [mmobilizing yeast cells using entrapment is a
relatively simple method and a high biomass concentration is facilitated. Margaritis et al.
(1987) reported one of the first pilot scale gas-lift draft tube bioreactor systems. using
immobilized yeast in calcium alginate beads to produce ethanol in repeated fed-batch

operation.
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Some researchers have moved away from entrapment matrices and are currently
tocusing on adsorption techniques for several reasons. At present. gel entrapment
matrices are not produced economicatly on an industrial scale. Diffusion limitations due
to the gel matrix and high biomass loadings can cause metabolite concentration gradients
within the polymer beads. The concept of utilizing the different microenvironments
within a gel entrapment matrix is being studied for wastewater treatment systems by dos
Santos et al. (1996) who refer to the "magic bead concept™ in which the nitrifyving
bacterium Nitrosomonus europaea and the denitrifier Paracoccus denitrificans are co-
immobilized in double-layer gel beads. [t was found that oxygen (de Beer et al.. 1993:
Hooijmans et al.. 1990: Kurosawa and Tanaka. 1990: Wijttels et al.. 1995). due to
limitation of its uptake and diffusion. rarely penetrates greater than a few hundred
micrometers into the gel bead when it is the limiting substrate. Thus. in a single-stage
continuous air lift reactor. the aerobic nitrification step was carried out in the outer layer
while the anaerobic denitrification took place in the bead core (dos Santos et al.. 1996).
This result may prove to be useful for achieving aerobic and anaerobic stages during beer
fermentation.

Another limitation of gel entrapment includes the loss of gel mechanical integrity.
by dissolution or by breakdown due to abrasion. compression. or internal gas
accumulation (Gopal and Hammond. 1993). Researchers have treated alginate gel beads
with stabilizing agents such as sodium meta-periodate and glutaraldehyde (Birnbaum et

al.. 1981) or Al’” (Roca et al.. 1995)to improve gel mechanical strength.

2.3.2.2 Attachment or Adsorption to a Preformed Carrier

Adsorption involves the reversible attachment of biomass to a solid support
mainly by electrostatic. ionic and hydrogen bonding interactions. Because it is known
that veast cells have a net negative surface charge. a positively charged support will be
most appropriate for immobilization (Bickerstaff. 1997). There are two main types of
whole-cell adsorptive immobilization carriers: (a) carriers that allow adsorption only onto
external surfaces. because pore sizes are too small to allow microorganisms to penetrate

inside. and (b) carriers with large enough pores to allow adsorption onto internal surfaces
(O'Reilly and Scott. 1995).
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Biomass loading is generally lower in adsorbed cell systems than those obtainable
in gel entrapment matrices, but mass transfer may be more rapid. Adsorptive matrices do
not have the additional gel diffusion barrier between the cells and the bulk fermentation
medium. Another advantage to using adsorption matrices is the regenerability of the
support.

The strength of cell attachment to an adsorption carrier depends on both cell and
matrix type. Since there is no barrier between cells and the surrounding medium. these
immobilization matrices may have significant cell leakage. This is not appropriate tor
processes requiring a cell-free effluent. Environmental ionic strength. pH. temperature,
along with physical stresses such as agitation and abrasion can induce cell desorption.
Another limitation ot adsorption cell carriers is the possibility of non-specific binding of

charged materials within the fermentation medium (Bickerstaft. 1997).

2.3.2.3 Self Aggregation of Cells by Flocculation

The formation of cell aggregates by flocculation. shown in Figure 2.11 (c). is the
most simple and least expensive immobilization method. but the least predictable.
Stewart and Russell (1986) detine flocculation as “the tormation of an open
agglomeration that relies upon molecules acting as bridges between separate particles.”
The natural flocculating ability of yeast cells may be exploited (Paiva et al.. 1996) or
crosslinkers may be added to bolster the process of aggregation for cells that do not do so
naturally. The control of cell aggregation is important to maximize bioreactor efticiency.
Factors which influence the natural flocculation characteristics of brewer’s veast strains
include the genetic make-up of the strain. the cell wall structure and surface charge. the
growth phase. incubation temperature. medium pH. cation composition of the medium.
and other wort components (Stewart and Russell, 1986).

Weak tlocculation activity will result in slow cell sedimentation rates. which
could cause cells to be “washed out™ of the bioreactor with the fermentation medium and
result in a low cell concentration in the bioreactor with insufficient fermentation rates.
On the other hand, larger flocs with a very high flocculation activity may result in low
concentrations of active yeast cells due to the diffusion limitation of substrate to the cells

inside the flocs (Kuriyama et al.. 1993).



Dominion Breweries Limited in New Zealand (Coutts. 1956: Dunbar et al.. 1988)
has been successtully using a tflocculent lager veast strain for the continuous fermentation
of beer for almost 40 years. This brewery uses a hold-up vessel followed by two stirred
tank fermenters for the continuous primary fermentation. After primary fermentation. the
flocculent yveast are separated from the green beer by gravity in a conical settler. Yeast is
then recycled from the first stirred tank fermenter and the conical settler back into the
hold-up vessel to achieve more precise control of the rate of termentation. Labatt
Brewing Company Limited in Canada was also active in earlier work on continuous
primary fermentation of beer (Geiger and Compton, 1957).

Researchers at the VTT Biotechnology and Food Research Laboratory in Finland
(Linko et al.. 1996) compared the behavior of strongly and weakly flocculent veast cells
immobilized on two difterent carriers. Siran® (sintered glass) and Spezyme® (DEAE
cellulose) for the primary termentation of beer. They found that the strongly flocculent
veast cells accumulated on the immobilization carriers faster and consequently the
desired wort attenuation was reached more quickly than with the weakly tlocculent veast
strain. In addition. they noted that a genetically modified superflocculent yeast strain that
flocculated too early for use in conventional batch fermentations. might prove to be very

usetul in continuous fermentations.

2.3.2.4 Cells Contained Behind a Barrier

In this type of immobilization, cells are confined to a desired area in the fermenter
using a membrane. The cells may be suspended in the liquid phase or the cells may be
attached to the surface and/or entrapped within the membrane matrix (Gekas. 1986). A
barrier formed by the liquid-liquid interface between two immiscible fluids can also be
used for immobilization (Karel et al.. 1985). Cell retention behind a membrane barrier
has not been widely used to immobilize veast cells for the continuous production of beer.
but there are several groups who have investigated the concept for continuous ethanol
production (Inloes et al.. 1983: Kvung and Gerhardt. 1984; Margaritis and Wilke. 1978a:
Margaritis and Wilke. 1978b: Mulder and Smolders. 1986). Kyung and Gerhardt (1984)
investigated continuous ethanol production using Saccharomyces cerevisiae immobilized

in a membrane-contained fermenter. Microporous dialysis membranes provided a barrier



which retained the yeast cells in the fermenter and simultaneously allowed inhibitory
termentation products such as ethanol to be continuously removed in order to boost
reactor productivity. The problem of membrane plugging must be overcome for this
immobilization mode to become a practical industrial-scale method for continuous

ethanol production in the tuture.

2.3.3 Methods for Measurement of Immobilized Cell Viability and Vitality

One of the greatest challenges facing fermentation researchers today is to find
methods for measuring yeast viability and vitality that are accurate and practical for
commercial use. Yeast viability is defined as the percentage of live cells in a sample. and
yeast vitality is a measure of yeast activity or fermentation performance (Axcell and
O Connor-Cox. 1996: Lentini. 1993: Uttamlal and Walt, 1995). Lentini (1993)
specifically describes yeast vitality as “a function of the total cell viability and the
physiological state ot the viable cell population™. [n order to efficiently and consistently
produce quality beer using an immobilized cell system. one must understand the impact
of such a system on veast physiology and growth.

Many criteria are used to assess yeast cell viability and vitality. Consequently.
the perceived viability of a yeast sample may vary depending on the criteria selected. It
1s often beneficial to monitor a combination of parameters to gain a more complete
understanding of a yeast’s physiological state. Some of the key methods for studving

veast vitality and viability are outlined in the following sections.

2.3.3.1 Use of Specific Dyes for Assessing Cell Viability and Vitality

Methylene blue is the dye most commonly used for yeast cell viability staining.
Viable cells are able to reduce this stain to colourless. whereas non-viable cells are
unable to reduce the stain rendering them a deep blue-purple shade (Lentini. 1993). Other
brightfield stains which have been used to monitor yeast cell viability include methylene
violet (Smart et al.. 1999). aniline blue (Lee et al.. 1981) and crystal violet (Evans and
Cleary. 1985).

There are also many fluorescent stains designed to assess yeast cell viability and

vitality. When fluorescent stains are used in conjunction with confocal microscopy
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(Bancel and Hu. 1996; Llovd et al.. 1996:; Parascandola and de Alteriis. 1996) or flow
cytometry (Doran and Bailey. 1986a: Doran and Bailey. 1986b: Gift et al., 1996: Hutter.
1996: Lloyd et al.. 1996) valuable information may be obtained on yeast cell growth and
metabolic state. Kasten (1993) gives a comprehensive overview of stains available and

fluorescence microscopy techniques.

2.3.3.2 Capacitance

The principle of this method is that the application of a radio frequency to a viable
cell results in a charge buildup within the membrane. and a capacitance is generated
(Lentini. 1993). Non-viable cells are unable to generate this capacitance. A linear
correlation has been demonstrated between capacitance and viable yeast biomass (Austin
et al.. 1994).

Kronl6t and Virkajdrvi (1996) recently showed that capacitance probes are
suitable for monitoring viable yeast biomass in both freely suspended and immobilized
cell systems. Yeast cells were immobilized on porous glass carriers (Siran®) and DEAE-
cellulose (Spezyme®). They pointed out that although this method correlates well with
methods such as staining tor the detection of viable cells. it does not provide required
additional information about the yeast cell’s metabolic state. Therefore this method is
often used in conjunction with other methods for measuring veast vitality such as

nicotinamide adenine dinucleotide (NADH) or adenosine triphosphate (ATP) assays.

2.3.3.3 The Power of Reproduction as a Viability Indicator

Standard plate count measures the ability of yeast cells to proliferate and form
colonies on nutrient agar. It generally takes three days for visible colonies to form and
viability is assessed by counting the number of colony forming units (CFU). Care must
be taken when using this method on very flocculent yeast (Lentini. 1993).

Yeast viability by slide culture is also based on the ability of yeast cells to
proliferate. A drop of yeast culture is placed on a film of nutrient agar and atter
approximately 18 hours of incubation the formation of microcolonies is observed under
the microscope. Cells which have given rise to microcolonies are scored as viable

whereas single cells that have not formed microcolonies are scored as non-viable



(Technical Committee and Editorial Committee of the ASBC, 1992). The technique is
relatively less time-consuming than standard plate counts but still much slower than the
staining techniques. An advantage of the slide culture method is that it is accurate at

relatively lower yveast cell viabilities than the staining methods.

2.3.3.4 Viability and Vitality Methods based on Cell Metabolic State

a) Adenosine Triphosphate (ATP)

ATP (adenosine 5 triphosphate) is a good indicator of cell viability since it is
present in all living cells and is degraded quickly when cells die. ATP allows tor the
detection of viable cells in a shorter amount of time (10-135 minutes) than with traditional
plating techniques. Since the quantity of ATP per cell does not vary significantly for a
given strain (but varies between strains). it can be inferred that the amount of ATP
present in a biomass sample is proportional to the number of viable cells present. Another
advantage of ATP as a viability indicator is the amount of ATP present in a cell is does
not vary greatly with growth rate. Therefore a correlation between ATP concentration
and the amount of viable cell mass can be made (Gikas and Livingston, 1993).

Gikas and Livingston (1993) used ATP bioluminescence to characterize biomass
viability in freely suspended and immobilized cell bioreactors. They concluded that the
kinetic data obtained for freely suspended cells could not adequately describe
immobilized biomass kinetics. because immobilized cells may be in signiticantly
different metabolic states from treely suspended cells. They questioned whether
difterences in ATP levels between freely suspended and immobilized cells reflect
ditferences in the biomass viable fraction or differences in metabolic state.

b) NADH Fluorosensor

NADH has successfully been used as a non-invasive, on-line method of
monitoring freely suspended and immobilized yeast cell metabolism (Doran and Bailey.
1986a: Li. 1991). Viable cells contain nicotinamide adenine dinucleotide (NAD)
coenzyme whereas non-viable cells normally lose their NAD (Chahal. 1992). The
oxidized form. NAD" is used by dehydrogenases to accept electrons from their substrates.
For example. in the enzymatic conversion of malate to oxaloacetate in the presence of

oxygen, malate dehydrogenase (MDE) first binds to NAD" to form a complex of MDE-
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NAD’. This complex then combines with malate to form a complex. MDE-NAD"-

malate. From here. NADH. H™ ion. and oxaloacetate are released. as seen in equation 2.4.

malate + NAD™ & oxaloacetate + NADH + H~ 2.4

(oxidized) (reduced)

The reduced form. NADH. fluoresces while the oxidized form. NAD". does not.
NADH is strongly fluorescent with an emission maximum at 460 nm wavelength. The
total NAD is the sum of NADH and NAD". The reducing state is defined as the ratio of

the reduced torm to the total amount of NAD. given in equation 2.3.

Reducing State = [NADH] / ([NAD™] + [NADH)]) (2.3)

Cell metabolic state determines the reducing state, which will remain constant unless
there is a shift in metabolism. Thus. the influence of substrates such as oxygen on the
reducing state may be predicted. When oxygen is in excess. the reducing state
approaches zero because NADH is easily oxidized to form NAD™ and H>O. and when
there is a lack of oxygen available to the cells. the reducing state approaches one. The
concentration of NADH as well as the intensity of the fluorescent signal are intluenced
by the number of viable cells. the reducing state of the cells and environmental ettects.
Measuring NADH has an advantage over monitoring dissolved oxygen or pH because it
measures. directly in real time. events occurring within the cell rather than changes in the
cell’s outside environment.
c) Specitic Oxyvgen Uptake Rate (BRF Yeast Vitality Test)

Researchers at the Brewing Research Foundation International (BRFI) developed
a method to determine the vitality of pitching yeast by measuring its specific oxyvgen
uptake rate (Daoud and Searle. 1986). Various groups (Daoud and Searle. 1986: Kara et
al.. 1987: Martens et al.. 1986) have shown a correlation between the oxygen uptake rate
of yeast and fermentation performance. if yeast viability is less than 90%.

A reduced oxygen uptake rate parallels other yeast changes such as a reduction in

veast liptds, glycogen. acidification power test value, and yeast viability (Imai. 1996).
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Generally, oxygen uptake rate correlates well with yeast fermentation performance.
however. Wheatcroft et al. (1988) found that oxygen uptake rate did not correlate well
with fermentation performance when the veast had previously been acid-washed. Even
though the acid-washed yeast showed decreased specific oxygen uptake rates. there was
better fermentation pertormance than with non-acid-washed yeast.

The biocatalytic activity of the nitrogen-fixing bacterium. Vibrio nutricgens
(Buneckea natriegens). immobilized on Celite®. was studied by Gikas and Livingston
(1996) using specific oxygen uptake rate [mg (O) g™’ (dry biomass) h']. Specitic
oxygen uptake rates for immobilized and free cells in a three phase air lift reactor were
compared and it was found that the uptake rates were signiticantly lower for the
immobilized bacterial cells, implying a lower metabolic activity in the immobilized cell
system.

d) Acidification Power

The acidification power test developed by Opekarova and Sigler (1982) measures
the drop in extracellular pH of a suspension of veast cells after the addition of glucose.
This method is usetul tor detecting large ditferences in yeast metabolic activity. The
veast acidification power test requires extensive veast washing and multiple sample
points which makes it impractical to use this test on immobilized cells in situ.

e) Intracellular pH (ICP) Method

The [CP method uses a pH-sensitive fluorescent reagent to measure the
intracellular pH of individual cells. It was found that the intraceilular pH of more active
veast cells does not decrease. even if the extracellular pH is low. whereas the intracellular
pH of less active cells actually decreases under low extracellular pH conditions. This test
may be able to detect more subtle changes in yeast cell vitality than the acidification
power test (Imai.1996).

f) Measurement of Yeast Vitality by Stress Response

As stated earlier. vitality may be considered a measure of veast activity or
fermentation performance. It has also been defined as the ability of cells to endure or
overcome stress (Axcell and O Connor-Cox. 1996). Therefore one could relate vitality to
the response of yeast cells to stresses such as ethanol. heat shock. and high salt

concentrations. Methylene blue, fluorescent dyes (Axcell and O Connor-Cox. 1996). and



standard plate counts (Norton et al.. 1995) may be used to assess the ability of cells to
remain viable after being subjected to a given stress.

Norton et al. (19935) assessed the ethanol and heat tolerance of brewers” yeast
entrapped in kappa-carrageenan gel. Free and immobilized Saccharomyces cerevisiue
cells were exposed to ethanol concentrations of 0. 18%. and 19.4% (v/v) for a given
length of time and viability was then measured using standard plate counts. Heat
tolerance was measured by incubating yeast cells at 48°C for various lengths of time with
periodic shaking. Cell viability following heat shock was also measured using standard
plate counts. It was found that for immobilized cells there was a significant increase in
yeast survival against ethanol as compared to tree cells. but no distinct ditference in heat
resistance was noted. The study concluded that the carrageenan gel matrix provided
protection to the entrapped yveast cells against ethanol. When entrapped celis were
released from the carrageenan matrix, their ethanol tolerance returned to that of free cells.
g) Magnesium Release Test (MRT)

The Magnesium Release Test (Mochaba. 1997) is based on the observation that
low molecular weight species such as magnesium. potassium. and phosphate ions are
released by the yeast immediately following inoculation into glucose containing medium.
Trials performed on Saccharomyces cerevisiae showed that cells which released greater
quantities of magnesium immediately after inoculation into high gravity (16 °Plato) wort
exhibited higher vitality and better fermentation performance than veast which released
lower amounts of magnesium. Subsequent fermentations performed using the more vital
veast were characterized by shorter lag phases. higher cell counts, higher end ethanol

concentrations. and lower diacetyl levels.

2.3.4 Methods for Determining Cell Distribution and Growth Patterns within
Immobilized Cell Matrices

2.3.4.1 Method of Successive Dissolution of Layers from Gel Beads

When calcium alginate is used to entrap veast cells. calcium chelators such as
phosphates and citrates may be used to dissolve ““shells™ of alginate and biomass trom the
beads (Cho et al.. 1982; Gilson and Thomas. 1995; Roukas. 1994). By measuring the

concentration and viability of cells inside each shell. information can be obtained about



the spatial distribution of viable cells within the entrapment matrix. Usually shells
obtained using this method have a thickness greater than 50 um. When biomass profiles
are steep within the beads. greater resolution is required to obtain an accurate picture of
veast cell distribution. Released biomass from each shell is assessed tor viability by
using methylene blue staining. fluorescent dyes or by plating. Problems with this method
include uniformity of dissolution of the matrix, finding a suitable nontoxic solution tor
dissolving the entrapment matrix. and overall accuracy limitations.

Recently. Parascandola and Alteriis (1996) studied the spatial growth patterns of
Succharomyces cerevisiue cells entrapped in starch-hardened gelatin discs. They used a
multi-step digestion method to collect cells belonging to five different layers of the discs.
Dtluted trypsin was used to release the cells from the gelatin and yeast viability. from
each of the layers. was then measured by staining the cells with the fluorescent stain

Rhodamine 123 and examining them under a confocal microscope.

2.3.4.2 Physical Sectioning of Immobilized Cell Matrix

A biomass distribution can be obtained by slicing matrices containing yeast cells.
To avoid matrix compression and to obtain an accurate distribution. the sample is often
dried and embedded in a resin. or frozen. Shrinkage has been observed during this
preparation (Wijffels. 1994). Beads can then be sliced using a microtome or razor bilade
and cell concentration within each section is obtained using image analysis and the
appropriate viability or vitality stains. However. this invasive slicing method may cause

alterations in cell distribution and other aberrations (Bancel and Hu. 1996).

2.3.4.3 NMR Imaging

Nuclear magnetic resonance imaging (NMRI) is a non-invasive technique to study
spatially, the chemical and physical properties ot small samples (Lewandowski et al..
1993). Lewandowski et al. (1993) used NMRI to better understand the dvnamics of
biofilm growth and external liquid film flow velocity distribution. These studies are of
importance since the extent of biofilm growth is influenced by the local chemical
environment and tluid flow conditions. Substrates must also be transferred through the

biofilm-bulk medium interface to reach the cells. In addition, researchers were able to
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gather information on velocity distribution using NMRI near microbially colonized

surfaces with an imaging time of 8-16 minutes.

2.3.4.4 The Use of Confocal Microscopy for the Determination of Viable Cell
Distribution within Porous Microcarriers

Contocal microscopy is a valuable tool for studying the viability of immobilized
cells because of its unique ability to take optical sections of three dimensional objects in a
non-invasive manner. This depth discrimination property allows only the region of the
object that lies close to the tocal plane to be imaged efficiently (Masters and Thaer.
1994). Using confocal microscopy. one could potentially obtain three-dimensional
images of yeast cell growth and viability distribution within porous microcarriers without
actually disrupting the carrier matrix.

In an clegant study by Lim et al. (1992) the spatial distribution of mammalian
cells grown on modified macroporous gelatin microcarriers was studied using confocal
microscopy. Optical sectioning. employing confocal microscopy and ethidium bromide
for cell staining. allowed the researchers to visualize the distribution of cells at difterent
stages of growth within the macroporous microcarriers. They tound that cells initially
only attach to the external surface or within the external cavities of the macroporous
microcarriers. Subsequently. there was a slow migration ot cells toward the interior of
the beads. Confocal microscopy revealed that penetration and growth of cells to within
the cuter half of the radius of the microcarriers accounted for 87% of surface utilization
efficiency. whereas the central core. comprising the inner half radius of the spherical
particles. contributed only 13% of the total available void fraction.

Bancel and Hu (1996) used confocal laser scanning microscopy to examine the
distribution of viable hybridoma cells within macroporous microcarriers. Confocal
microscopy was used to avoid the potential artifacts that may be generated using physical
sectioning. A cationic tluorescent vital stain. dialkyl indocarbocyanine. was used for the
hybridoma cells and a second stain. fluorescein isothiocyanate. with a different emission
wavelength. was used to render the microcarriers uniformly fluorescent. The confocal
microscope allowed the researchers to take serial optical sections of the immobilized cells

and the carrier in a non-invasive manner with the maintenance of cell viability. Their



results showed that the initial spatial distribution of cells within the carrier atfects the
kinetics of cell growth and the maximum biomass loading possible. These factors will

have a significant effect on immobilized cell bioreactor performance.
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2.4 The Effects of Immobilization on Yeast Metabolism and Beer Flavour

One of the biggest challenges facing researchers investigating continuous beer
fermentation lies in understanding the effects that this process change has on veast
metabolism and beer flavour. A brief review of recent research on beer flavour
production using continuous immobilized cell fermentation processes is given below. The
bioreactor configurations and designs used by the major research teams exploring
immobilized yeast technology systems for beer termentation. was reviewed recently by
our group (Mensour et al.. 1997).

Curin et. al. (1987) conducted repeated batch fermentations using alginate-
entrapped yeast cells. A major focus of their study was to control operational parameters
in order to lower diacetyl production. They found that immobilized veast formed more
vicinal diketones than free veasts. By lowering the yeast pitching temperature. adjusting
the volume ratio of carrier and wort. and keeping the initial concentration of oxygen in
the wort below 2.0 mg/L. vicinal diketone levels could be lowered during immobilized
cell fermentations.

Inoue (1987) reported that a reason for the increased vicinal diketone levels
observed in immobilized cell termentations is the suppression of veast cell growth under
immobilization conditions. The cells in the interior of the beads do not take up any
oxygen and therefore do not grow. [f an immobilized cell fermentation does not have
enough cell growth. then there is inadequate free amino nitrogen consumption. The
amino acids valine and isoleucine are the end products in the pathway. which produce
vicinal diketones. These enzymes are etfective feedback inhibitors of acetohydroxy acid
synthetase, the enzyme which catalyses the production of the vicinal diketone precursor.
Therefore. if an immobilized cell fermentation has inadequate free amino nitrogen (FAN)
consumption. then there is no teedback inhibition of acetohydroxyacid production until
valine and isoleucine begin to be consumed. Inoue states that oxygen deficiency causes
this sluggish amino acid uptake rate. Masschelein et al.. 1985. also drew similar
conclusions regarding excessive diacetyl production when cell growth (reflected by
inadequate removal of isoleucine and valine) is severely limited by immobilization or

bioreactor configuration.
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Shindo et al. (1994) compared the activity of acetohydroxvacid synthetase in cell-
free extracts of free and immobilized veast cells. They found that when the initial
concentration of yeast immobitized in calcium alginate gel was increased. the production
of diacety! precursor was reduced by more than two thirds.

The process parameters atfecting the removal of wort aldehydes in free and
immobilized systems was examined by Debourg et al. (1994) for the production of low-
alcohol beer. Wort carbonyls are major contributors to the worty ott-tlavours detected in
low-alcohol beer. They found that immobilized cell fermentations. at high residence
times and low temperatures were the best compromise between low alcohol content and
sub-tlavour-threshold aldehyvde levels. Yeast cells were immobilized on either DEAE-
cellulose particles or on sintered silicon carbide rods in a loop reactor configuration.
Similar trends in aldehyde reduction were observed. The most significant factor
controlling residual aldehyde levels in the beer was the fermenter residence time.

Batch studies were performed by Hinfray et al. (1994) on free and agar-entrapped
Saccharomyces cerevisiae cells in order to examine the influence of oxygenation levels
on glucose alcoholic fermentations. They indicated that past studies by Ryu et al. (1984)
showed that small amounts ot dissolved oxygen enhance the specific ethanol production
rate of free Saccharomyces cerevisiae cells compared with anaerobic conditions.
However. they observed that the beneticial eftects of low oxygen on glucose
fermentation were not found with immobilized cell cultures. The researchers speculated
that this is due to mass transter limitations. They also suggested that these same mass
transfer limitations protect entrapped microorganisms from the inhibiting effects of high
oxygenation levels during glucose fermentation.

Dominion Breweries in New Zealand (Dunbar et al.. 1988) has been operating a
commercial continuous fermentation system since 1956 using a highly flocculent veast
strain. Their system consists of a hold up vessel (HUV). 2 fermentation vessels (CF1 and
CF2). a yeast separator (YS). and beer storage tanks. They have found that the flow rate
at which they operated in their continuous system significantly affected the concentration
of diacetyl and 2.3-pentanedione (vicinal diketones. VDKs) in each of the continuous
fermentation vessels. When the residence time was high (flow rates low) peak VDK

levels were reached in CF1 and then decreased in CF2 and further decreased in the yeast
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separator. However. lower residence times (higher flow rates) caused higher peak VDK
levels and there was no reduction found in the downstream components of the system. In
the case with the higher flow rates/shorter residence times. greater beer productivities
resulted. Therefore a higher flow rate/shorter residence time could be used if the beer was
allowed some additional aging time until the final diacetyl level in the beer was about the
same as that in the beer produced at the lower tlow rate/longer residence time. The
advantage of this was that the flow rate could be increased during periods of high
demand. as long as there was adequate storage available for the increased maturation
load. With regard to ester production. Dunbar et al. (1988) found the overall rate of ester
production reached a maximum in the hold up vessel at the beginning of fermentation.
when the yeast was most actively growing. Ester levels could be controlled by changing
the top pressure in the CF fermentation vessels.

Masschelein et al. (1985) conducted termentation studies using yeast cells
immobilized in alginate gel. The effect of oxygen mass transfer to immobilized yeast
cells was examined in terms of oxygen removal rates and fatty acid svnthesis. [t is known
that the biosynthesis of a given mono-unsaturated tatty-acyl residue is produced from the
corresponding saturated residue in a reaction involving NADPH and molecular oxygen.
Therefore. if the cells at the center of a gel bead receive an inadequate amount of oxygen.
one should see a shift in the fatty acid composition of those cells toward long chain
saturated fatty acids retlecting this deficiency. Oxygen removal rates of tree and
immobilized cells were compared and it was found that oxygen removal by the
immobilized veast cells was noticeably less efficient than with the tree cells. This
supports the concept of oxygen transfer limitations in alginate gel immobilization
matrices. As well. the fatty acid content ot immobilized cells taken trom the outer layer
of the gel bead showed larger amounts of unsaturated fatty acids (72%) than the cells at
the center of the bead (61%). which further indicated a restricted oxygen supply at the
center of the bead.

[n another study by Masschelein and Ramos-Jeunehomme (1985) the potential of
alginate immobilized yeast in brewery termentations was examined. They found that in
free cell batch fermentations. amino acid uptake was more complete than that which

occurred in a continuous immobilized cell packed bed bioreactor (Table 2.3).
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Table 2.3. Percent utilization ot amino acids in wort at 80% attenuation in batch free cell
and continuous immobilized cell packed bed fermentations (adapted from Masschelein
and Ramos-Jeunehomme. 1985).

Amino Acid Percent Utilization at 80% Attenuation
Suspended Cells Immobilized Cells
(Batch) (Continuous)
Aspartic Acid 98.5 79
Glutamic Acid 97 0
Threonine 99.1 66.2
Serine 99.2 54
Asparagine 97 53.1
Lysine 87 19
Arginine 97 11
Methionine 98.1 85
Valine 92 19.2
Leucine 100 37.1
Isoleucine 99 28
Histidine 83.2 0
Glycine 91 0
Alanine 92 0
Phenylalanine 98.1 252
Tyrosine 98 13
Tryptophan 75.2 13

Yamauchi et al. (1994) with Kirin Breweries. developed an immobilized veast
multistage bioreactor system. The system consisted of a 2.0 L working volume
continuous stirred tank reactor (CSTR) equipped with a marine impeller and an air
sparger. The CSTR was supplied with 0.17 vvm of air. The process stream was then fed
into a continuous centrifuge where yeast cells were removed so that the concentration of
cells in the exit stream was 1.0 X 10° cells/mL. Following the centrifuge. was a packed
bed reactor with a working volume of 1.9 L. containing 40% (v/v) of Kirin's porous
spherical glass beads (Hypermics®) held at 8°C. Following primary fermentation. the
liquid was sent through a continuous heat exchanger and held at 70-80°C for 20-30
minutes. The final stage of the system was another packed bed reactor containing

Hypermics® beads at a temperature of 0°C. The average concentration of yeast cells was



5.0 X 10° cells/bead. Yamauchi et al. (1995) conducted studies using this system and
tound that higher alcohol production increased with increasing amino acid concentration
in the wort, anaerobic conditions. increased temperature. increased agitation. increased
growth. and increased ethanol concentration. Ester production is known to increase with
reduced growth due to reduced oxygen supply. a larger acetyl CoA pool. and an increased
higher alcohol supply. For this reason. Yamauchi et al. (1995) designed a two-stage
bioreactor system where. in the first stage (CSTR). high levels of fusel alcohols were
produced due to the high cell growth. In the second anaerobic stage. the packed bed
reactor (PBR). they found that by keeping the yeast in a slight growth phase. extract
consumption in the PBR was increased to the levels of a conventional batch fermentation.

Nakanishi et al. (1993). developed a continuous fermentation system which
combines an aerobic stirred fermentation with an anaerobic immobilized cell
fermentation stage. The aerobic stage allowed for increased yeast cell growth and
consequent amino acid uptake. and the anaerobic packed bed immobilized cell reactor
provided conditions which suppressed yeast growth. allowed for sugar consumption and
reduced diacetyl. With these stages in series. Nakanishi et al. (1993) were able to shorten
primary fermentation to one to two days. with no significant difterences in flavour and
taste from conventional beer.

The paper of White and Portno (1978) was one of the earliest to look at
immobilized yeast cells for continuous beer fermentation. Calcium alginate was the
immobilization matrix and a tower termenter was used. They were able to operate the
fermenter continuously for seven months with no deterioration in yeast fermentative
ability. With regard to bacterial contamination. they found that their carrier did not have a
tendency to entrap bacteria. and when the fermenter was provided with a wort which
contained bacteria. they were able to wash out the bacteria using an injection of sterile
wort. Table 2.4 shows the analysis of beer flavour volatiles made using the immobilized
cell system atter different time periods compared with corresponding levels in beer made

by a conventional batch fermentation.



Table 2.4. Analysis of flavour volatiles from beer produced using a continuous
immobililized cell fermenter (adapted from White and Portno. 1978).

Level (mg/L)
Flavour Level {mg/L) in effluent beer from tower after: in beer from
Volatile Week 1 Week 2 Month 1 Month 4 Month 5 Month 6 Month 7 batch ferm.
n-propanol 12 14 10 8 9 10 8 16
Iso-butanol 15 15 11 14 10 13 14 9
[sc-amy! alcoho! 53 49 52 53 41 45 47 42
Ethyl acetate 12 12 12 17 12 10 5 8
Iso-amyl acetate 0.4 0.4 0.7 0.3 0.2 0.06 t 0.9
Ethyl caproate 0.02 t 0.07 0.03 t 0.01 0.01 0.06
Iso-butyl acetate t t 0.02 0.01 t t 0.01 0.02
Ethyl n-butyrate  0.03 0.03 0.02 0.01 t 0.01 t 0.01
Acetaldehyde 45 6.1 1.5 9.2 13 13 13 29
Diacetyl nm nm nm 0.26 0.14 03 04 nm

nm = not measured; t = trace (<0.01 mg/L)

Kronlét and Virkajdrvi (1996) have developed a two-stage continuous main
termentation process in which they attempted to mimic batch fermentation by having the
growth phase located primarily in the first reactor and the non growth phase in the second
reactor. Table 2.5 shows the concentrations of some key flavour compounds produced
after the first and second reactors in their system. The numbers in the table represent the
averages of five 42-day experiments. The corresponding percentage attenuation value is

given at the top of each column.

Table 2.5. Analysis of some key flavour compounds in two stage continuous fermentation
system (adapted from Kronl6f and Virkajdrvi. 1996).

After 1st Reactor After 2nd Reactor
Flavour Compounds 17% 23% 62% 63%
(mg/L) Porous glass DEAE-Cellulose Porous glass DEAE-Cellulose
n-Propanol 7.7 10.6 19.2 18.3
2-Methyl propanol 3.6 7 10.6 14
2-Methyl butanol 49 74 15.6 16.8
3-Methyl butanol 9.5 19.1 29.1 37.1
Ethyl acetate 5 6.6 24.5 226
3-Methylbutyl acetate 0.2 0.3 1 0.8
Acetaldehyde 14.1 10.6 6.8 6.8

Total diacetyl 0.32 0.37 0.33 0.34




The above systematic literature review on freely suspended and immobilized
veast cells in batch and continuous beer fermentation processes showed that more work
needs to be done on the biochemical and operational factors atfecting the production of

beer flavour compounds in immobilized veast cell systems.
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CHAPTER 3. FREE AND IMMOBILIZED CELL SYSTEMS:
THEORETICAL CONSIDERATIONS

3.1 Batch Microbial Growth Kinetics of Freely Suspended Cells

Batch growth of a microorgansim such as yeast consists of the following phases:
lag phase. transition phase. exponential or logarithmic phase. a second transition phase.
stationary phase. and death phase (Lewis and Young. 1995). The rate of microbial growth
is given by equation 3.1.

dX/dt=uX (3.1)

In equation 3.1. X is the cell concentration. p is the specific growth rate of the cells and t
is the fermentation time. During the exponential growth phase. the specific growth rate of’
the cells. p. is constant and reaches its maximum. pma as seen in equation 3.2,

dX/dt = pgaX (3.2)
The introgression of equation 3.2 is given by equation 3.3, where. X, is the concentration
of cells at time. t = 0.

In (X7 Xo) = Hmaxt (3.3)
Thus the slope of a graph of In (X / X,)) versus time. during the log phase of batch
microbial growth. vields the the maximum specific growth rate. ppy,c. The time to double
the cell population during exponential growth, referred to as the “doubling time™. ty, is
given by equation equation 3.4.

ta = In(2) / tmax (3.4)

The Monod equation 3.5 relates the specific growth rate and the limiting
substrate. which can be any limiting nutrient present in the liquid medium such as carbon
source (e.g. glucose). assimilable nitrogen (e.g. amino acids. ammonium ions). dissolved
oxygen and others. An important assumption in the Monod equation is that there is only
one limiting substrate in the system. [n the Monod equation S is the concentration of the
limiting substrate. K, is the saturation Monod constant. and. at S = K. 1 = Y2 fmax-

U= Umax S/ (K + S) (3.5)
The pmax used in the Monod equation is achievable when S is significantly greater than

K; and the concentrations of all additional essential substrates remain unchanged (Bailey
and Ollis. 1986).
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Kinetic descriptions of product formation by cells parallel those used to describe
cell growth. The simplest types of product formation kinetics arise when there is a direct
stoichiometric relationship between product formation and substrate utilization or cell
growth. The rate of tormation of product. r,. is given in equations 3.6 and 3.7
respectively. where ry is the rate of substrate consumption. ry is the rate of biomass
growth. Yp/s is the vield of product from substrate consumed. and Yp.y is the vield of
product from biomass produced.

Ip = -Ypis Iy (3.6)

Tp = Ypix Iy (3.7)
This type of product formation kinetics is often referred to as growth-associated product
formation kinetics. Growth-associated product formation kinetics in a batch culture is
illustrated in Figure 3.1 (a). Ethanol fermentation is an example of growth-associated
product formation kinetics (Leudeking. 1967).

[n many fermentations involving the formation of secondary metabolites. such as
the flavour metabolites formed during beer termentation. significant product tormation
occurs relatively late in a batch culture. sometimes during the stationary phase of growth.
An example of this type of product formation kinetics from pharmaceutical fermentation
is the production of penicillin. Sometimes this type of kinetics may be described by a
simple non-growth-associated mode!, where the production rate is proportional to the cell
concentration rather than growth rate, as illustrated in Figure 3.1 (b) (Bailey and Ollis.
1986). However. in many cases product formation kinetics for secondary metabolites are
best described using the model of Leudeking and Piret (1959) which combines growth
associated and non-growth associated contributions. as seen in equation 3.8.

rp = ary + BX (3.8)
In Equation 3.8 « and f are kinetic model parameters. Leudeking-Piret kinetics is apt to
be applicable when the product is the result of energy-yielding metabolism. as in several
anaerobic fermentations. The first and second terms in equation 3.8 are associated with
the energy used for growth and for maintenance. respectively. Gee and Ramirez (1994)
developed a beer flavour model to describe batch fermentation dynamics for treely

suspended yeast cells based upon fundamental knowledge of biochemical pathways.
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Kinetic analyses of ester formation during batch beer production using freely suspended

veast cells have also been performed by Garcia et al.. 1994 and Nakatani et al.. 1991.

(a) 4
X,
P
t
o) 4
X, —
P
X
ST~ p
ll ’
t

Figure 3.1. (a) Growth and (b) non-growth associated product formation during microbial
batch termentation. where X is the concentration of cells. P is the concentration of
product. and t is batch fermentation time.
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3.2 Kinetics of Freely Suspended Cell Growth in Continuous Stirred Tank
Bioreactors

[n a well-mixed continuous stirred tank bioreactor (CSTR) with a working
volume. Vg. containing treely suspended cells. fresh liquid medium with a given inlet
substrate concentration. S,. is continuously supplied to the bioreactor at a volumetric tflow
rate. F. Within the bioreactor. there is a concentration of freely suspended cells. X.
substrate. S. and product. P. Assuming the system is well-mixed. the concentration of
biomass. substrates and products will be the same in the outlet as within the bioreactor. as

illustrated in Figure 3.2.

TXWMT

VXU

Foo_ VR
So

Figure 3.2. Schematic of'a well-mixed continuous stirred tank reactor (CSTR) containing
freely suspended cells. where F is the volumetric flow rate of medium entering the
bioreactor. S, is the initial substrate concentration. X is the biomass concentration. P is
the product concentration. and Vg is the bioreactor working volume.

By performing an unsteady state cell balance on the cells in Figure 3.2. equations
3.9 and 3.10 are obtained.
Rate of cell accumulation = rate of cells in — rate of cells out + rate of cells formed — rate
of cells dying (3.9)

Vg (dX/dt) = FX, — FX + VX ~ VX (3.10)



In equation 3.10. p is the specific cell growth rate and o is the specific cell death rate.
When the liquid medium is sterilized then X, = 0 and FX, = 0. Assuming that the rate of
cell death is negligible and by dividing equation 3.10 by the bioreactor working volume.
V. equation 3.11 is obtained.

dX/dt = -XF/Vg + uX (3.11)

The dilution rate. Dg. is a physical parameter controlled by both the working
volume of the bioreactor and the volumetric tlow rate of the fresh liquid medium and is
given in equation 3.12. The specitic growth rate of the cells. u. is a biological parameter
controlled by changing the nutrient composition (the limiting nutrient). pH. or
temperature in the bioreactor.

Dgr = F/Vg (3.12)
Thus. equation 3.11 becomes equation 3.13.
dX/dt=-Dg X + pX (3.13)

[f the system is at steady state then the rate of accumulation dX/dt is equal to zero. and
equation 3.14 is obtained.

uX=Dr X or i =Dgr=F/Vp (3.14
Theretore. it dilution rate increases. specific growth rate increases, until Dg = ppmay and
any with further increase in Dg (i.e. Dg > Limax). the rate of cell removal is greater than the
rate of cell generation in the bioreactor. and cell washout occurs. Critical dilution rate.
D.. is defined as the dilution rate at which the cell specific growth rate is at its maximum.
max- Continuous stirred tank bioreactors. also called chemostat cultures. containing
freely suspended yeast cells are operated under conditions where the Dg < D.. The

inverse of the dilution rate is referred to as the average liquid residence time. R, within

the bioreactor.

3.3 Ethanol Production during Beer Fermentation

The formation of ethanol from glucose by yeast cell fermentation is expressed by
the Gay-Lussac stoichiometric equation 3.15.

Ce¢Hi20O¢ — 2C:HsOH + 2CO, (315)
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This means that on a kilogram basis 48.9% of the glucose is converted to carbon dioxide
and 51.1% is converted to ethanol. Therefore the maximum theoretical vield of ethanol
produced from glucose substrate consumed. Ypss. is 0.51. However. in practice it has
been shown that during yeast cell fermentation. ethanol yields of only 90 - 95% of
theoretical are achieved due to biomass production and other byproducts. A total
approximate mass balance is shown in equation 3.16 (Hardwick. 1995).
CsH120s — 2C,H;OH + 2CO, + veast cell biomass + by-products (3.16)
100 kg 48.6 kg  d6.d kg ~3.0 kg ~2.0kg
From the Gay-Lussac equation it is assumed that glucose is the only carbon source of
ethanol produced. however, there are other fermentable sugars. such as fructose. maltose
and maltotriose which contribute to the production of ethanol. In wort. the reaction
mechanism occurs through the intracellular hvdrolysis of maltose and maltotriose to
glucose. followed by fermentation of the total glucose pool. As indicated in equations
3.17 and 3.18. the disaccharide. maltose that is subsequently hydrolysed into its glucose
monomer. increases the amount of fermentable sugars by about 3% due to the addition of’
water during hydrolysis (Hardwick. 1995). This means that only 0.95 kg of maltose is
required to make the same amount of ethanol that would be produced from 1.0 kg of the

monosaccharide glucose.

maltose + water — 2 glucose — 4 ethanol + 4 carbondioxide (3.17)

0.95 kg 0.05 kg I kg 0.511 kg 0.489 kg
glucose — 2ethanol + 2 carbon dioxide (3.18)
1 kg 0511 kg 0.489 kg

[n equations 3.19 and 3.20. the vield of product. P. formed (ethanol) from glucose
substrate. S. consumed (as glucose. fructose. maltose. maltotriose (DP3)). Ypss. is given
on a mass basis. Thus total fermentable carbohvdrate (as glucose) is defined on a
kilogram basis as given in equation 3.21.

Yps = (AP / At) / (AS 7 At) = (AP / AS) = (product formed / substrate consumed) (3.19)
Yps= A [ethanol] / A ([glc] + [fruc] + 1.053{malt] + 1.106[DP3]) (3.20)
Tot. term. carbohydrate (as glucose) = [gic] + [fruc] + 1.053[malt] + 1.106[DP3] (3.21)
The yield equations for biomass formed per substrate consumed. Yy, and for product

formed per unit biomass. Yp/x. are derived in equations 3.22 through 3.24.



Y s = (AX /7 AS) = (biomass formed / substrate consumed) (3.22)
Yys = A [kg dry wt. cells] /7 A ([gluc] + [tfruc] + 1.053[malt] + 1.106[DP3] (3.23)
Yprx = (AP 7 AX) = (AP / AS) / (AX/AS)= Yps / Yxs (3.24)

Ethanol and beer bioreactor productivity calculations are given in equations 3.25 and
3.26.
Vethanol = (Kg ethanol produced) / (m’ bioreactor volume - h) (3.25)

Vieer = (m3 of beer produced) / (m3 bioreactor volume « h) (3.26)

3.4 Gas-Liquid Mass Transfer in Freely Suspended Cell Systems

In this section the basic mass transfer equations that describe the transport of’
oxygen molecules from the gas bubbles to the liquid phase within the bioreactor vessel
are summarized.

Using the two-tilm theory of mass transfer. at steady state. the rate of oxygen
transter to a gas-liquid interface is equal to its transter rate through the liquid-side tilm. as
given in equations 3.27 to 3.29. where N4 . N and Ny are fluxes of A in the gas-side
film. in the liquid film and overall respectively. and kg and ki are the local mass transter

coefficients for the gas and liquid phases (McCabe et al.. 1993).

NaG =Ka (Pag — Pas) (3.27)
Nar =k (Cai-Car”) (3.28)
Nag=NaL =N, at steady state (3.29)

The parameters P, g and P are the partial pressures of A in the bulk gas phase and at
the gas-liquid interface. The parameters C,; and Ca " are the concentrations of A at the
intertace and in the bulk liquid phase.

Since it is difficult to measure Ca; and P4, overall liquid and gas side driving
forces may be used. which incorporate Henry's Law. where K| and K¢ are the overall
liquid and gas side mass transfer coefficients. Co* and P g* are the solubilities of A at
a given temperature in the liquid and gas phases respectively. The overall liquid and gas
phase fluxes are given in equations 3.30 and 3.31.

NarL =Ky (Car*-Carl" (3.30)
Nac = Kg (Pag —Pag*) (3.3D)
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The relationships of the overall liquid and gas phase mass transter coefficients to the

local mass transfer coefticients are given in equations 3.32 and 3.33.
1/Ke=1/kL+1/(Hkg) (3.32)
1/ Kg=1/kg+H/kg (3.33)

For sparingly soluble species such as oxygen. the liquid film resistance is
controlling and thus basically all the resistance to mass transfer lies on the liquid-film
side and equation 3.32 becomes equation 3.34. Thus K is approximately equal to k..

1/KL=1/k (3.34)
[n equation 3.33. the volumetric flux of A is given using ki a for a sparingly soluble gas
such as oxygen. and the "a™ term is the gas-liquid interfacial area per unit liquid volume
of bioreactor (Bailey and Ollis. 1986). The volumetric mass transfer coefficient. k;a. is a
function of many tactors within the bioreactor including the gas flow rate. agitation.
temperature, medium composition. surface active agents, and type of sparger.

Nar =kia(Car*-Car") {3.33)

Theretore the maximum possible volumetric tlux of oxygen at a given ki a occurs when

W

the bulk liquid concentration ot oxygen. C4.”. is equal to zero, as given in equation 3.36.
NaL (max) = kea (Car*) (3.36)
In a bioreactor. containing X concentration of cells per unit volume. having a
given Qpa. the rate of oxygen consumption and dissolved oxygen concentration. Cy .
the rate of oxygen uptake, OUR. is seen in equation 3.37.
Qo2 X=0UR (3.37)
By performing an unsteady state mass balance in a bioreactor where microbes are

growing. equation 3.38 is obtained.

dCi/dt=kia(Car*-CaL") - Qum X (3.38)
At steady state equation 3.38 becomes equation 3.39.
kra (Car*-Car”) = Qo2 X (3.39)

[t the bulk liquid phase oxygen concentration C4 “ is greater than some critical
concentration of oxygen. Ca Leritical- then oxygen is no longer limiting and Qo> is constant

and independent of C4 . “ and Qo2 = Qp2(max).
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'3.5 External and Internal Mass Transfer Characteristics of Immobilized Cells

The study of the transfer of substrates and products to and from immobilized cells
is important. especially when cells are entrapped throughout a gel matrix such as
carrageenan. External mass transfer involves the transfer of nutrients from the bulk liquid
medium to the carrier surface. while internal mass transfer describes the transter of
substrates and products within the carrier. and in and out of the cell. The concentration of
metabolites. in the immediate vicinity of cells. may be altered in immobilized cell
systems due to both internal and external mass transter limitations. Such changes may
force the cells to alter their metabolic states and thus. impact the efficiency and quality of
a fermentation process. In this section the fundamental aspects of mass transfer for
continuous beer fermentation are discussed. The transfer of one key fermentation

substrate. oxygen. into an immobilized cell is shown in Figure 3.3.

immaobilization
matrix

+ immobilized cell
liquid microcolony
: gas phase
concentration .\ Pnase
distance

Figure 3.3. Transport of oxygen from the gas phase to an immobilized cell matrix: 1. gas
phase: 2. liquid film; 3, bulk liquid phase; 4, liquid film; 5, solid matrix; 6,
microcolony containing cells (adapted from Wijffels. 1994).

Alteration of physiological/metabolic properties of immobilized cells. or
alteration of the local micro-environment in the immediate vicinity of immobilized cells.
may cause changes in the kinetic behavior of cells upon immobilization. In the latter

case. the local micro-environment may be described in terms of solute partitioning eftects

'A version of section 3.5 has been published (Pilkington et al.. 1998a).



between the bulk liquid phase and the solid immobilization matrix. external film mass
transfer resistance and internal mass transfer resistance (Merchant et al.. 1987). The
solute partitioning coetficient (Kp). the liquid film mass transfer coetficient (k. ). and the
effective solute diffusivity within the immobilization matrix (D.) respectively. quantify
these phenomena. In order to determine overall effectiveness factors the above
parameters need to be quantified.

“Effectiveness factor™. n, is used to represent the influence of mass transfer on the
overall reaction process and is defined in equation 3.40 (Bailey and Ollis. 1986):

(observed reaction rate)

n= (3.40)

(rate which should be obtained with no mass transfer resistance)

Overall effectiveness factors allow one to determine whether a system is mass transfer
limited or reaction rate limited. The Thiele Modulus. @, is used to characterize internal
mass transter resistance effects and is defined as the ratio of the reaction rate to the
internal diffusion rate (see Nomenclature section for equation). This parameter
represents the rate that substrate is consumed. relative to the rate at which it is supplied.
by the diffusion process. A high value for the Thiele Modulus results in steep gradients
of substrate concentration because of internal mass transfer limitations. These low
substrate concentrations within the matrix lead to a reduced average rate of reaction
relative to that which would be obtained it the concentration throughout the
immobilization matrix was equal to the bulk liquid concentration. Eventually. active
biomass is confined to only a thin outer layer at the surface of the matrix. because
substrate is depleted in the interior of the bead (de Backer et al.. 1996). Another
parameter is the Biot Number. Bi. which is defined in equation 3.41 (Bailey and Ollis.
1986):

characteristic film transport rate

Bi = (3.41)

characteristic intraparticle diffusion rate



When Bi — o« external mass transfer resistance may be neglected. and when Bi — 0 the
external resistance controls the nutrient supply to the immobilized cell particle (de Backer
et al.. 1996).

As seen in Figure 3.3, a substrate must travel through the bulk liquid medium. the
external liquid tilm surrounding the immobilized cell particie. the liquid-solid interface.
the liquid within the solid gel phase. the resistance caused by microcolony formation. and

finally into the yeast cell where the reactions take place.

3.5.1 External Mass Transfer in Immobilized Cell Systems

External mass transfer refers to the transfer of nutrients from the bulk medium
through the external liquid film surrounding the immobilized cell particle. and is
characterized by the liquid film mass transfer coefficient. k.. There are several mixing
mechanisms involved in the mass transter ot components from the bulk liquid phase to
the immobilized cell system. These include macro- and micro-mixing. axial dispersion.
and convective fluid flow. Several theoretical modeis describing the mass transter within

the external liquid film at the liquid-solid interface are outlined below.

3.5.1.1 Theoretical Models for Mass Transfer at the Liquid-Solid Interface

a) Film Theory

This is the earliest and simplest theory. which describes mass transter at a liquid-
solid phase boundary. The model assumes that for a fluid flowing past a solid. the whole
resistance to mass transfer is in the stagnant liquid film surrounding the solid particle
(Hines and Maddox. 1985). The thickness of the film is greater than the laminar sublayer
and this tilm provides the same resistance to mass transfer by molecular diffusion as that
which exists for the true convective process. The mass transfer coefticient. ki is related
to the liquid tilm thickness. 8. and molecular diffusivity. Dy and is given by equation
3.43.

kp=Dpg/86 (3.42)
Ja=(DL/8) (Cal™ - Ca™) =k (Car” - C4™) (3.43)
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D, is the molecular diffusivity and 3 is the thickness of the stagnant film. The mass flux
of component A dittusing through the liquid film of thickness. 8. is given by equation
3.43 where C4 " is the bulk substrate concentration. and C,* is the external substrate
concentration at the surtace of the particle (Fig. 3.15). Equation 3.42 states that the mass
transfer coefticient. k. is directly proportional to D;.. However, experimental results
given by Geankoplis (1993) indicated that k_is actually proportional to D; .
b) Penetration Theory

Higbie in 1935 derived the penetration theory. for diffusion into a laminar falling
liquid film. for short contact times. This theory assumes that the liquid surftace is
comprised of small fluid elements which contact the second phase for an average time.
after which they penetrate into the bulk liquid (Hines and Maddox. 19835). Each element
is then replaced by another element from the bulk liquid phase. For turbulent flow, the
penetration theory renders a reasonable device for characterizing mass transter. As
shown in equation 3.44. the penetration theory predicts that the mass transfer coetticient
k. is proportional to the molecular diffusivity (Dy)'*:

ke =[4 DL/ ()] (3.44)

where t; is the exposure time of the solute.
¢) Surtace Renewal Theory

Danckwerts in 1951 improved the penetration theory by replacing the constant
exposure time with an average exposure time calculated from an assumed time
distribution (Geankoplis. 1993). [t was assumed that the chance of an element being
replaced on the surface was independent of the time during which it had been exposed.
In this case. the mass-transter coefficient. ki is proportional to D, ' as in equation 3.45.

ke = (DL 9)'? (3.45)

The mean surface renewal factor. s. in sec”. must be determined experimentally.

3.5.1.2 Mass Transfer Coefficient

The flux of a substrate. J,, to the surface of an immobilized cell particle depends

on the mass transfer coefficient, ki, and on the bulk concentration of the substrate. C4 "



Therefore. the flux per unit area evaluated at the surface normal (i.e. perpendicular) to the
surtace of the immobilized cell particle is given in equation 3.46.

Ja =KL (Cal” -CL™) (3.46)
where C . ” is the bulk substrate concentration. and C,* is the substrate concentration at
the surtace of the particle. as seen in Figure 3.4. and the driving force for mass transfer is
(Car” - Co¥). The liquid film mass transter coetticient. ky.. is correlated to external tlow
velocity and fluid properties by the empirical equations 3.47 to 3.50.

Sh=a+bRe"Sc™ (3.47)

The terms a. b. n and m are empirical constants (Willaert. 1996).

Sh=1.01 Re'"?Sc'® forRe< 1 (3.48)
Sh=0.95 Re">Sc"? for 10 <Re < 10* (3.49)
Sh=2+0.73 Re'* sc'? (3.50)

Sh is the Sherwood Number and it is defined by equation 3.51.

Sh=kLd,/ Dy (3.51)
Re. the Reynolds number is defined in equation 3.53.

Re =v, p dyus (3.52)
Sc is the Schmidt number. defined in equation 3.33.

Sc =g/ pD (3.53)

D¢ is the molecular diftusion coetficient of the ditfusing component. pp is the fluid
viscosity. dp is the particle diameter. and vy is the relative velocity between the fluid and

the immobilized cell particle (Willaert et al.. 1996).
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Figure 3.4. Concentration profiles for overall mass transfer of substrate trom the bulk
liquid phase into a gel bead.

Dissolved oxygen is often one of the key substrates diffusing into immobilized
cell matrices. Oxygen must leave the air bubbles to dissolve into the liquid phase where
it travels and then enters the immobilized cell matrix as a substrate (Figure 3.3). The
main factors which affect solubility for sparingly soluble gases. such as oxygen. are the
partial pressure in the gas phase. the presence of solutes in the liquid phase. and the
temperature. Henry’'s Law (equation 3.54) correlates the gas solubility with its partial
pressure in the gas phase:

Car*=Pag/H (3.34)
where C4 * is the solubility of the gas in the liquid phase. P4 g is the partial pressure in
the gas phase. and H is the Henry’s Law constant. Temperature has a significant eftect
on gas solubility. because it atfects Henry's Law constant H.

The presence of acids. salts. and sugars usually decreases the solubility of gases.
A large number of experimental data for the Henry's Law constant exists in the literature
(Perry. 1984). In order to find the solubility of oxygen in fermentation broth. one must

know the temperature and total pressure. The oxygen partial pressure is then found and.
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using Henry's Law, one can calculate oxygen solubility in pure water. This value is then
corrected tor the presence of salts. sugars. etc. (Schumpe et al.. 1982). This value will
still only be an approximation for a typical beverage fermentation because otten the

fermentation medium is a very complex liquid. with many components.

3.5.1.3 Equations for Predicting Solute Molecular Diffusivities in the Bulk Liquid
Phase

There are several correlations available for predicting molecular diffusivities of
specific solutes in the liquid phase. For dilute systems. the Wilke-Chang equation can be
used as in equation 3.55. This equation is used for solutes that have smaller molar
volumes. which are less than 0.500 m® / kg-mol (Geankoplis. 1993).

D =1.173 x 107" (¢ Mg)"* [T/ (ug VA"®)] (3.53)
where. Mag. is the molecular weight of solvent B. pg is the viscosity of B in Pa-s. V., is the
solute molar volume at the boiling point. T is the temperature in degrees Kelvin. and ¢ is
the association parameter of the solvent (Geankoplis. 1993). The association parameter is
3.6 for water. 1.5 for ethanol, and 1.0 for other unassociated solvents. When values of V
are greater than 0.500 m*/kg mol. the Stokes-Einstein equation 3.56 is recommended.

DL=9.96 x 10" T/ pg V,'"? (3.56)

However. when predicting diffusivities for larger biological solutes (solute molecular
weight above 1000). 2a more accurate approximation is the semi-empirical equation 3.57
suggested by Polson (1950), for dilute aqueous solutions.

DL =9.40x 10" T/ pug Mx'? (3.57)

3.5.1.4 Partition Coefficient

Under equilibrium conditions between the solute concentrations in the solid
immobilization matrix. C'. and the bulk liquid phase. C.*. a partition coefficient. Kp. is
defined by equation 3.58 (Merchant. 1986):

Kp=CA'/ Cal” (3.58)
Reactor design factors such as reactor type. size and operating conditions will

influence external mass transter in immobilized cell systems by affecting the mass
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transfer coefficient, k. Surface contact between the biocatalyst (e.g. immobilized veast
cell) and the growth medium (e.g. wort. wine must) could be maximized by optimizing
liquid-solid mixing. Sufficient agitation is needed so that the thickness of the liquid film
surrounding the solid immobilization matrix is minimized, which results in high values of
ki. At the same time. the shear on the immobilized cell particles must be adjusted so that
there is no damage to the matrix or the cells. while still providing adequate bulk mixing
(Oldshue and Herbert. 1992). This must be considered when choosing the type of mixing
for immobilized cell bioreactors. [f shear rates are too high. biomass may be lost tfrom
adsorption matrices. immobilized cell particles may break. and cell aggregates may be
disrupted. [t therefore becomes important to design a reactor which provides adequate
mixing at a reasonable shear rate. Specific information on mixing in fluidized
immobilized cell bioreactors is given by several authors including Chisti and Moo-Young

(1993). Fan (1989). Heijnen et al. (1993). and Hwang and Fan (1986).

3.5.2 Internal Mass Transfer in Immobilized Cell Systems

[nternal mass transfer pertains to the transter of substrates and products within the
carrier solid phase (Norton and D"Amore. 1994), and is of particular importance for
entrapped cell systems. Fick’s Law is used to define internal mass transport by
molecular diffusion. [f the pore sizes are very small and of the order of magnitude of the
mean free path of a diffusing gas substrate, other types of ditfusion such as Knudsen gas
diffusion and transition gas diftusion (Geankoplis. 1993) must also be considered. [t was
also noted by Willaert et al. (1996) that when sufticient pressure difference is present
across the system and porosity is high. transport of molecules may occur by convective
flow through systems in which cells are immobilized using membranes or adsorption.
For the purposes of this review it will be assumed that mass transfer occurs by ditfusion
only within the immobilized cell particle.

For a homogeneous phase system. the rate of transfer of a ditfusing substance
through a unit area is proportional to the concentration gradient measured normal to the
section and is given by Fick's first law of diffusion in equation 3.59.

J=-DéeC/ox (3.59)
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where J is the mass transfer rate of species A per unit area. C the concentration of
diffusing species A in the entire immobilization matrix. X the distance and D is the
diffusion coefficient of species A in the immobilization matrix. such as a polymeric gel.

Equation 3.60 defines the effective diffusion coefficient. D.. for non-
homogeneous immobilization matrices. Since this review deals mainly with
immobilization of cells within gel beads. a spherical coordinate system may be used. with
r representing the radial coordinate in a spherical immobilization matrix.

J=-D.eC/cr (3.60)
where J is the ditfusional flux in the r direction. and C|_ is the solute concentration in the
liquid phase of the pores (Westrin and Axelsson, 1991). Hydrogels. such as calcium
alginate and kappa-carrageenan. do not have well-defined permanent porous structures.
and theretore the concept of liquid-filled pores is slightly misleading (Axelsson et al..
1994). However. the etfective diffusion coetficient, D.. is used in the expression for the
Thiele Modulus and for the determination of the ettectiveness factor of such immobilized
cell carriers.

According to Westrin and Axelsson (1991). concentration in the total volume of
the immobilization matrix is correlated with C; using the void fraction (g) which is
accessible to the ditfusing solute as in equation 3.61.

C=¢eCL (3.61)
Thus it follows that the relationship between the two ditfusion coetficients is given as in
equation 3.63.

D.=¢D (3.62)

Because of exclusion and obstruction etfects, the effective ditfusion coefficient.
D.. through a porous support material is lower than the corresponding diffusion
coefficient in the aqueous phase. D, (Willaert et al.. 1996). A fraction of the total volume
(1 - €) is excluded from the diffusing solute. due to the presence of the support. A longer
diffusional path length. denoted by the tortuosity factor (t). results when the movement
of soluie is obstructed by the impermeable support matrix. One can quantify the etfects
ot both of these factors on the effective diffusion coefficient using equation 3.63.

D. = (/1) D, (3.63)
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[t is often difficult to calculate € and t. so prediction using the polymer volume fractions
are recommended (Muhr and Blanshard. 1982) using equation 3.64.

D = [(1-4p) /(1 + ¢5)°]Ds (3.64)
where ¢, is the polymer volume fraction. For low molecular weight solutes in cell-free
supports. an approximate measure of € is given by equation 3.65.

e=1-4¢p (3.65)

Westrin and Axelsson (1991). used equations 3.62 and 3.65 to rewrite equation 3.64 to
derive an expression for D, as a function of ¢, using equation 3.66

De = [(1 - ¢p)*/(1 + ¢ ]Da (3.66)
One limitation of the above equation is that although it does account for exclusion and
obstruction effects ot immobilization matrices. it does not account for other effects such
as ionic interactions (Axelsson et al.. 1994). [n a review by Muhr and Blanshard (1982)
1t was noted that a polymer immobilization matrix may also atfect solute diffusion by
increasing hydrodynamic drag. altering the properties of the solvent and by polymer
involvement. Muhr and Blanshard (1982) present a comprehensive evaluation of the
effects of gel substance on the course of diffusion.

Researchers have found that the cell mass is mainly confined to a biolayer at the
periphery of gel entrapment matrices. due to a lack of substrate at the center of the beads
(Lewandowski et al.. 1993). Internal mass transfer can be optimized by adjusting the
immobilization matrix size. texture and porosity. Decreasing bead diameter is a good
way of minimizing internal mass transter limitations. However. a balance must be
achieved so that the beads are large enough for easy separation from the bulk liquid phase
and small enough to maximize mass transfer.

When qualitative studies on the dynamics of the growth of immobilized cells were
tirst conducted. growth ot biomass was described as expanding at similar rates
throughout the beads following start-up. Because of diffusion limitations. over time the
biomass eventually becomes confined mainly to areas near the gel surface. Using a
conventional pseudo-homogeneous growth model to predict cell growth within gel
entrapment matrices. led to an over-estimation of macroscopic substrate consumption
rates. This occurred because this model did not account for diffusion limitations over

larger micro-colonies (Salmon and Robertson. 1987. Wijffels et al.. 1996). Wijffels et al.
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(1996) theorize that one must regard biomass growth as expanding micro-colonies. rather
than as a homogeneous increase of biomass in spherical “shells™ within the gel beads. in
order to incorporate diffusion limitation across micro-colonies in a dynamic growth
model. When diffusion limitation over micro-colonies is incorporated into the dynamics
of the immobilized cell system. the colony-expansion model predicts that inoculum size
will affect substrate consumption rates. Numerous small micro-colonies form when high
initial biomass concentrations are used. which only cause minor diffusion limitations. At
low initial biomass concentrations, fewer but bigger colonies form causing significant
diffusion limitations. Higher macroscopic substrate consumption rates resulted in the
system containing beads with smaller microcolonies. These tindings were contirmed
experimentally in a continuous air lift loop btoreactor (Wijftels et al.. 1996).

Table 3.1 shows a summary of experimental methods used to determine diffusion
coefficients within gels (Willaert et al.. 1996) and Table 3.2 lists some effective

ditfusivities found by various researchers.



Table 3.1. Experimental methods to determine diffusion coefficients in immobilization
matrices (adapted from Willaert et al.. 1996).

Concentration Gradient Methods: Steady State
True steady-state diaphragm cell
Pseudo-steady-state diaphragm cell

Concentration Gradient Methods: Transient

Time-lag diaphragm cell

Uptake/release from particles

Concentration profile in a semi-infinite slab

Finite couples method

Miscellaneous: capillary method, light interferometry,
electrode or mass spectrometric probe covering

Indirect methods: chromatographic breakthrough curves

Other Methods

Fourier transform pulsed-gradient spin-echo
Dynamic light scattering

Fluorescence recovery after photobleaching
Magnetic Resonance Imaging

Holographic relaxation spectroscopy




Table 3.2. Effective diffusivities of some substrates in immobilization matrices.

Type of Gel Concentration Type of Solute Method of Cell Type Temp. Effective Diffusivity Reference
of Gel (%wiv) Measurement (°C)  De (X10% cm?/s)
Ca-alginate 2 lactose uptakelrelease from particles no cells 30 43 Qyaas et al., 1995
Ca-alginate 2 lactic acid  uptake/release from particles no cells 30 6.9
Ca-alginate 2 glucose uptake/release from particles no cells 30 6.4
Ca-alginate 2 sucrose uptake/release from particles no cells 30 46
Ca-alginate 2 succinic acid uptake/release from particles no cells 30 7.8
Ca-alginate 2 glucose uptake/release from particles no cells 30 6.62 Merchant et al., 1987
Ca-alginate 2 glucose diffusion cell no cells 22-26 6.1" Hannoun et al., 1986
K-carrageenan 4 glucose uptake/release from particles no cells 30 6.7 Estapeé et al., 1992
K-carrageenan 4 ethanol uptake/release from particles no cells 30 10.1
K-carrageenan 3 glucose uplakelrelease from particles no cells 30 3.848
x-carrageenan 3.5 glucose diffusion cell no cells 25 3.8
Ca-alginate 3 fructose diffusion cell no cells 30 6* Venancio et al., 1997
Ca-alginate 3 glucose diffusion cell no cells 30 6.7*
Ca-alginate 3 xylose diffusion cell no cells 30 9.01*
Ca-alginate 3 lactose diffusion cell no celis 30 4.66*
Ca-alginate 3 maltose diffusion cell no cells 30 46*
Ca-alginate 3 sucrose diffusion cell no cells 30 467"
Ca-alginate 3.5 oxygen uptake/release from particles S. cerevisiae 30 3.08-3.44 Kurosawa et al., 1989
Ca-alginate 2 glucose diffusion cell S. cerevisiae 22-26 51-6.0 Korgel et al., 1992
Ca-alginate 3.4-3.8 galactose steady state S. cerevisiae 30 6.2-3.4
K-carrageenan 4 glucose uptake/release from particles P. aeroginosa 30 3.7-6.4
Ca-alginate 0.5-1.5 xylose uplake/release from particles S. cerevisiae 30 1.5-6.3
Ca-alginate 2 galactose beads in well-stirred tank Z. mobilis 30 3557

*reported by authors as diffusivities.
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The overall etfectiveness of immobilized cell reactors is affected by the rate of
transter of substrates and products to and from the immobilized cell system (external
mass transfer) and by the rate of transport inside the immobilized cell system (internal
mass transfer). [n order to generate models for immobilized cell productivity and growth.
one must determine if mass transfer is rate-limiting or if chemical reaction rates are
limiting. [f mass transter resistances are limiting. one must also determine whether
external or internal mass transfer resistances dominate.

More research is needed to develop highly accurate experimental methods tor
measuring the etfective diffusivities of ditferent solutes within immobilization matrices
containing viable celis. Many of the methods listed in Table 3.2 assume that the matrix in
which the diffusion takes place is homogeneous. throughout. Nava Saucedo et al. (1996)
have shown that alginate gel matrices are actually heterogeneous with distinct internal
zones. Furthermore, gelling conditions will also affect the degree of heterogeneity of a
given gel matrix and consequently alter the diffusivity of a given solute in entrapment
matrices. Correlations such as equation 3.66 (Muhr and Blanshard. 1982). which relate
the molecular ditfusivity ot a given solute in the aqueous phase to the effective diffusivity
within the matrix. account for exclusion and obstruction effects. but do not account tor
other effects such as ionic interactions. hydrodynamic drag. altered properties of the
solvent and polymer involvement. A reliable and accurate non-invasive method to
monitor immobilized cell viability and vitality under fermentation conditions. would
allow researchers to directly examine the effects of mass transfer and the immobilization

process on cell metabolic activity.



CHAPTER 4. MATERIALS AND METHODS

4.1 Yeast Strain and Characteristics

A lager brewing strain of Succharomyces cerevisiae. Labatt Culture Collection
(LCC) 3021. was used throughout this work. Saccharomyces cerevisiae is synonymous
with Saccharomyces uvarum Beijerinck var. carlsbergensis Kudryavisev. 1960
(Kurtzman. 1998). At 37°C LCC 3021 will not grow. This helps to distinguish LCC 3021
lager yeast from most ale yeast, which will grow at 37°C and higher temperatures. LCC
3021 is a bottom fermenting strain. as are most lager yeast. but there are exceptions. As
well. this strain will ferment glucose. galactose. sucrose. maltose. raffinose. and
melibiose. but not starches. The ability to ferment melibiose is one tool used by
taxonomists to distinguish it from ale yeast.

As with most brewing strains. LCC 3021 is polyploid and reproduces by mitotic

division. Under normal brewing conditions lager yeast does not reproduce by meiosis.
This has the advantage of making the brewing strain genetically stable because crossover

of genetic material is less likely (Kreger-van Rij. 1984).

4.2 Preparation of Yeast Inoculum

Yeast was taken from a vial cryogenically preserved in a -80°C freezer and
streaked on Peptone Yeast-Extract Nutrient (PYN) agar (peptone. 3.5 g/L: veast extract.
3.0 ¢/L: KH,PO,. 2.0 g/L: MgSO,-7H,0. 1.0 g/L; (NH,),SO,, 1.0 g/L: glucose. 20.0 g/L:
agar. 20.0 g/L in dH,C) growth medium to obtain well-separated colonies. A sterile loop
consisting of several colonies was taken from the 3-4 day old plate of growing yeast. and
these colonies were inoculated into a 10 mL volume of wort in a test tube. This was
allowed to grow at 21°C overnight. thus the term “overnight culture™. and then was added
to a larger volume of wort. usually 200 mL. to increase veast biomass. In consecutive
days. this mixture was added to another larger volume of wort, and so on. until the
desired amount of yeast biomass was propagated. Generally one expects to produce
approximately 20 g of lager yeast per litre of wort. To prepare for yeast inoculation. the

culture was centrifuged at 4°C and 1.0 X 10* rpm (radius = 0.06 m) for 10 min. After
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centrifuging, the liquid was decanted and the appropriate wet weight of veast was

obtained from the pellet for pitching.

4.3 Wort Fermentation Medium

Labatt Breweries of Canada supplied brewery wort with a specific gravity of
17.5°P. The concentration of fermentable carbohydrates. specific gravity. and free amino
nitrogen in the brewer’s wort used for the fermentations throughout this work is given in
Appendix A2.1. Additional detail on the wort composition is given by Dale et al.. 1986.
Hoekstra. 1975, Hough et al.. 1982, Klopper. 1974, and Taylor. 1989.
Batch Fermentations: Wort was heated in an autoclave for 45 min at 100°C and then

cooled. before inoculation with immobilized cell beads or freely suspended yeast.

Continuous Fermentations: The wort used for the continuous fermentations was flash
pasteurized (Fisher Plate Heat Exchanger . combi-tflow Type Eurocal 5FH) prior to

feeding into the gas lift bioreactor and this wort was monitored regularly tor microbial
contaminants. as described in section 4.6. If contamination was detected in the wort, it

was immediately discarded and new wort was collected from the plant.

The tlash pasteurizer was operated at a volumetric tflow rate ot 0.8 m” / hr. The
unit had a tubular holding section where the wort was held at an average temperature of’
85°C with a minimum temperature of 80°C. The volume of the holding section was 1.13
x 107 m'. giving a residence time in the holding section of 51 seconds. Following the

heating step. the wort was rapidly cooled to a temperature of 2°C upon exiting the unit.

4.4 Immobilization Methodology

Kappa-carrageenan gel X-0909 was a generous gift from Copenhagen Pectin A/S.
Kappa-carrageenan gel beads containing entrapped lager yeast cells were produced using
the static mixer process, as described in detail by Neufeld et al. (1996). with initial cell
loadings of 107 — 10° cells/mL of gel. which are specified for each experiment. As
illustrated in Figure 4.1. the static mixer process is based on the formation of an emulsion

between a non-aqueous continuous phase, vegetable oil (Mazola Corn Oil). and an
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aqueous dispersed phase. kappa-carrageenan (3% w/v) in KCl (0.2% w/v) solution.
inoculated with yeast. using in-line polyacetal static mixers (Cole-Parmer Instrument Co..
USA). In the heating section of the schematic, where the yeast was rapidly mixed with
the carrageenan solution and the emulsion was formed, the temperature was 37°C.
Gelation of the kappa-carrageenan droplets within the emulsion was induced with rapid
cooling in an ice bath and subsequent hardening in a potassium chloride bath (22 g/L). A
24-element static mixer of 6.4 mm in diameter was used to create the mixture of veast
and carrageenan. A second 42 element mixer of 12.7 mm in diameter was used to create

the emulsion. The beads used for the experiments in this work were 0.5 mm < (bead

diameter) < 2.0 mm.

)
-+ Hardening
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' Heating ) 3
Com Qil
Supply 7
i Phase
Separation
Tank
Kappa-Carrageeanan A
Supply
Yeast
Supply
P ©t Iti V.l ?{? Bead
eristaltic Valve atic .
Pump Mixer* Harvesting Tank

*Static Mixer: fluid moves through the mixer (rather than the mixer through the fluid) allowing
for mixing of fluids as they are pumped through the pipe line.

Figure 4.1. The static mixer process for making kappa-carrageenan gel beads.
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4.5 Cumulative Particle Size Distribution of Kappa-Carrageenan Gel Beads
Containing Immobilized Yeast Cells

Kappa-carrageenan gel beads were randomly sampled from a 30-L production run
of gel beads in order to calculate a particle size distribution on a mass wet-weight basis.
Each sample was approximately 500 g wet weight. Sieving was used to determine the
bead particle size distibution. The beads were passed through a series of sieves with grid
sizes 0 2.0. 1.7. 1.4, 1.18. 1.0.and 0.5 mm. A 4.5 L volume ot 22 g/L. KCl solution was
used tacilitate the sieving of each bead sample. The kappa-carrageenan gel beads were
assumed to be perfectly spherical so that the sieve diameter was taken as the particle
diameter. [t was also assumed that the particle density was uniform and independent of

particle size.

4.6 Yeast Cell Enumeration and Viability

Freely Suspended Yeast Viability and Cell Concentration: The American Society of
Brewing Chemists [nternational methylene blue staining technique (Technical Committee
and Editorial Committee of the ASBC. 1992) was used to measure yeast cetl viability.
The stain measures whether a yeast population is viable or non-viable based on the ability
of viable cells to oxidize the dye to its colourless form. Non-viable cells lack the ability to
oxidize the stain and therefore stain blue. Fink-Kuhles butfered methylene blue was
prepared by mixing 500 mL of Solution A (0.1 g methylene blue / 500 mL dH,O) with
500 mL of Solution B (498.65 mL of 13.6 g KH,PO, / 500 mL d H,O mixed with 1.25
mL of 2.5 g Na,HPO,-12H,0 / 100 mL d H,O) to give a final buffered methylene blue

solution with a pH of 4.6.

The diluted yeast solution was mixed with the methylene blue solution in a test
tube. to a suspension of approximately 100 yeast cells in a microscopic tield. A small
drop the well-mixed suspension was placed on a microscope slide and covered with a
cover slip. Following one to five minutes of contact with the stain. the cells stained blue

and the cells remaining colourless were enumerated. The percentage of viable cells was
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reported as a percentage of the total number of cells enumerated. Cell concentration was

determined using a light microscope and a Hemacytometer (Hauser Scientific Company).

Immobilized Cell Viability and Cell Concentration: Gel beads were separated from the
fermenting liquid by passing the mixture through a sterile sieve (500 um pore mesh size)
and rinsing with 10 mL of distilled water. Gel beads. | mL. containing entrapped veast
were added to a sterile 50 mL specimen container containing 19 mL of distilled water.
The beads were then disrupted using a Polytron® (Brinkmann Instruments) apparatus. to
release the cells from the gel. Cell viability and concentration were then measured as

described for the freely suspended cells.

4.7 Microbiological Analyses

Liquid Phase Analyses: Samples were taken from continuous fermentations at least once
a week for microbiological analyses. The wort that was used for continuous fermentations
was also tested for contamination prior to transferring it into the bioreactor. To test for the
presence of both aerobic and anaerobic bacteria. samples were plated on Universal Beer
Agar (UBA. Difco Laboratories). with the addition of 10 mg/L ot cycloheximide. and
incubated at 28°C for 10 days. Plates that were tested for anaerobic bacterial
contamination were placed in an anaerobic jar with an AnaeroGen" (Oxoid) packet.
which takes up any oxygen remaining in the jar, creating an anaerobic environment. An
anaerobic indicator (Oxoid). which tumns pink in the presence of axygen. was used to
verify anaerobic conditions within the jar. Wild veast contamination was tested by plating
samples on yeast medium (YM agar. Difco Laboratories) plus CuSO, (0.4 g/L) incubated
at 25°C for 7 days. Peptone Yeast-Extract Nutrient agar (PYN) . described previously.
was used to screen samples for non-lager yeast contaminants at 37°C for 7 days. The
absence of yeast growth on PYN at 37°C indicated that no ale yeast or contaminants that
grow at 37°C were present.

Gel Phase Analyses: An assay was developed in our laboratory to ensure that the
immobilized cell beads to be used for fermentations were free of contaminating bacteria

before being pitched into the bioreactor. The main concern was to avoid contamination



80

with beer spoilage organisms such as Pediococcus sp. and Lactobacillus sp. or wild yeast.
A 3 mL volume of carrageenan gel beads was inoculated into 100 mL of several different
selective liquid media described below and placed in 250 mL flasks at 25°C. and shaken
at 100 rpm in an incubator shaker. NBB broth (Nachweis von Bierschidlichen Bacterien)
(BBL cat # 98139. NBB Broth Base. 0.02 g/L cycloheximide) is a semi-selective medium
which is used to test for beer spoilage bacteria. such as Pediococcus sp. and Lactobacillus
sp. Copper sulphate broth (16 g/L. YM broth. Difco: 0.4 g/L. CuSO;,) is a semi-selective
medium to test for wild yeast contaminants. Finally. Standard Methods (STA) +
cycloheximide broth (16 g/L “Standard Methods™ broth, Difco: 0.02 g/L cycloheximide)
is used to test for bacteria found in water. wastewater, dairy products. and toods (Power
and McCuen. 1988). The selective media were chosen to detect and identify potential
beer spoilage organisms within three days. Contaminated samples were indicated by
turbidity within the sample and a presumptive identification of the contaminants was
made.

Respiratory Deficient (RD) Yeast Cell Detection Methodology: Triphenyltetrazolium
Choride (TTC) Overlay Technique: This method was used to distinguish respiratory
deficient yeast from the rest of the population. and is based on the principle that TTC isa
colourless salt that forms a red precipitate upon reduction. When TTC is overlayed onto
veast colonies growing on Yeast-Peptone-Dextrose (YPD) agar (veast extract. 10 g/L:
Peptone. 20 g/L: Dextrose. 20 g/L: Agar. 20 g/L in dH,O), respiratory sufficient yeast
will reduce the TTC. and these colonies will become dark pink to red. However.
respiratory deficient yeast do not reduce the dye and retain their original colour.

Cultures were serially diluted to a suitable concentration of microorganisms. ~100
cells/ 0.2 mL. for plating. The YPD plates were then incubated for approximately 3 days
at 21°C until yeast colonies were visible in an aerobic environment. Each plate was then
overlaid with 20 mL of 50°C TTC overlay agar. After cooling the individual solutions to
50°C. TTC overlay agar was made by mixing [:1 Solution A (12.6 g/L NaH,PO,: 11.6
g/L Na,HPO,: 30.0 g/L agar in dH,O. autoclaved at 121°C. 15 min) with Solution B (2.0

g/L 2.3.5-triphenyltetrazolium chloride in dH,0, autoclaved at 121°C, 15 min). Plates
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were read after 3 hours of incubation at ambient temperature. Percent RD was reported as

a percent of unstained colonies of the total number observed.

4.8 Scanning Electron Microscopy (SEM) of Yeast Immobilized in Kappa-
Carrageenan Gel Beads

Kappa-carrageenan gel beads containing immobilized veast were removed from
the bioreactor through the sample port and placed in a 10 mL screw-cap glass vial. with
the beads submerged in a small volume of fermentation broth. The vial was immediately
covered in ice and transported in an insulated container to the SEM facility. Kappa-
carrageenan gel beads containing immobilized yeast were fixed in
2% (v/v) glutaraldehyde prepared in Sorensen's phosphate buffer. 0.07 M. pH 6.8 (Hayat.
1972). This was followed by post-fixing in 1% (W/v) osmium tetroxide. prepared in the
same butfer, and dehydration through a graded series of alcohol solutions 50, 70. 80. 90.
95. 100% (v/v). at 15 min for each. and then 3 changes at 100%. Before critical point
drying (Ladd Research Industries. Burlington, VT) through carbon dioxide. some beads
were frozen in liquid nitrogen. fractured and collected into 100% alcohol. Freeze
fracturing allows the internal face of the beads to be exposed with minimum distortion.
Following critical point drying. the samples were sputter-coated (Polaron SCS500 sputter
coater. Fison Instruments. England ) with 30 nm ot gold/palladium and then scanned with
a Hitachi S-4500 tield emission scanning electron microscope (Nissei Sangyo. Tokyo.

Japan).

4.9 Bioreactor Sampling Protocol

The bioreactor sample port (Scandi-Brew Type T Membrane Sample Valve)
reservoir was filled with 70% (v/v) ethanol solution to maintain aseptic conditions around
the opening between samplings. In order to take a sample, the plug was removed from the
base of the ethanol reservoir, drained. and rinsed thoroughly with ethanol. prior to
opening the port. Samples were collected into a crimp vial or a screw-cap jar and volumes
varied from 5-60 mL. depending on the analysis required. In order to test for

microbiological contamination, 10 mL of the fermentation liquid was vacuum-pumped



though a sterile membrane filter unit. The membrane. 0.45 um pore size. was placed on
the appropriate selective medium, as described in Section 4.6.

For chemical analyses. 60 mL of sample was withdrawn through the septum from
the 100 mL crimp-sealed vial and syringe-filtered through a Schleicher and Schutl. FP-
050. double-layer syringe filter system. 5 um and 0.45 um pore sizes. The required
volume of sample was then dispensed into a 20 mL head space vial and crimped with a

Tetlon septum and aluminum cap. The required sample volumes are listed in Table 4.1.

Table 4.1. Sample volume requirements for various chemical analyses.

Sample Volume (mL)
ethanol 5
short-chain diols 10
beer volatiles 12
vicinal diketones 5

carbohydrates/specific gravity/
free amino nitrogen/protein

4.10 Dissolved Oxygen Measurement

The Dr. Thiedig Digox 3 dissolved oxygen analyzer measures dissolved oxygen
in the range ot 0.001 - 19.99 mg/L in wort. fermenting wort and beer (Anon, 1998).
Vilacha and Uhlig. (1985) tested many instruments for dissolved oxygen measurement in
beer and found the Digox analyser to give trust-worthy. precise values.

The electrochemical measurement method used by the Digox 5 is based on an
amperometric three-electrode arrangement with a potentiometer. The measuring celf
consists of a measuring electrode (cathode) and counter electrode (anode). These
electrodes are exposed to the liquid in which the oxygen concentration is to be measured.
A reaction at the measurement electrode occurs after fixing a defined measurement
potential. At the large. silver. measurement electrode. motecules of oxvgen are reduced to
hydroxyl ions. Two water molecules react in equation 4.1. with one molecule of oxygen.
while absorbing four electrons. giving tour hydroxyl ions.

0. + 2H,0 + 4e" — 40H" (4.1)



The stainless steel anode absorbs the four electrons released at the cathode in
order to ensure the tlow of current. In equation 4.2, the measurement current. [, is directly
proportional to the oxygen concentration. C :

[=KxC_, (4.2)
where the constant. K. in influenced by the Faraday constant. the number of electrons
converted per molecule. the cathode surface area. and the width of the boundary layer at
the surtace of the measurement electrode.

A constant. characteristic, measurement potential is critical for the selectivity (for
oxygen) and precision of the measurement. The measuring voltage is stabilized by the
reference electrode. which is not burdened by current. This. together with the potentiostat.
which provides electronic feedback. provides a constant measurement potential. The
surface of the measurement electrode is electrolytically connected to the reterence
electrode via a diaphragm.

The error. based on the measuring range of the final dissolved oxvgen
concentration. was +3% (Anon. 1998). The dissolved oxygen analyzer was calibrated
using the Thiedig Active Calibration. in which the Digox 5 produced a defined oxygen
quantity based on Faraday's Law (0.500 mg/L) and then cross-checked this with the
measured values in the matrix. This allowed the instrument to be calibrated under the
pressure. temperature and tlow conditions corresponding to those of the measurement.
within one min. Because the exchange of molecules in the sensor is a diffusion process. it
is influenced by temperature. resulting in faster reaction rates and increases in the
measured current. Therefore. the Digox 3 is also equipped with a sensor. which measures
the temperature and automatically compensates for fluctuations.

The Digox 5 has some advantages over membrane-based oxygen sensors. Because
the Digox uses no electrolyte. the sensitivity loss is relatively slow and only minor
deposits on the measurement electrode occur. Also. the sensitivity can be determined at
any time, by performing an active calibration. [t is a simple procedure to clean the
electrode and recalibrate the instrument. In most membrane-sensors. silver chloride is
deposited on the cathode. and the electrolyte solutions changes. resulting in progressively

lower readings. For this reason membranes and electrolytes are recommended to be
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changed every few weeks and then recalibrated. a lengthy and cumbersome task.
Calibration of the membrane-based sensors is usually conducted in the lab at oxygen
saturation levels. which could cause appreciable errors. especially in the wort and beer
matrix at very low oxygen levels. Temperature will have a three-fold influence on
membrane-based oxygen sensors: membrane permeability will change, the partial
pressure of oxygen will change. and the solubility of oxygen in the electrolyte will
change. Temperature compensation for these three factors in membrane-based sensors is
ditficuit.

Dissolved Oxygen Measurement in the Wort During Storage: Flexible Tygon® tood
grade tubing (% inch i.d.) was aseptically connected to a sample port located near the top
of the conical bases of the wort storage tanks. T-1 and T-2 (see section 4.2.1). A variable
speed peristaltic pump provided volumetric flow rate of 11 L/hr through the dissolved
oxygen analyzer block. ((Masterflex® L/S™ Digital Standard Drive. Cole-Parmer cat. #P-
07523-30)). Wort dissolved oxygen measurements were then recorded after 4-3 minutes.
Dissolved Oxygen Measurement in the Bioreactor: Prior to performing the dissolved
oxygen measurements on the bioreactor. the Digox 5 analyser block was sanitized. The
inlet of the sensor was connected to sterile. Tygon® Food Grade tubing (% inch i.d.). A
70% (v/v) ethanol solution was pumped through the analyzer at a volumetric flow rate of
approximately 10 L/hr for 15 min. The dissolved oxygen analyzer was connected to a
laboratory water tap and hot water (70°C) was passed through the sensor for a minimum
of 2 hours. This methodology was used rather than steam sterilization because the
analyzer block materials cannot tolerate temperatures of above 70°C. Following the two-
hour sanitation period. the tubing at the inlet and outlet of the unit was clamped to
maintain sterility within the analyzer. In a laminar flow hood. the treshly sterilized tubing
was connected to the inlet and outlet of the analyzer. The free ends of the tubing were
then aseptically clamped to the 4™ [.D. stainless steel ports on the bioreactor head plate
and measurements were taken. When the ports on the bioreactor were not in use. they

were sealed using a short length of sterilized Tygon® food grade tubing.



Dissolved oxygen was measured on-line in the gas lift bioreactor by withdrawing
liquid from the fermentation through a port situated on the bioreactor head plate. The
fermentation liquid exited the bioreactor through a stainless steel filter (see section 4.1.2)
connected to a Y4 inch stainless steel pipe which penetrated the bioreactor head plate. The
liquid then tlowed through flexible Tygon® food grade tubing (% inch i.d.). which was
connected to a variable speed peristaltic pump (Mastertlex® L/S™ Digital Standard Drive.
Cole-Parmer cat. #P-07523-50). providing a volumetric flow rate of 11 L/hr through the
dissolved oxygen analyzer block. The fermentation liquid was then recycled through a
second quarter-inch stainless steel port. which penetrated the bioreactor head plate.
Tygon® food grade tubing (Cole-Parmer. 1999) was used to connect the sensor to the
bioreactor because of its supplier-specified low oxygen permeability of
30 ecm’mm/(s-cm”-cmHg) X 10" The measurement was taken atter 4-5 minutes of

circulation.

4.11 Chemical Analyses
Calibrations were performed using the appropriate standard reagents. All reagents
used for the analyses were >99% pure. Where necessary, subsequent purification via

distillation was performed.

4.11.1 Ethanol

Ethanol concentration was determined using the internal standard gas
chromatagraph (GC) method of the Technical Committee and Editorial Committee ot the
American Society of Brewing Chemists (1992). Degassed samples were treated directly
with isopropanol internal standard. 5% (v/v) and injected into a Perkin Elmer 8500 Gas
Chromatograph equipped with a flame ionization detector (FID) and a Dynatech
autosampler. A Chromosorb 102, 80-100 mesh column was used with helium as the

carrier gas. Chromatographic conditions: flow rate of 20 mL/min. injector temperature of

175°C. detector temperature ot 250°C. and column temperature of 185°C.
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4.11.2 Carbohydrate Summary

Glucose. fructose. maltose. DP3 (maltotriose). DP4 (maltotetraose). poly-1
(polysaccharide peak 1) and glycerol concentrations in fermentation samples were
quantified using a Spectra-Physics (SP8100XR) high performance liquid chromatograph
(HPLC) equipped with a cation exchange column (Bio-Rad Aminex. HPX-87K) and a
refractive index detector (Spectra-Physics. SP6040XR). The mobile phase was potassium
phosphate. dibasic. 0.0} M. and the system was equipped with a Spectra-Physics
(SP8110) auto sampler. The instrument was operated with a backpressure of 800 psi. The

flow rate of sample and eluent through the column was 0.6 mL/min. with a column

temperature of 85°C and a detector temperature of 40°C. The injection volume was 10 pL.

4.11.3 Specific Gravity
The specific gravity of the wort and fermentation medium is described in this

study in terms of Real Extract (degree Plato. °P), which is the accepted unit used in the

brewing industry.

Fermentation samples were filtered as described in section 4.8 and vortexed prior
to analysis with a digitalized density meter (Anton Paar DMA-58 Densitometer) to
measure wort specific gravity (degree Plato). The fermentation samples were inserted into
a glass u-tube. which oscillated electronically to determine the specific gravity. thus

giving degree Plato indirectly.

Degree Plato refers to the numerical value of a percentage (w/v) sucrose solution
in water at 20°C whose specific gravity is the same as the wort in question. Because the
degree Plato scale and resulting tables relating solution specific gravity to solute
concentrations are based on aqueous solution of sucrose. it is only an approximation of
the amount of extract. Extract is a term referring to the total available soluble mass in a
brewing material “as is”. and /or potentially through processing (Hardwick. 1993) such as
carbohydrates. proteins. tannins. Extract is still currently expressed in the brewing
industry as specific gravity in degree Plato because of the lack of a more appropriate

reference better related to the variability in compositions of worts of difterent origins.
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4.11.4 Total Diacetyl

Total diacetyl (2.3-butanedione) in beer and fermentation samples was measured
using a headspace analyte sampling technique. followed by capillary GC separation
(Hewlett-Packard 5890) and electron capture detection (ECD) based on the method of the
Technical Committee and Editorial Committee of the American Society of Brewing
Chemists (1992). The method refers to “total diacetyl™ because the method measures the
amount of diacetyl and its precursor. alpha-acetolactate. The carrier gas was 5% methane
in argon at 1.0 mL/min and a J & W DB-Wax column was used. The split ratio was 2:1
and the auxiliary gas was helium at 60 mL/min. Injector temperature was 105°C and
detector temperature was 120°C.

The system was equipped with a Hewlett Packard 7694E headspace autosampler
and 2.3-hexanedione was used as an internal standard. The sample cycle time was 40
min, with a vial equilibration time ot 30 min at 65°C. a pressurization time of 2 min at 4.8
psig. a loop fill time of 0.2 min. a loop equilibration time ot 0.1 min. and an injection
time of 0.27 min. Carrier pressure was 18.8 psig. transter line temperature was 95°C and

loop temp was 65°C.

4.11.5 Beer Volatiles

Beer volatiles including acetaldehyde. ethyl acetate. isobutanol. 1-propanol.
isoamy! acetate. isoamyl alcohol. ethyl hexanoate. and ethyl octanoate were measured
using an internal standard (n-butanol) GC (Hewlett Packard 5890) headspace method and
a tflame ionization detector (FID). The carrier gas was helium at 6.0 mL/min and the GC
was equipped with an Hewlett Packard 7694 headspace autosampler.

GC injector temperature was 200°C and detector temperature was 220°C. Oven
temperature profile: 40°C (5 min). 40 - 200°C (10°C/min), 200 -220°C (50°C/min).
220°C (3 min). The FID gases included the carrier at 6.0 mL/min. helium makeup at 30
mL/min and 28 psig. H, at 50 mL/min and 25 psig. and air at 300 mL/min and 35 psig.

The septum was purged at a flow rate of 0.8 mL /min. The head pressure was

4.0 psig. When the autosampler was connected via a needle in the injection port. the vial
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pressure was 15.9 psig, the carrier pressure was 7.1 psig, the column head pressure was
4 psig, the split flow was 18 mL/min and the column flow was 6 mL/min. Zone
temperatures: vial at 70°C. loop at 80°C. transfer line at 150°C.

The GC cycle time was 40 min. with a vial equilibration time ot 35 min. a
pressurization time ot 0.25 min. a loop fill time of 0.1 min. a loop equilibration time of

0.1 min. an injection time of 3 min and a sample loop volume ot 1 mL.

4.11.6 Free Amino Nitrogen (FAN)

The Free Amino Nitrogen International Method of the Technical Committee and
Editorial Committee ot the American Society of Brewing Chemists (1992) was used to
determine the concentration of free amino nitrogen in a fermentation sample, using a
Perkin Elmer LS50B spectrophotometer. This spectrophotometric method displays a
colour reaction between ninhydrin and the nitrogen present in the sample. The amount of
absorbance is directly related to the amount of free amino nitrogen present.

a) Colour Reagent:  19.83 g disodium hydrogen phosphate (Na,HPO,)

30.00 potassium dihydrogen phosphate (KH,PO,)
2.78 g ninhydrin monohydrate
1.50 g fructose
b) Dilution Reagent: 2.00 g potassium iodate (KIO;)
596 mL distilled. deionized water
404 mL 95% (v/v) ethanol
Stored in refrigerator and used at room temp.

¢) Glycine Stock Solution: 0.1072 g/100 mL distilled deionized water

d) Glycine Standard Solution: stock solution was diluted 1:100 (v/v) with

distilled. deionized water. This standard contains 2 mg/L FAN.

The samples were diluted to a ratio of 100:1 with distilled water and 2 mL of the
diluted sample were introduced into each of 3 test tubes. The blank was prepared by
introducing 2 mL of distilled deionized water into each of 3 test tubes. Three test tubes

containing 2 mL each of the glycine standard solution were also prepared.
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For all samples. 1 mL of colour reagent was added and then they were placed in a
100°C water bath for exactly 16 min. The test tubes were then cooled in a 20°C water
bath for 20 min. Five mL of the dilution reagent was then added to each test tube and
mixed thoroughly. The samples were then allowed to stand tor 10-15 min. The
absorbance at 570 nm was then measured using a spectrophotometer and the amount of
FAN in a sample was calculated using equation <.3.

Where FAN ts the amount of free amino nitrogen in the sample in mg/L, A, is the
average of the absorbances of the test solutions. A is the average of the absorbances tor
the blanks. A; is the average of the absorbances for the correction for dark worts and
beers. 2 is the amount of FAN in the glycine standard solution. d is the dilution factor of

the sample. and A, is the average of the absorbances tor the glycine standard solution.
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CHAPTER 5. CONTINUOUS FERMENTATION USING
A GAS-LIFT BIOREACTOR SYSTEM

A gas-lift draft tube bioreactor system was chesen for continuous beer
fermentation because of its published excellent mass transfer (liquid-solid) and mixing
characteristics. Liquid-solid mass transter is especially important since it involves the
transfer of nutrients from the liquid phase to the solid immobilized cell biocatalyst.
providing substrates for the encapsulated veast. These bioreactors also provide good
aeration, low power consumption. and are simple to construct. This has made gas-lift
bioreactor systems very attractive for large scale operations. such as those used

commercially for wastewater treatment (Driessen et al., 1997: Heijnen. 1993).

5.1 Gas-lift Draft Tube Bioreactor Description

This section gives a detailed description of the gas-lift bioreactor used in this
work.

5.1.1 Bioreactor Body

The 13 L (8 L working volume) gas-lift draft tube bioreactor designed for this
work was a three phase fluidized bed (liquid/solid/gas) where the immobilized cells were
kept in suspension by carbon dioxide gas driven internal liquid circulation (Heijnen.
1996) as shown in Figure 5.1. A photograph of the bioreactor vessel is given in Figure
5.2 and a detailed drawing with detailed dimensions is given in Figure 5.3. Carbon
dioxide and air flow into the bottom cone of the bioreactor through a sintered stainless
steel sparger (CO. purger nozzle. Part #9222 Hagedorn & Gannon. USA). 0.1 1m length.
0.013 m outer diameter. Carbon dioxide was used as the fluidizing gas and air was used
to supply oxygen to the veast cells.

A draft tube. concentrically located inside the columnar bioreactor. tunctioned as
the riser in this fluidized bed system while the outside annulus served as the downcomer.
The internal draft tube was suspended from a cylindrical particle separator. seated on

three stainless steel tabs in the expanded head region of the bioreactor. Keeping the draft
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tube and particle separator fittings inside the bioreactor. minimized the risk of microbial
contamination from the outside environment.

Originally. the bioreactor had a mesh screen to separate the immobilized cells
from the liquid at the outlet. However. the screen was prone to plugging, so a stainless
steel cylinder was used to separate the immobilized cell beads from the liquid phase as
they moved over the top of the draft tube and flowed down the annulus. The particles
would hit the cylinder and fall back down into the bulk liquid phase rather than leaving
the bioreactor as overflow. Thus there was a small region near the bioreactor outlet that
was free of immobilized cell particles. The bioreactor expanded head region also

increased the surface area for gas bubble disengagement.

5.1.2 Bioreactor Headplate

In Figure 5.4 a schematic of the bioreactor headplate is given. Headplate ports
were kept to a minimum to reduce the risk of contamination. The ports were either
welded directly onto the headplate or compression fittings (Swagelok™) were used. The
headplate incorporated an inoculation port. a thermowell. a thermometer. a septum for
gas sampling. and liquid withdrawal and return ports for dissolved oxygen measurement.
A temperature sensor was inserted into the thermowell. which fed back to the temperature
controller system. The temperature controller gave feedback to a solenoid valve. which
opened and closed the glycol supply to the bioreactor thermal jacket. Temperature was
monitored using a thermometer (Cole-Parmer Waterproof Thermocouple thermometer.
#90610-20) and a type T probe. which was welded into the bioreactor head plate.
Dissolved oxygen was measured using a dissolved oxygen analyzer (Dr. Theidig. Digox
5). which required a flow of 9-11 L/hr of liquid broth through the analyzer block for
accurate oxygen readings. Liquid was withdrawn from the bioreactor for oxygen
measurement through a % i.d. pipe that went through the headplate into the termentation
liquid. As shown in Figure 5.5. the tip of pipe was fitted with a filter to remove larger
particulates from the liquid, as it was pumped through the dissolved oxygen analyzer.
The liquid was then returned back to the bioreactor through another %'’ port in the

headplate.
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Figure 5.1. Schematic of gas-lift draft tube bioreactor system for primary beer
fermentation.



Figure 5.2. Photograph of the gas-lift draft tube bioreactor vessel.
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Figure 53.5. Profile of liquid withdrawal port for oxygen sensor with tilter unit submerged
in bioreactor liquid phase.

5.1.3 Sanitary Valves for Aseptic Sampling

The bioreactor was equipped with a membrane sample valve (Scandi-Brew")
welded into the bioreactor wall. The valve was designed for sampling under aseptic
conditions. The membrane sealed directly against the fermentation liquid. allowing the
valve to be fully sterilizable with steam and alcohol through two outlets (Figure 5.3). A
small external reservoir of ethanol surrounded the membrane to maintain sterility
between sampling. This valve was used for all bioreactor sampling and it was assumed
that the composition of the liquid at the point of sampling was not significantly different
than the composition of the liquid exiting the bioreactor outlet. As mentioned in the
Materials and Methods chapter of this work. the bioreactor was sampled from a valve
located on the outer wall of the bioreactor. In order to validate the assumption that the
composition of the liquid exiting the bioreactor outlet was the same as the liquid sampled

from the body of the bioreactor. mixing time studies were pertormed.
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A pulse tracer method was used to determine mixing time in the gas-lift
bioreactor (Chistie. 1989). A 1 mL volume of 10 N HCI was rapidly injected into the
bioreactor annulus and the change in pH was logged over time, with time. t = 0 seconds
at the time of the injection. The pH was returned to its original value by injecting 10 N
NaOH. The pH electrode (Cole-Parmer. cat. #P-05990-90) was 277 mm in length and 3.5
mm in diameter. An Ingold Model 2300 Process pH Transmitter was used to monitor pH.
A two-point pH calibration was performed with certified standard buffers. Beckman pH
7.0 green butfer, Part #566002 and Beckman pH 4.0 red butter. Part #566000. The data
was logged at a frequency ot 3750 Hz for 300 seconds using a software program
designed by Cheryl Hudson and John Beltrano in 1994, and moditied by Norm Mensour
in 1999 (University of Western Ontairo. London. Ontario).

The pH data was then smoothed using the Savitsky-Golay algorithm in
TableCurve 2D (Jandel Scientific Software. Labtronics, Guelph. Ontario). The Savitzky-
Golay algorithm .> a time-domain method of smoothing based on least squares quartic
polynomial fitting across a moving window within the pH data (Anon. 1996). The
smoothed data was then normalized and a plot of ApH versus time was generated. The
mixing time was taken to the nearest minute. when the pH had reached ~95% of
equilibrium value. The mixing time was measured using three different volumetric tlow
rates of carbon dioxide: 283 cm®/min. 472 em’/min (volumetric flow rate used throughout
this work). and 661 cm*/min. [n all three cases the pH in the bioreactor had equilibrated
(~95% cutoft) in less than 2 minutes, as seen in Appendix 1. The mixing time was
deemed to be sufficiently short to validate our original assumption that the bioreactor was
well-mixed. This allowed us to assume that the composition of the liquid sampled from
the bioreactor wall was not significantly different from that which flowed from the outlet.
with an average liquid residence time of 24 hours in the bioreactor. From the appended
figures. a definite liquid recirculation superimposed on mixing by dispersion was seen.

which is typical of gas-lift bioreactors (Chisti. 1989).

5.2 Flow Diagram of Continuous Beer Fermentation System
A flow diagram for the continuous beer fermentation system. which was housed

in the Microbrewery Pilot Plant of Labatt Brewing Company Limited in London. Ontario.
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is given in Figure 5.6 with a detailed parts description in Table 5.1. In summary, brewer’s
wort was collected from the London Labatt Plant. sterilized using a flash pasteurizer
(Fisher Plate Heat Exchanger . combi-flow Type Eurocal 5FH). and stored in large
holding tanks (T-1 and T-2). During continuous fermentation the wort was transferred at
a controlled tlow rate to the gas-lift bioreactor (BR-1) containing immobilized yeast cells.
Fermented liquid left the bioreactor as overflow and was collected into a receiving vessel
(T-3). In the following sections. the operation of the continuous beer termentation system

given in Figure 5.6 is detailed.

5.2.1 Wort Collection and Storage

Unoxygenated wort for continuous fermentation was collected from the Labatt
London plant via piping into a 1600 L cylindroconical storage tank. pre-purged with
carbon dioxide to minimize oxygen pickup by the wort. All tanks of this scale. including
wort holding tanks. T-1 and T-2, were cleaned and sanitized as per Labatt Best Practices
prior to their use. The wort was then flash pasteurized and transferred at 2°C into the
available wort holding tank. T-1 or T-2 (also pre-purged with carbon dioxide). Wort was
held in these tanks at 2°C for up to 2 weeks. supplying liquid to the continuously
fermenting bioreactor. BR-1. At the end of the two-week period. the bioreactor feed was
changed over so that wort was supplied from the second wort tank. which contained fresh
wort. Two identical wort storage tanks. T-1 and T-2. were employed to minimize
downtime during the changeover to tfresh wort. In all cases. wort was tested for
contamination a minimum of two days prior to being introduced into the bioreactor (BR-
1). [f the wort was contaminated. it was discarded and fresh wort was immediately
collected and pasteurized.
Minimizing Wort Dissolved Oxygen Concentration During Storage: The goal was to
store the wort with minimal oxygen. at a constant level. and at a low temperature. without
treezing the wort. This was required to prevent undesirable staling reactions in the wort
from chemical reactions with oxygen (Narzif} et al.. 1993). to provide a consistent supply
of wort to the bioreactor. and to minimize the risk of wort contamination with microbes
during storage. The large 1.600 L (net) cylindroconical vessels (T-1 and T-2) used to

store the wort for the continuous fermentations. were originally designed as batch
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fermenters, not wort storage tanks. Because of this, the cooling for these vessels was not
adequate to maintain wort at 2°C. After three days of holding the wort. temperature
varied as much as 15°C from one region of the tank to another (Table 5.2).

These warm regions in the tanks increased the risk of microbial growth. Thus. some
agitation was needed in these tanks to ensure a uniform low temperature throughout.

For these reasons. a pipe sparger was installed into the base cone of each wort
storage tank (T-1 and T-2). Experiments were performed to determine the best protocol
for tilling the tank with wort and maintaining constant low levels ot dissolved oxygen. In
the first experiment. the storage tank was filled with wort that had been collected without
oxygenation and flash-pasteurized. Once the storage tank was fitled with 1.600 L wort.
0.113 m’/hr of carbon dioxide was sparged into the base of the tank. During the second
experiment. the wort was again collected without oxygenation and flash-pasteurized. This
time, the storage tank was purged with carbon dioxide (0.85 m*/hr) for 3 hours prior to
filling and a small amount of carbon dioxide (0.113 m*/hr) was continuously sparged into
the storage vessel as the wort was being transferred into the tank. This low flow of carbon
dioxide was continuously bubbled through the wort stored in the tank while it supplied
wort to the continuous fermentation. For both experiments. wort dissolved oxygen
concentration was monitored on a regular basis during a week of storage.

In Figure 5.7. dissolved oxygen concentration versus wort storage time is given.
When the holding tank was not pre-purged with carbon dioxide. the air in the headspace
of the tank allowed some pickup of oxygen by the wort. Thus. without prepurging the
tank it took a significantly longer period of time for the dissolved oxygen concentration
in the wort to reach a minimal and constant level. When the tank was pre-purged. the
wort dissolved oxygen concentration remained at a constant low level throughout the
storage period. Thus. pre-purging the wort storage tanks (T-1 and T-2). and continuing to
provide a small flow of carbon dioxide through the wort during storage in order to keep a
slight positive pressure on the tanks, was adopted as part of the wort storage procedure
for all continuous fermentations.

The temperature profile in the storage vessels was also compared with and
without 0.113 m’/hr of carbon dioxide sparging. This was performed on water rather than

on wort using a Type T temperature probe connected to a thermometer (Cole-Parmer
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Waterproof Thermocouple Thermometer. cat. #90610-20). City water (1.600 L) was
collected into a wort storage tank and equilibrated for three days and the temperature of
the water was recorded in different regions of the storage tank. The water in the tank was
then sparged for 24 hours with 0.113 m’/hr carbon dioxide and the temperature was again
recorded. Ambient temperature was recorded in each case and the temperature set point
within the storage tank was 2.0°C.

As seen in Table 5.2, with carbon dioxide sparging. the temperature in the storage
tanks was more uniform, with temperature ranging between 0.1 and +.1°C in the regions
measured. and the contents of the tanks did not freeze. This lower temperature helped to
prevent unwanted growth of microbes in the wort during storage.

Gas was released from the wort storage tanks through a sterile gas filter situated at
the top of the tank. Wort was then transferred using a variable speed peristaltic pump (P-

1) (Masterflex® L/S™ Digital Standard Drive. Cole-Parmer cat. #P-07523-50) to the 8 L

bioreactor (BR-1) inlet using Norprene® Food Grade L/S 16 flexible tubing.

5.2.2 Continuous Fermentation using Gas-Lift Draft Tube Bioreactor System

Wort was introduced near the bottom cone of the bioreactor. BR-1. through a '4"
port. A mixture of filter-sterilized (Millipore. Millex®-FGso. 0.2 um Filter Unit). air and
carbon dioxide (99.99% purity) flowed into the bioreactor through the sintered stainless
steel sparger. A rotameter (R-3) was used to control the carbon dioxide tlow rate at STP.
and a precalibrated mass flow controller (M-1) was used to control the tlow rate of air at
STP. Fermented liquid left the bioreactor as overflow and flowed through 1" [.D.
reinforced PVC tubing into a 30 L stainless steel collection vessel (T-3) which was

cooled with an external glvcol coil and kept at a temperature of 4°C.

5.2.3 Product Collection

The product collection vessel (T-3) had a large inlet port (17°1.D.) which was
designed so that the fermented liquid would flow down the collection vessel wall to
minimize foaming. This vessel also had a sterile gas filter. (Millipore. Millex®-FGs. 0.2

pm Filter Unit). for gas release from the bioreactor (BR-1) and the collection vessel (T-
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3). The collection vessel was periodically emptied using a 4"’ valve (V-12) situated 2"
above the base of the tank.
5.2.4 Glycol Conling Loop

Glycol was transferred from the London Brewery to the Microbrewery Pilot Plant
at a temperature of —=23°C and pressure of 45 psig. and circulated through cooling jackets
for the wort holding tanks (T-1 and T-2). the gas-lift bioreactor (BR-1). and the product
collection vessel (T-3). The two wort holding tanks and the bioreactor were equipped
with liquid phase temperature probes which provided teedback to temperature
controllers. which in turn controlled the flow of cold glycol to the vessel jackets. The
wort holding tanks stored the wart at 2°C. while the temperature within the bioreactor
was controlled at temperatures of 12°C to 22°C. depending upon the specific experiment.
The product collection vessel did not have automatic temperature control. but rather. the
flow of glycol was manually controlled to keep the vessel at approximately 4°C. [t was
not necessary to precisely control the temperature of the product collection vessel (T-3)
because the liquid in this vessel was simply discarded and not analyzed or processed
further.

Glycol was also used to jacket and cool the wort transfer lines from the wort tanks
(T-1 and T-2) to the bioreactor (BR-1). Once the glycol had circulated through a given
jacket. it was returned to a main line within the Pilot Plant Microbrewery and then was

returned to the London Plant, generally at a temperature of —135°C and pressure of 40 psig.

5.3 Bioreactor Sterilization Protocol

The bioreactor (BR-1) was filled with a 2% (v/v) solution of Diversol® CX/A
(DiverseyLever. Canada). a sanitizing detergent. and soaked overnight with gas sparging.
The reactor was then drained and rinsed with cold water. This cycle of cleaning solution
and water rinsing was repeated two times. [n order to prepare the bioreactor for steam
sterilization. the wort and gas lines were disconnected. The steam line was connected to
the bioreactor inlet and the following valves were opened: the bioreactor inlet and purge
valves (V-7. V-6). the gas inlet (V-17). product outlet valves (V-9. V-11), the membrane
sampling valves (V-8. V-10). and collection vessel drain port (V12). The plant steam

valve was then slowly opened and the bioreactor valves were adjusted so that a trickle of
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steam was observed at the exit of each external opening. After 60 minutes of steam
exposure, all the external valves on the bioreactor were closed (V-17. V-8. V-10. V-12)
except the wort bypass valve (V-6). When the steam valve was closed. the wort bypass
valve was closed and a sterile filter was connected to the collection vessel to prevent
contamination by non-sterile air entering the system as it cooled. The bioreactor gas line
was also reconnected at V-17 as the plant steam line was closed in order to maintain a

positive pressure while the system cooled.

5.4 Fermentation System Startup

Brewer’s wort was collected from the plant into a 20 L stainless steel pressure
vessel and heated in an autoclave for 45 minutes at 100°C. Immobilized cells were
aseptically transferred into the cooled wort (40% v/v). The sealed vessel was transported
to the Microbrewery Pilot Plant where the bioreactor system was housed. The 20 L vessel
was connected to a quick connect fitting {(Cornelius Anoka. MN. USA). which was
clamped to reintorced 3/8” PVC tubing (Cole-Parmer. USA). The other end of the PVC
tubing was clamped to the membrane sampling valve (V-8) in the bioreactor wall. Filter-
sterilized carbon dioxide was applied as 10 psig to the 20 L vessel and the membrane
sample port was opened so that the immobilized cell mixture was transferred from the
vessel into the bioreactor. without exposing the inoculum to the outside air environment.
The internal components of the “quick connect™ fittings of the 20 L vessel were removed
to prevent plugging with immobilized cells upon transfer into the bioreactor. The
cumulative particle size distribution (undersize) for the kappa-carrageenan gel beads is
shown in Figure 5.8. The arithmetic mean particle diameter. Dp,m. was calculated to be
1.252 mm and the Sauter mean particle diameter. Dy, was 1.17 mm. The median
particle diameter was 1.255 mm. The experimental data and mean particle diameter
calculations are given in Appendix 1.

Following inoculation with immobilized cells. the bioreactor was operated in
batch mode until the sugar and diacetyl concentrations reached targets of less than 3°Plato
in terms of specific gravity and less than 100 pg/L diacetyl. The system was then
prepared for continuous operation. In order to rinse with hot water and steam-sterilize the

wort transfer line, valves V-2 (or V-4 for T-2). V-5, and V-6 were opened. while V-1 (or



V-3 tor T-2) and V-7 were closed. isolating the wort line. The wort transfer line was
rinsed with hot water at approximately 80°C. which was supplied through V-2 (or V-4 for
T-2). Following the hot water rinse cycle. the plant steam line was connected at the same
location and the wort transfer line was steam sterilized for a minimum of 30 minutes. At
the same time that the steam line was shut off. the bypass valve (V-6) was also closed.
Once the system had cooled. V-2 (or V-4 for T-2) was closed and the steam line was
disconnected. The wort tank valve. V-1 (or V-3 for T-2), and the bypass valve (V-6) were
opened and the wort transter pump (P-1) was started. The wort was sent to the sewer
drain via the bypass valve (V-6) until the condensate in the line was replaced with tresh
cold wort. At that point the bypass valve was closed and the bioreactor inlet valve (V-6)
on the reactor was opened. commencing the continuous fermentation process.

Every two weeks the tank. which supplied wort was alternated between storage
tanks (T-1 and T-2). After two weeks of supplying wort from T-1. the continuous teed
pump. P-1 was stopped and the valve (V-5) at the inlet of the bioreactor was closed. The
wort transfer line was then connected to the second storage tank (T-2) and the line was
flushed and sterilized as described in the previous paragraph. Continuous fermentation

then resumed after only a short down time of less than one hour.
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Wort sparged with 0.113 m>/hr (4
—— scfh) carbon dioxide after storage
12 tank (T1 or T-2) was filled. Due to
' surface aeration, the dissolved
oxygen concentration reached a
maximum after ~1.5 days, when the

1 tank was not pre-purged with carbon
dioxide

I Wort tank (T-1 or T-2) purged for 3 ,
08 hours @ 0.85 m’/hr (30 scfh) with |
carbon dioxide prior to filling and
sparged with 0 0.113 ni/hr (4 scfh)

carbon dioxide during wort filling and
06 storage

04

Dissolved Oxygen Concentration (mg/L)

02

0 1 2 3 4 5 6 7 8
Wort Holding Time (d)

Figure 5.7. Dissolved oxygen concentration in the wort versus hold time in wort storage
vessel (T-1 or T-2) under different tank filling conditions.

Table 5.2. Temperature profile of water in wort storage vessel (T-1 or T-2) after
equilibrating for three days with no carbon dioxide sparging. and atter 24 hours of carbon
dioxide sparging at 0.113 cm’/h.

Temperature (°C)

Location of Measurement within Cylindroconical Vessel No CO, Sparging With CO, Sparging
10 cm below liquid surface and 10 cm from the vessel wall 20.6 0.4

10 cm below liquid surface and at the center of the vessel 20.1 0.1

bottom of cylindrical section and 10 cm from vessel wall 3.8 3.7

bottom of cylindrical section and at the center of the vessel 3.7 4.1

Pilot Plant ambient 21.4 19.8
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Figure 5.8. Cumulative particle size distribution of kappa-carrageenan gel beads
containing immobilized yeast cells (n = 3)
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'CHAPTER 6. KAPPA-CARRAGEENAN GEL IMMOBILIZATION OF
LAGER BREWING YEAST

Scientists have studied a variety of matrices for the physical entrapment of whole
cells including calcium alginate (Bejar et al.. 1992; Curin et al.. 1987: Masschelein and
Ramos-Jeunchomme. 1985: Nedovic et al.. 1996: Shindo et al.. 1994: White and Portno.
1978). agarose (Hooijmans et al.. 1990: Lundberg and Kuchel. 1997). and carrageenan
gels (Norton et al.. 1995: Wang et al.. 1982). Carrageenan is a food grade material and it
has been favoured for cell encapsulation due to its superior mechanical strength
compared to other gels (Bliyiikgiingor. 1992).

In the first part of this chapter. the veast cell colonization within kappa-
carrageenan gel beads was monitored over three cycles of repeated batch fermentation.
The viability of the immobilized cells and the cells released into the liquid phase was
examined. Fermentation parameters including ethanol. maltose, maltotriose. fructose. and
glucose were followed throughout the repeated batch fermentations and then compared
with control fermentations using only freely suspended yeast cells under the same
nutrient conditions.

There has been little published information to date on the physical effects on cells
after long term immobilization (Virkajdrvi and Kronlof. 1998) and continuous exposure
to external stresses and fermentation products. The second part of this chapter examines
the viability. cell population distribution and physical appearance of yeast cells
immobilized within carrageenan gel beads over an extended period of continuous
fermentation in a gas-lift bioreactor. Also examined over extended periods of time were
the relative percentage of respiratory deficient yeast in the immobilized and freely
suspended cell population of the bioreactor.

Carrageenan is made up of repeating 3-6-anhydrogalactose units and assorted
carrageenans differ by the number and position of the sulfate ester groups on repeating
galactose units. A schematic of the carrageenan gelation mechanism may be seen in
Figure 6.1. When carrageenan is in the sol state, its polysaccharide chains are in a random

coil configuration. When enough helices have formed to provide cross-links for a

' A version of section 6.0 has been published (Pilkington et al.. 1999).
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continuous network. gelation occurs. As more helices are formed, or, as the helices form

aggregates. the gel becomes stronger and more rigid (Rees. 1972).

—> —>
<+— <+—
Carrageenan Carrageenan Carrageenan
Solution Gel Gel
(Random Caoil) (Continuous Network) (Aggregate)

Figure 6.1. Gelation mechanism of carrageenan (adapted from Rees. 1972).

The three common types of carrageenan are lambda. iota, and kappa. As
illustrated in Figure 6.2. they differ in sulfate ester content and the amount of sulfate ester
will affect the solubility of the polysaccharide chain. Lambda-carrageenan is highly
sulfated and lacks the ability to torm a gel (Marrs. 1998). lota-carrageenan forms a
highly elastic. weak gel in the presence of calcium ions, and does not show significant
syneresis. Syneresis occurs when the tendency of the gel to further form helices or
aggregates is so strong that the network contracts causing “weeping” of liquid (Rees.
1972). Kappa-carrageenan is moderately sulfated and thus forms a stronger and more
rigid gel in the presence of potassium ions. and will undergo some syneresis. The
increased gel strength atforded by kappa-carrageenan makes it desirable for immobilizing

whole yeast cells.
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Lambda . Kappa
CH,OSO -

Figure 6.2. Chemical structures of lambda-. iota-, and kappa-carrageenans.

An important characteristic of carrageenan is its reversible thermogelation
properties. As carrageenan solution is cooled. viscosity increases and gelation occurs. As
the solution is heated. viscosity decreases and the carrageenan reverts back to the sol
state. By controlling the composition of the gelling cation solution. the temperature at
which carrageenan is transformed from a sol into a gel may be altered. Kappa-
carrageenan gelling temperature increases with increasing potassium chloride
concentration in solution. This phenomenon was used to engineer a process tor cell
immobilization. since severe temperature fluctuations can be avoided (Neufeld et al..
1996). The gelling temperature of the carrageenan can be controlled such that it is high
enough to be a gel under termentation conditions. yet low enough that the veast cells may
be mixed with the carrageenan in its sol state without detrimental ettects on viability
prior to bead gelification.

There are a number of factors. nevertheless. which indicate the need for turther study
on the effects of immobilization within gel matrices on veast cell metabolism and
physiology. Immobilized cells are not subjected to the same micro-environment as the
free cells in the liquid phase because there are additional barriers from the gel matrix and
other entrapped veast cells which must be surmounted. before substrates can be
transported to their surfaces (Figure 6.3). There have been many studies on mass transter
rates within gel matrices (Estapé et al.. 1992: Hannoun and Stephanopoulos. 1986
Korgel et al.. 1992; Kurosawa et al.. 1989; Merchant et al., 1987: Ovaas et al.. 1995:
Venancio and Tiexiera. 1997) to gain a better understanding of the potential negative
effects that nutrient limitation to immobilized cells may have on fermentation
performance. The effective diffusivities of small molecules within carrageenan gel are
comparable with the diffusivities of the same molecules in water alone. and the gel

allows molecular diffusion of small molecules, such as glucose and ethanol. However. in



a typical immobilized cell fermentation, nutrients are rapidly transported to the
immobilized cell beads mainly by convective transport in addition to molecular diftusion
(Hannoun and Stephanopoulos, 1986). Once the nutrients enter the beads. transport is
relatively slow because molecular diffusion dominates. This means the yeast cells at the
periphery of the gel beads may have a distinct nutritional advantage over those in the
center of the beads.

The age of the immobilized yeast must also be considered. Entrapped cells age as
a continuous fermentation proceeds over the course of months and they terment under a
defined set of pseudo-steady-state conditions. However. during batch fermentation. yeast
cells are exposed to an environment that changes with time and the cells are only reused
for a limited number of fermentations before disposal. More research is needed to study
the long-standing etfects of continuous fermentation on yeast cell vitality. relating to
fermentation performance.

In Part A of this chapter. the kinetics of yeast colonization in kappa-carrageenan
gel beads were examined during three cycles of repeated batch fermentation. Viability
and cell concentrations of immobilized and freely suspended yeast were monitored. along
with ethanol. degree Plato. and sugar concentration.

In Part B, the eftects of fermentation time on cell position and distribution within
the gel bead and yeast cell morphology were examined. Scanning electron microscopy
(SEM) was used to examine kappa-carrageenan-immobilized yeast cells in difterent
regions of the gel bead at four different times: 1) immediately after bead production: 2)
after two days of batch fermentation: 3) after two months of continuous fermentation in a
pilot scale gas lift bioreactor; 4) after six months of continuous fermentation in a pilot
scale gas lift bioreactor. Yeast viability and concentration in both immobilized and liquid
phase cells were also measured. Also examined was the relative percentage of respiratory
deficient yeast (immobilized and free cells in the liquid phase) after five months of
continuous fermentation in the gas lift bioreactor and this was compared with the
percentages found in traditional batch beer fermentations. A production lager yeast strain

was used throughout the study.
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6.1 Experimental Procedure

Kappa-Carrageenan Gel Bead Production: kappa-carrageenan gel X-0909 was a
generous gift from Copenhagen Pectin A/S. Kappa-carrageenan gel beads containing
entrapped lager yeast cells were produced using the static mixer process with an initial
cell loading of 2.6 x 107 cells/mL of gel (Patent Application 2133789 (Neufeld et al..
1996) and a bead diameter of 0.5 to 2.0 mm.
Fermentation Medium: Labatt Breweries of Canada supplied brewery wort with a
specific gravity of 17.5°P as described in detail in the Materials and Methods section.
Part A: Repeated Batch Kinetics of Yeast Immobilized in Kappa-Carrageenan Gel
Beads

Fermentations were conducted in 2 L Erlenmeyer flasks at 21°C. with shaking at
150 rpm. Carrier loading was 40% (v/v) of immobilized cell beads and the total
fermentation volume was | L. Each fermentation was seven days in duration. In R1 fresh
immobilized cell beads were pitched into wort and at the end of the fermentation these
beads were separated from the fermented liquid by passing the mixture through a sterile
stainless steel sieve (500 um mesh size). The beads were then repitched at the same
proportion into fresh. sterile wort for a second (R2) and then third (R3) batch
fermentation. Sampling was performed twice a day tor the first three days. and then once
per day for the fourth and fifth days of each fermentation. Fermentations were carried out
in duplicate or triplicate. All fermentations were conducted with freely suspended cell
control fermentations, which were conducted under the same conditions except that only
free cells were pitched into the fermentations at a rate of 4 g/L.. Samples were analyzed
for free and immobilized cell viability and cell concentration. and liquid phase
carbohydrate and ethanol concentrations

Yield factors. Ypss. of product ethanol. trom substrate total fermentable glucose.
were calculated using equation 3.20 for the three immobilized cell termentation cycles
and the free cell control. For all termentations the yield factors were calculated from the
start of fermentation to the time that maltose consumption was complete.

Ethanol productivity, Vemana. the amount of ethanol produced per total bioreactor
working volume per unit fermentation time was calculated using equation 3.25 for R1.

R2 and R3. and the free cell control from the start of fermentation to the time that maltose



consumption was complete. In the case of the yield factors and ethanol productivity. the
contributions of the immobilized and freely suspended yeast cells were not distinguished
from one another.

The local maximum specific growth rate, pmax. and cell doubling time was
calculated for the averaged free cell control using equations 3.3 and 3.4.
Part B: Viability and Morphological Characteristics of Immobilized Yeast over
Extended Fermentation Time
Batch Fermentation Conditions: Batch termentations were conducted in 2 L, Erlenmeyer
flasks at 21°C. with shaking at 150 rpm. Carrier loading was 40% (v/v) with a total
fermentation volume of 1 L.
Continuous Fermentation Conditions: Pilot scale gas lift dratt tube bioreactors were
used for continuous fermentations. All data collected were from an 8 L working volume
bioreactor. except the 2 month scanning electron micrographs. which were collected trom
a 50 L bioreactor using the same fermentation medium and immobilization method.
Immobilized cell beads at 40% (v/v) were fluidized within the bioreactors using a
mixture of air and carbon dioxide. The bioreactors were operated under varying
conditions with fermentation temperatures controlled at 12, 17 and 22°C and residence
times held between 0.9 and 1.8 days. The gas lift reactor reached a maximum ethanol
concentration of 73 kg/m’ during the six-month experiment. with an average
concentration of 58 kg/m’.
Microbiological Analyses: Samples were taken from the liquid phase of the gas lift
bioreactor at least once a week to test for contaminants including wild yeast. non-lager
yeast. and aerobic and anaerobic beer spoilage bacteria. After five months. the liquid
phase yeast cells were assayed in duplicate for respiratory deficient mutation.
Scanning Electron Microscopy (SEM): Kappa-carrageenan gel beads (1.0 - 1.5 mm
diameter) containing immobilized lager yeast cells were sampled for SEM examination at
four different times: 1) after immobilized cell bead production and before inoculation of
beads into the fermentation medium: 2) after 2 days in batch fermentation: 3) after 2
months of continuous fermentation in a pilot scale gas lift draft tube bioreactor: 4) after 6

months of continuous fermentation in a pilot scale gas lift draft tube bioreactor. The
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methodology for used for SEMs and the related sample preparation are described in
section 4.7.
Using the methods described in section 4.6, yeast cell concentration and viability

(immobilized and freely suspended) were assessed at the same times as the SEMs.

6.2 Results and Discussion
Part A: Repeated Batch Kinetics of Yeast Immobilized in Kappa-Carrageenan Gel
Beads

Fermentation time was greatly reduced each time the immobilized cells were
repitched into fresh wort, as seen in Figures 6.4 (a). (b). and (¢) illustrating maltose.
maltotriose. glucose. fructose and ethanol vs. fermentation time for the three repeated
batch fermentation cycles. From these figures it can be seen that the time for complete
sugar consumption was 64 hours for R1. 44 hours for R2. and 26 hours for R3. The freely
suspended cell control fermentation which contained no immobilized cell beads, shown
in Figure 6.5, took 82 hours for complete sugar consumption. One can also see from the
graphs in Figure 6.4 that final ethanol concentrations were highest in the third of the three
repeated batch immobilized cell fermentations. Because kappa-carrageenan is a hydro-
gel. some ethanol is carried over in beads when they were repitched into fresh wort.
Consequently at time zero for R2 and R3. some ethanol was present in the fermentation
liquid and the initial concentration of glucose. maltose. maltotriose. and fructose was
lower in the immobilized cell fermentations (Figure 6.4) compared with the free cell
control fermentation. as seen in Figure 6.5. Thus, yield factors were calculated for the
fermentations so that the yield. g ethanol production per g sugar consumed. can be

examined on a comparable basis.
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Figure 6.4. a) R1. maltose. maltotriose. glucose. fructose. and ethanol concentration
versus fermentation time for repeated batch fermentations using lager veast cells
immobilized in kappa-carrageenan gel beads.
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Figure 6.4. b) R2. maltose. maltotriose. glucose. tructose. and ethanol concentration
versus fermentation time for repeated batch fermentations using lager veast celils
immobilized in kappa-carrageenan gel beads.
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Figure 6.4. ¢) R3. maltose. maltotriose. glucose. fructose. and ethanol concentration
versus fermentation time for repeated batch fermentations using lager veast cells
immobilized in kappa-carrageenan gel beads.



Maltose, Maltotriose, Glucose, Fructose,

120

~—&o—Mattose
—& Guse
—&— Fructose
—»— Maltatnose
—8—EBthand

Ethanol Concentration (kg / ma)
& ]
8 8

120

Fermentation Time (h)

Figure 6.5. Maltose. maltotriose. glucose. fructose. and ethanol concentration versus
fermentation time for freely suspended lager veast control fermentations (no immobilized
cells).

Figures 6.6 (a) and (b) compare maltose and ethanol concentrations respectively
versus fermentation time of R1. R2. and R3. During repeated R1. maltose was taken up
by the yeast cells almost immediately after pitching into fresh wort. Ethanol
concentrations reached their peak earlier in repeated R 1and also reached higher
concentrations than the first two batch fermentations. As shown in Figure 6.6 (b). the
initial lag in ethanol production in R1 was drastically reduced when these immobilized

cells were repitched in R2 and further reduced after repitching for R3.
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Figure 6.6. a) Maltose concentration versus fermentation time for repeated batch
fermentations. R1. R2, and R3. using lager yeast cells immobilized in kappa-carrageenan
gel beads.
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Figure 6.6. b) Ethanol concentration versus fermentation time for repeated batch
fermentations. R1. R2, and R3 using lager veast cells immobilized in kappa-carrageenan
gel beads.

Figure 6.7 (a) shows immobilized cell concentration per total bioreactor volume
vs. fermentation time for R1. R2 and R3. The free cells released from the immobilized
cell matrix into the bulk liquid phase in these fermentations vs. time are shown in Figure
6.7 (b). In Figure 6.7 (¢) the total of immobilized and free yeast cells per total reactor
volume are shown for the three batches. Figure 6.7 (a) shows that the concentration of
immobilized cells within the kappa-carrageenan gel continued to increase following their
initial inoculation into wort tor Ri. When the beads were repitched into fresh wort for
repeated R2, growth continued to occur within the gel beads. The third time that the
encapsulated cells were repitched into fresh wort. the rate of increase in immobilized cell

concentration had slowed. The concentration profile of free cells released from the



kappa-carrageenan gel matrix into the bulk liquid phase. immobilized cells. and total cells

in the fermentation for R1 is shown in Figure 6.8.
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Figure 6.7. a) Immobilized lager veast cell average concentration per total bioreactor
volume versus fermentation time for R1. R2, and R3 fermentations. Error bars represent
the upper and lower limits of the experimental data (n = 2).
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Figure 6.7. b) Concentration per total bioreactor volume of lager veast cells released into
bulk liquid phase versus fermentation time for R1. R2. and R3 fermentations. Error bars
represent the upper and lower limits of the experimental data (n = 2).
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Figure 6.7. c) Total (immobilized and liquid phase) lager yeast cell concentration per
total bioreactor volume versus fermentation time for R1. R2, and R3 fermentations. Error
bars represent the upper and lower limits of the experimental data (n = 2).
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Figure 6.8. Profile of immobilized. liquid phase. and total (immobilized and liquid
phase) cell concentration versus fermentation time for R1. the first of three repeated batch
termentations using lager veast cells immobilized in kappa-carrageenan gel beads.

In R1. the immobilized cell concentration within the kappa-carrageenan gel bead
was increasing at a similar rate to the control fermentation. which contained only liquid
phase cells. This was confirmed by comparing the average growth curve of the free cell
control fermentations in Figure 6.9 to the similar growth curve of cells immobilized in
carrageenan in R1 in Figure 6.10. During R1. the gel beads were not vet fully colonized
and the gel matrix did not appear to have an inhibitory effect on yeast cell growth within
the beads. By R2. the matrix appeared to be restricting the growth of the cells within the
gel bead. as indicated by a smaller increase of cell number during this fermentation cycle.
This could be due to the nature of the gel or the crowding of the yeast cells within the

beads. or to a lack of nutrient supply to the cells.
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Figure 6.9. Control termentation freely suspended lager yeast cell average concentration
(n = 3) per total bioreactor volume versus fermentation time. No immobilized cells were
present during these termentations.
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Figure 6.10. Immobilized lager veast concentration per mL of gel beads versus
fermentation time for R1. R2. and R3 fermentations. Error bars represent the upper and
lower limits of the experimental data (n = 2).
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In Table 6.1. the yields of ethanol from substrate fermentable sugars. Yp/. are shown tor
the three batch generations and the control. In Table 6.2. the bioreactor volumetric productivities
of ethanol are also given. calculated using the data given in Table 6.1. The vields of ethanol from
sugars for the fermentations were not significantly different from each other or trom the control.
Yields were all above 90% ot the theoretical yield ot 0.51 predicted from the Guy-Lussac
equation. As mentioned earlier. biomass production and other by-products tormed by the veast
cells prevent efficiencies from reaching higher than 95% of theoretical (Hardwick. 1995). The
volumetric bioreactor productivity of ethanol in the three repeated batch termentations varied
significantly from batch to repeated batch. Ethanol productivity increased with each cycle of
repeated batch fermentation and. by R3. the immobilized cells were more productive than the
control fermentation. The total amount of ethanol produced in R2 was not significantly greater
than that produced during R1. but the fermentation time was less than haltf of R1 and of the
control fermentation. There are many factors that could contribute to this increased fermentation
rate of immobilized cells with each batch repetition. such as yeast cell adaptation to the
fermentation conditions and the progressively increasing cell concentration. The total number of
cells per bioreactor volume only becomes significantly greater than that of the control by R3. In
Figure 6.7 (b). the graph of treely suspended cell (released from the gel matrix) concentration in
the bulk liquid vs. fermentation time demonstrated that the number of cells released trom the gel
beads increased with each batch generation. Once the beads became more tully loaded with veast
cells. they appeared to release more cells into the bulk liquid phase. Hisken et al. (1996)
conducted studies that examined bacterial cell colony expansion and eruption/release from
kappa-carrageenan gel slabs. Vives et al. (1993) have reported that the maximum concentration
of veast cells they have achieved in kappa-carrageenan gel beads was 10° cells per gram of gel.
which is the concentration that was reached within the gel particles by R2. Similar maximum
cell concentrations were found during the continuous fermentations in Part B. However.
maximum cell loadings in the gel matrix will depend upon the initial cell loading. the

composition of the gel and other factors.
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Another tactor affecting the increased bioreactor volumetric productivity
observed with each repeated batch fermentation. involves veast cell adaptation. By the
end of the first fermentation, yeast cells had adapted their metabolic machinery to the
given fermentation conditions. This may result in a decrease in the lag phase at the
beginning of subsequent batch fermentations. increasing the rate of termentation. During
this study all control fermentations were carried out with freshly prepared lager yeast. It
would be interesting to repitch the freely suspended control yeast alongside the repitched
immobilized cells to turther examine this effect relative to the cell concentration effects.

Figure 6.11 indicates that immobilized cell viability, using the methylene blue
method as an indicator. was low (< 50%) when the immobilized cells were initially
pitched into wort in R1. but the viability of immobilized cells was above 90% after 48
hours of fermentation. The yeast cells rapidly colonized the beads, and viability remained
high throughout R3. However by repeated R3. viability tapered oft slightly toward the
end of the fermentation. However. throughout all three repeated batch tfermentations, the
tree cells that were released into the bulk liquid medium had higher viability than their
immobilized counterparts. The immobilization matrix may have a negative etfect on
veast cell viability (mass transfer limitations and/or spatial limitations). or viable veast
cells may be preferentially released from the immobilization matrix into the bulk liquid
medium over non-viable cells.

Using the averaged data from three separate freely suspended yeast control
fermentations contained in Appendix 1. a plot of In (X/X,) versus fermentation time. is
given in Figure 6.12. The slope is equal to the local maximum specific growth rate ot the
cells at 21°C in brewer’s wort. with shaking at 150 rpm. The local maximum specific
growth rate of the yeast was found to be 0.096 hr'' and the cell doubling time was 7.22
hours. The pm, found in this work was detined as a local pya, because. as mentioned in
the Theory section. the true pma used in the Monod equation is achievable only when S is
significantly greater than the Monod constant. K. More work is required to evaluate the
Monod constant. K. of the limiting substrate in these fermentations. in order to confirm

that the calculated local ppg was a true maximum, as defined by the Monod equation.



Immobilized Cell Percent Viability

80 . ),/

/ ——R1
60 7

s R2
4 R3

40 .

20 .

[o T ————

0 20 40 60 80 100 120
Time (h)

Figure 6.11. Immobilized lager yeast cell viability (methylene blue) versus fermentation
time for R1, R2. and R3 fermentations.
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Figure 6.12. Ln (X/X,) versus batch fermentation time during the exponential growth
phase of the averaged freely suspended yeast control fermentations. where X is the cell
concentration at time. t. and X, is the cell concentration at time. t=0 (n = 3).
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Part B: Viability and Morphological Characteristics of Immobilized Yeast Over
Extended Fermentation Time

Before the gel beads were exposed to fermentation medium. and following
immobilized cell bead production using the static mixer process. the cell concentration
was 2.6 x 107 cells/mL of gel bead (Table 6.3. where values are the averages of two
samples). SEM imaging shows the cells to be individually and uniformly distributed

throughout the gel bead (Figure 6.13).

Table 6.3. Viability (methylene blue) and concentration of freely suspended and
immobilized lager yeast cells entrapped in kappa-carrageenan gel beads over
termentation time.
Time Fermentation Freely Suspended Yeast Immobilized Yeast in
Mode In Liquid Phase Gel Phase
Viability Cell Conc. Viability Cell Conc.
(%) (cells/mL inliquid) (%) (cells/mL of gel)

0 n/a n/a n/a n/a 2.6E+07

2 days Batch 98 5.5E+07 92 2.35E+08
2 months Continuous 93 2.35E+08 76 8.60E+08
6 months Continuous 92 2.11E+08 <50~ 1.40E+09*

*Based on single sample.

Viability was >90% following 2 days of batch fermentation. and cell
concentration within the gel bead had increased ten-told (Table 6.3). Cells (>*90% viable)
had also begun to be released from the gel into the bulk liquid phase ot the fermentation.
vielding a concentration of 107 cells/mL of liquid. Small yeast colonies formed inside the
gel beads. with many bud scars present on individual cells as seen in Figure 6.14.

Immobilized veast cell viability decreased after 2 months of continuous
fermentation in a gas lift bioreactor (Table 6.3). but the cells in the bulk liquid phase
remained highly viable (>90%). and this finding was supported during several difterent
continuous fermentations in pilot scale gas lift bioreactors. The SEM in Figure 6.135
showed that at two months large colonies of yeast had formed toward the periphery of the
bead. confirming the results of other researchers (Bancel and Hu. 1996: Godia et al..
1987; Wada et al.. 1979: Wang et al.. 1982). A comparison of the morphology of veast
positioned toward the outer edge of an immobilized cell bead to the yeast positioned at

the center of a gel bead was made in several samples using SEM imaging. The cells



located toward the periphery of the beads were ovoid and smooth with many bud scars
(Figure 6.16). indicative of yeast multiplication (Smart, 1995). The cells that were
imaged at the center of the bead (Figure 6.17) appeared malformed and displayed little
evidence of bud scar formation. The lack of bud scars may be an indication of possible
limitation of nutrients. such as oxygen. at the center of the beads. The surface irregularity
observed on the surface of the yeast in Figure 6.17. may also be an indicator of cell aging
(Barker and Smart. 1996: Smart. 1999).

The viability of the yeast immobilized within the carrageenan gel had dropped to
below 50% after six months of continuous fermentation in the gas lift bioreactor. (Table
6.3). It should be noted that while only a single data point for immobilized cell
concentration and viability was collected at six months. data at the five-month mark was
similar, with an immobilized cell concentration of 1.14 x 10? cells/mL of gel and viability
of <50%. While a gradual decline in immobilized cell viability was seen over time. the
viability of the cells in the bulk liquid phase remained reliably high. In addition. even
though immobilized cell viabilities were low in the beads as a whole. the bioreactor
produced a tully fermented beer during its sixth month of continuous operation. Possible
reasons for this finding include the significant contribution of the highly viable treely
suspended yeast cells to the fermentation. As well. there is the potential contribution of
viable immobilized cells located at the periphery of the gel bead where there are fewer
barriers to mass transfer. as compared to the cells located at the center of the bead. It is
unclear whether the immobilized cells had the ability to redistribute themselves within
the gel matrix. or if these cells remained stationary where they were first located. A
concentration of 10% cells/mL of gel bead was the maximum reached within these beads
over the six-month period of continuous fermentation.

In Figure 6.18 an entire bead was imaged using SEM. This bead had a hollow
center and. of the many beads examined. approximately half exhibited this structure. The
hollow cavity could be a result of the carrageenan gel structure degradation and promoted
further by the SEM preparation. This hollow cavity was not observed in fresh bead
preparations. Previous work by others (Bancel et al., 1996) has shown that growing cells

induced weakening of the gel network. Audet et al. (1988) reported that the addition of



locust bean gum to kappa-carrageenan modified the mechanical strength of gel beads for

the immobilization of bacteria.

Figure 6.13. Kappa-carrageenan gel bead containing immobilized lager yeast at zero time
fermentation.



Figure 6.14. Pod of lager yeast entrapped in kappa-carrageenan gel bead after two days of
batch fermentation. showing bud scars on individual yeast cells.

Outer edge
of gel bead

Figure 6.15. Outer edge of kappa-carrageenan gel bead showing lager yeast cells after
two months of continuous fermentation.
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Figure 6.16. Lager yeast cells at outer region of kappa-carrageenan gel bead after two
months of continuous fermentation.

Figure 6.17. Lager yeast cells at the center of a kappa-carrageenan bead after two months
continuous fermentation.



Figure 6.18. Entire kappa-carrageenan gel bead after six months continuous fermentation.
many fractured beads had hollow centers.

Over the entire six month beer fermentation experiment. the gas lift bioreactor
was tested a minimum of once a week for contamination. No bacterial contaminants were
detected at any time during the experiment. [n the last two months of the trial. a
contaminating yeast was detected in concentrations which fluctuated between | and 5
cfu/mL. This veast was capable of growth on PYN medium at 37°C. but did not grow
aerobically or anaerobically on DUBA medium (selective for bacteria), did not ferment
dextrins, and showed no growth on CuSO, medium (selective for wild yeast).

After five months, the average percentage of respiratory deficient yeast cells was
7%, which is higher than what is normally found using this strain during industrial batch

fermentations (2% average). Other researchers have reported similar findings (Norton
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and D"Amore. 1995). Respiratory deficient yeast result from a mutation which causes
yeast to be incapable of respiring glucose to carbon dioxide and water. These yeast have
mitochondria with permanently impaired activity and arise usually because of a mutation
of mitochondrial DNA (Hardwick. 1995).

Artifacts from SEM sample preparation can cause confusion. Technologies such
as nuclear magnetic resonance (NMR) spectroscopy (Fernandez. 1996) and confocal
microscopy (Bancel and Hu. 1996) have been used to examine immobilized cells non-
invasively. NMR imaging techniques have allowed researchers to study transport. tlow
and spatial distribution of cells and biochemicals in biofilms. Researchers (Bancel and
Hu. 1996) have also shown that confocal laser scanning microscopy can be used to
observe cells immobilized in porous gelatin microcarriers through serial optical
sectioning.

Although methylene blue is used as a standard indicator of cell viability in the
brewing industry the method has many shortcomings (Mochaba et al.. 1998). [t measures
whether a yeast population is viable or non-viable based on the ability of viable cells to
oxidize the dye to its colourless form. Non-viable cells lack the ability to oxidize the stain
and therefore remain blue (O Connor-Cox et al., 1997). Plate count and slide culture
techniques are based on the ability of the cells to grow and produce macrocolonies on
agar plates or microcolonies on media covered microscope slides (Technical Committee
and Editorial Committee of the ASBC. 1992). Ongoing work of examining the viability
of yeast in immobilized matrices over extended periods of time at Labatt now uses. not
only methylene blue, but also the aforementioned methods as well as developing the
confocal microscopy technique using vital staining. In addition to measuring the viability
of the cells. the issue of “vitality™ of the immobilized cells must also be addressed in
future work. Where viability has been used to describe the ability of cells to grow and
reproduce. vitality measures yeast fermentation performance, activity, or the ability of the

yeast to recover from stress (Smart et al.. 1999).
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CHAPTER 7. FLAVOUR PRODUCTION IN A GAS-LIFT CONTINUOUS
BEER FERMENTATION SYSTEM

7.1 Experimental Procedure

Using continuous fermentation to produce beer is very different from other
applications using immobilized cells because the resulting product is not measured in
terms of one component of interest such as ethanol. Rather, it is a balance of numerous
chemical compounds which must be balanced to make a quality finished product. The
effects of oxygen on yeast flavour metabolites during continuous primary fermentation
and during a secondary batch holding period were examined. The effect of residence time
on flavour metabolites was also examined at two levels. Lastly, a commercial enzyme
preparation of alpha-acetolactate decarboxylase was added to the continuous

fermentation wort supply and liquid phase total diacetyl concentration was monitored.

7.1.1 Effect of Relative Amounts of Air in the Bioreactor Fluidizing Gas on Yeast
Metabolites during Primary Continuous Fermentation

The amount of air and hence oxygen in the bioreactor tluidizing gas was varied
while residence time. temperature and all other controllable process variables were held
constant. The total volumetric flow rate of gas was held constant at 472 mL/min at STP.
temperature was 15°C. and kappa-carrageenan gel beads containing immobilized LCC
3021 yeast were used throughout the trial with an initial cell loading of 1 X10® cells/mL
of gel. Four different volumetric flow rates of air were imposed on the system throughout

the trial (Table 7.1). and the average bioreactor residence time. R, was 1.18 days.

Table 7.1. Air volumetric flow rates supplied to the bioreactor through the sparger during
continuous fermentation. The total volumetric flow rate supplied to the bioreactor was
472 mL/min at STP. with carbon dioxide making up the remainder of the gas.

Air Volumetric Flow Rate  Percent Air in the Start Finish Total Time

(mL/min) Fluidizing Gas (% v/iv) (Day) (Day) (Days)
94 19.9 10 26 17
354 75.0 27 40 14
34 7.2 41 58 18

0 0 59 66 8
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The following analyses were performed repeatedly throughout the experiment:
free amino nitrogen (FAN). total fermentable carbohydrate (as glucose), ethanol. total
total diacetyl. beer volatiles (selected esters and alcohols), and liquid phase yeast cell
concentration and viability. The bioreactor was also tested for contamination a minimum
of once a week.

The dissolved oxygen concentration in the bulk liquid phase of the bioreactor was
measured when the continuous fermentation was assumed to be at pseudo-steady state for

cach volumetric flow rate of air (minimum of three reactor turn-over times).

7.1.2 Post Fermentation Batch Holding Period: Effects of Oxygen Exposure on
Yeast Metabolites

Even when the amount of oxygen in the bioreactor fluidizing gas was relatively
low (34 mL/min at STP). the concentrations of acetaldehyde and total diacetyl found
during the experiment conducted in section 7.1.2. were unacceptable high for the North
American lager beer market. Therefore a novel approach was taken. where liquid taken
from the continuous primary bioreactor was held in batch for 48 hours at a slightly
¢levated temperature of 21°C to reduce the concentration of these two compounds. As
well. the results from the previous section 7.1.2 indicated the significant effect that the
amount of air in the fluidizing gas had on the flavour compounds measured. Therefore
the effect on veast flavour metabolites of aerobic versus anaerobic conditions
downstream of the primary fermentation, where the secondary batch hold occurred. was
examined.

Continuous primary fermentation was performed in a 50 L gas lift bioreactor
using a highly flocculent variant of the LCC3021 yeast strain for this trial because the
sample volume requirement for the study was too large relative to the volume of the 8 L
bioreactor. Operating conditions were 1180 mL/min CO» and 189 mL/min air at STP in
the fluidizing gas. an average bioreactor residence time. R,. of 1.0 day. a temperature of
15 °C, and high-gravity 17.5°P lager brewer’s wort.

A total of 4 samples were taken (100 mL crimp vials). with two handled under

anaerobic conditions and the other two were exposed to the aerobic environment.



The anaerobic sampling procedure was as follows: two 100 mL crimp vials and six 25
mL crimp vials were autoclaved and then placed in an anaerobic box (Labmaster 100.
mbraun, USA) with argon as the purging gas. The 100 mL vials were allowed to
equilibrate for 45 minutes and then they were sealed using aluminum caps and Teflon®
septa. A 50 mL syringe. fitted with a 3 inch, 16 gauge needle, sanitized using a 70% (v/v)
ethanol solution. was used to withdraw sample from the bioreactor by puncturing the
septum of the membrane of the sample valve and the sample was injected into the 100
mL pre-purged anaerobic vials. It was necessary to provide a vent to the ¢rimp vial,
through an additional sterile syringe needle. to allow release of the pressure within the
vial during filling. The aerobic samples were exposed to the atmosphere as they were
drained from the bioreactor by fully opening the membrane sample valve into the 100 mL
unsealed sample vials. without using a syringe and needle.

The sample liquid was allowed to rest at room temperature for 2 hours in order to
allow the yeast to settle out of solution. leaving a cell concentration in the bulk liquid of
approximately 10° cells/mL. Once settled. the liquid from each 100 mL vial was decanted
into three 25 mL vials. The anaerobic samples were handled in an anaerobic box in order
to minimize oxygen pickup while the aerobic samples were processed under the laminar
flow hood. Each of the samples in the 100 mL vials were split into 3 smaller 25 mL
vials. so that sample analyses could be performed without altering the course of the
fermentation due to sample removal. Once the aerobic samples were transferred to the
smaller vials they were incubated. uncapped at 21°C. The anaerobic samples were
transferred to the three smaller vials and sealed using an aluminum cap and Tetlon®
septa. In order to avoid pressure buildup due to carbon dioxide evolution within the vials.
while preventing exposure of the samples to the aerobic external environment. the septa
were punctured with a needle. The end of the needle exposed to the external environment
was submerged in ethanol (less than 1 cm of pressure head), preventing any back-flow of
air into the sample. Samples were collected for analysis at 2, 24, and 48 hours. A sample
was also taken directly from the bioreactor and analyzed immediately in order to assess
the state of the fermentation within the bioreactor at the time of the protocol. The samples
were analyzed for total fermentable carbohydrate (as glucose). ethanol. total diacetyl. and

beer volatiles (selected esters and alcohols).
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7.1.3 Effect of Liquid Residence Time on Yeast Metabolites during Continuous
Primary Beer Fermentation

[n order to examine the effect of liquid residence time on yeast metabolic activity.
an experiment was performed in which a step change in wort volumetric tlow rate to the
bioreactor was imposed during continuous primary beer fermentation using LCC3021
veast cells immobilized in kappa-carrageenan gel beads. The bioreactor temperature was
held constant at 1 7°C throughout the trial. The gas volumetric flow rate supplied to the
bioreactor was also constant at 472 mL/min at STP. The gas was a mixture ot air (11
mL/min at STP) and carbon dioxide (461 mL/min at STP). The initial concentration of
veast cells in the kappa-carrageenan gel was 2.6 x 107 cells/mL of gel bead and the
bioreactor contained 40% (v/v) of beads.

The following analyses were performed repeatedly throughout the trial:
carbohydrates. free amino nitrogen (FAN), total fermentable carbohydrate (as glucose).
ethanol. total diacetyl. beer volatiles (selected esters and alcohols). and liquid phase veast
cell concentration and viability. The bioreactor was also tested for contamination. a

minimum of once a week.

7.1.4 Using a Commercial Preparation of Alpha-Acetolactate Decarboxylase to
Reduce Total Diacetyl during Continuous Primary Beer Fermentation

High diacetyl concentrations are considered by most North American brewers to
be an undesirable tlavour defect in their beer. In the continuous primary fermentations
performed to date. total diacetyl concentrations have consistently been above the
threshold levels for traditional batch fermentations (70 — 150 pg/L) in a North American
lager. During batch fermentation. diacetyl is reduced during the later stages of
fermentation. when oxygen is no longer present and additional sugars are not being
introduced. In the continuous fermentation system a constant low level of oxygen is
supplied to the bioreactor through a sparger. and fresh wort is continuously supplied to
the bioreactor. Therefore. a novel strategy using a commercial enzyme preparation was
explored to control diacetyl concentration in the continuous bioreactor.

In a wort fermentation diacetyl is formed when alpha-acetolactate. an

intermediate in the synthesis of valine, is oxidatively decarboxylated outside the veast



cell. The yeast cell then reabsorbs diacetyl and converts it into the less flavour-active
acetoin. This oxidative decarboxylation of alpha-acetolactate to diacetyl is rate-limiting
in batch wort fermentations. During the continuous fermentations. total diacetyl exited
the bioreactor at unacceptably high concentrations (300-400 pg/L). The commercial
enzyme alpha-acetolactate decarboxylase (ALDC). from Novo-Nordisk A/S can convert
alpha-acetolactate directly into acetoin. thus avoiding the unwanted diacetyl intermediate

(Figure 7.1) (Jepsen. 1993).
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Figure 7.1 The action of alpha-acetolactate decarboxylase (ALDC).
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Alpha-acetolactate decarboxylase was added to the wort fed into the bioreactor in
order to examine its net effect on total diacetyl concentration. Other strategies for
reducing diacetyl. including a batch warm hold period of 48 hours post-termentation and
immobitlized secondary fermentation systems. technology from Alpha-Laval (Anon.
1997). were also explored. Both of these other strategies have shown success in reducing
diacetyl levels post fermentation. but neither addresses the level of diacetyl at the source
(i.e. at the bioreactor outlet). By using ALDC in the wort to reduce the diacetyl
concentration coming out of the bioreactor, the post-fermentation treatment periods couid
be minimized or eliminated.

ALDC activity is optimal at pH 6.0 in lager wort at 10°C. At pH 5.0. typical of
industrial worts. ALDC activity is maximized at a temperature ot 35°C (Anon. 1994).
Thus under typical beer fermentation conditions of reduced temperature and pH. ALDC
activity is less than optimal.

Health Canada in 1997 amended Canada’s Food and Drug Regulations (SOR/97-
81) to allow the use of ALDC in alcoholic beverages. which has opened the door for its
use in Canadian breweries. Bacillus subtilis, carrying the gene coding for ALDC (E.C.
4.1.1.5) from Bacillus brevis. produces the enzyme ALDC. Because ALDC is an enzyme
that is produced by a genetically modifted organism (GMO). there are public perception
issues that would need to be addressed before using such an enzyme in a commercial
product.

Lager veast. LCC3021. was used for these experiments. High gravity. 17.5°P,
lager brewer’s wort was supplied by the Labatt London brewery. Ethanol. total
fermentable carbohydrate (as glucose). total diacetyl. and liquid phase cell concentration
were monitored. Yeast cells were immobilized in kappa-carrageenan gel beads as
described in the Chapter 4. The bioreactor was allowed three turnover times. before it
was assumed to have reached pseudo-steady state. As mentioned earlier. the diacetyl
method used in this work is referred to as “total diacetyl” because the method measures
the amount ot diacetyl and its precursor. alpha-acetolactate. Thus an observed reduction
in total diacetyl during this experiment would be due to the combined effect of the
enzyme converting alpha-acetolactate directly into acetoin and the subsequent lowered

concentration of its derivative. diacetyl.
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Alpha-acetolactate decarboxylase (ALDC) was supplied as a generous gift for
laboratory purposes from Novo Nordisk A/S, Denmark as Maturex® L. The activity of
the enzyme was 1500 ADU/g, where ADU is the amount of enzyme which under
standard conditions. by decarboxylation of alpha-acetolactate. produces 1 pmole of
acetoin per minute as described in Novo Nordisk Method AF27 (Anon. 1994).

Continuous Fermentation Conditions: Continuous fermentations were
pertormed in the 8 L gas lift draft tube bioreactor pitched at 40% (v/v) with kappa-
carrageenan gel beads containing immobilized lager yeast cells. The bioreactor was
sparged with a mixture of carbon dioxide (438 mL/min at STP) and air (34 mL/min at
STP). Fermentation temperature was controlled at 15°C throughout the trials and the
bioreactor residence time. R,. was 1.5 days. Total diacetyl concentration was monitored
under these conditions and an average pseudo-steady state control diacetyl concentration
was reached. ALDC was then added to the wort at a concentration of 72 pg/L (108
ADU/L) and total diacetyl concentration in the bioreactor was monitored for a response.

Experiment 1: Wort was collected from the brewhouse into a 20 L stainless steel
vessel. and heated in an autoclave for 45 minutes at 100°C. The wort was held at 2°C in
a controlled temperature water bath while feeding the bioreactor. Once a pseudo-steady
state total diacetyl concentration had been reached within the bioreactor. 72 pg/L
(108 ADU/L) of ALDC was added to the wort inside the 20 L vessel. The initial biomass
loading in the kappa-carrageenan gel beads was 3 x 107 cells/mL of gel.

Experiment 2: In order to minimize the risk of contamination. the system was
closed loop at the outlet and other upgrades were also made to the system as described in
Chapter 4. As with Experiment I. wort was collected from the brewhouse into a 20 L
stainless steel vessel. and autoclaved for 45 minutes at 100°C. While feeding the
bioreactor. the wort was held at 2°C in a controlled temperature water bath. The initial
bicmass loading in the kappa-carrageenan gel beads was 3 x 107 cells/mL of gel. Once a
pseudo-steady state total diacetyl concentration had been reached within the bioreactor.
72 pg/L (108 ADU/L) of ALDC was added to the wort inside the 20 L vessel.

Experiment 3: Unoxygenated 17.5°P brewery wort (14 hL) was collected into a
large wort storage vessel (T-1) in the Pilot Plant. It was then flash pasteurized and stored

with carbon dioxide sparging in order to maintain a constant dissolved oxygen
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concentration of <0.10 mg/L.. as described in Chapter 5. The wort was fed into the
bioreactor trom this tank until a pseudo-steady state total diacetyl concentration was
reached. ALDC (72 ug/L) was then aseptically added to the wort for the remainder of the
trial. The addition of ALDC was accomplished by measuring the amount of wort
remaining in the storage vessel and calculating the amount of ALDC needed to bring the
concentration of enzyme up to the target concentration of 72 ug/L (108 ADU/L). The
appropriate amount of enzyme was then dissolved in 10 L of sterile wort. This solution
was transterred to a 20 L stainless steel pressure vessel, which was connected via sterile
tubing to the sample port on the wort holding vessel (T-1). The ALDC solution was then
pushed using sterile carbon dioxide pressure into the wort holding vessel. In order to
ensure that the ALDC solution was adequately mixed with the wort in the holding vessel.
the flow rate of carbon dioxide sparged into the tank was increased to 4720 mL/min at
STP for | hour and then returned to its normal flow rate. The storage tank then held
enough ALDC dosed wort to complete the trial. The initial biomass loading in the kappa-

carrageenan gel beads was 10% cells/mL of gel.

7.2 Results and Discussion

7.2.1 Effect of Relative Amounts of Air in the Bioreactor Fluidizing Gas on Yeast
Metabolites during Primary Continuous Fermentation

In Figures 7.2 - 7.11 liquid phase yeast viability and cell concentration. free
amino nitrogen (FAN). total fermentable carbohydrate (as glucose). ethanol. 1otal
diacetyl, acetaldehyde. ethyl acetate. 1-propanol. isobutanol. isoamyl acetate. isoamyl
alcohol. ethyl hexanoate. and ethyl octanoate concentrations are plotted versus
continuous fermentation time. All bioreactor operating conditions were held constant
throughout the protocol except the percentage of air in the bioreactor sparging gas. which
is marked directly on the figures. In Table 7.2 the averages for each analvte at pseudo-

steady state (after a minimum of three reactor turnover times) are summarized.
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Table 7.2. Summary table of effect of air volumetric flow rate to the bioreactor through
the sparger on liquid phase yeast and key yeast metabolite concentrations in the
bioreactor at a residence time. R,. of 1.18 days. averages at pseudo-steady state.

Average” Analyte Air Volumetric Flow Rate (mL/min)
Concentration 94 354 34
Cell Conc (cells/mL) 3.87E+08 2.98E+08 4 73E+08
Total Ferm. Glucose (g/100 mL) 1.36 1.25 2.07
FAN (mg/L) 196.9 171.7 162.8
Ethanol (g/100 mL) 6.14 5.46 5.74
Total diacetyl (ug/L) 346 1417 389
Acetaldehyde (mg/L) 75.62 329.48 28.63
Ethyl Acetate (mg/L) 22.38 21.13 18.01
1-Propanol (mg/L) 44.74 50.89 53.04
Isobutanol (mg/L) 8.73 16.09 8.05
Isoamy| Acetate (mg/L) 0.38 0.21 0.30
Isaamyl Alcohol (mg/L) 58.62 61.64 59.16
Ethyl Hexanoate (mg/L) 0.060 0.030 0.053
Ethyl Octanoate (mg/L) 0.031 0.013 0.025

“average of final four days of each operating condition

Figures 7.2 and 7.3 show that the liquid phase yeast population did not reach zero
during this experiment. The flavour compounds that were studied in this work were
produced by a combination of free and immobilized yeast cells and the relative
contributions from each source were not determined. There was more than one source of
freely suspended veast cells in this work: biomass growth and cells that were released
from the gel beads into the bulk liquid medium. Research has shown with compound
models of cell release and growth. that when cells are being released from biotilms. even
if the bioreactor is operated high dilution rates. there will still be a population of cells in

the output liquid (Karamanev. 1991).
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Figure 7.2. Liquid phase vyeast cell concentration versus relative continuous fermentation
time. The volumetric tlow rate of air at STP supplied to the bioreactor through the
sparger is indicated on the graph. The remainder of the gas was carbon dioxide and the

total volumetric gas flow rate was constant at 472 mL/min at STP throughout the
experiment.
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Figure 7.3. Liquid phase yeast viability versus relative continuous fermentation time. The
velumetric flow rate of air at STP supplied to the bioreactor through the sparger is
indicated on the graph. The remainder of the gas was carbon dioxide and the total
volumetric gas tflow rate was constant at 472 mL/min at STP throughout the experiment.

In Figure 7.4 the liquid phase concentration of free amino nitrogen (FAN) was
tracked. It was interesting to note that the minimum FAN concentrations occurred at 34
mL/min at STP of air. This did not coincide with maximum ethanol concentration or
minimum total fermentable carbohydrate (as glucose) concentrations.

The ethanol concentration within the bioreactor liquid phase decreased. while
total fermentable carbohydrate (as glucose) increased when the volumetric flow rate of
air in the sparge gas was increased from 94 to 354 mL/min. as seen in Figure 7.5. This
may indicate that more cell respiration. as opposed to fermentation. was occurring due to
the increase in oxygen availability. When the volumetric flow rate was again reduced
from 354 mL/min down to 34 mL/min at STP. the ethanol concentration again increased .

however it did not reach the concentration seen when the flow rate was at 94 mL/min at



FAN (mg/L)

STP. Itis difficult to compare in precise terms the concentrations of ethanol at 34
mL/min with those at 94 mL/min at STP. because there have been other factors
influencing the system. resulting from cell aging. eftfects of the continuous exposure to
relatively high amount of oxygen for the time at 354 mL/min at STP. and changes in the
immobilized cell population. [n Figure 2.4, White and Portno (1978) noted changes in
veast flavour metabolite concentrations with continuous fermentation time in their tower

fermenter.
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Figure 7.4. Free amino nitrogen concentration remaining in wort versus relative
continuous fermentation time. The volumetric flow rate of air at STP through the sparger
is indicated on the graph. The remainder of the gas was carbon dioxide and the total
volumetric gas tlow rate was constant at 472 mL/min at STP throughout the experiment.
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Figure 7.5. Liquid phase ethanol and total fermentable carbohydrate (as glucose)
concentration versus relative continuous fermentation time. The volumetric tlow rate of
air at STP supplied to the bioreactor through the sparger is indicated on the graph. The
remainder of the gas was carbon dioxide and the total volumetric gas flow rate was

constant at 472 mL/min at STP

throughout the experiment.

In Figure 7.6. the pronounced effect ot oxygen on the production of total diacetyl

is seen. Since diacetyl is generally considered an undesirable flavour compound in beer.

one of the main reasons to optimize the amount of oxygen in the bioreactor is to control

levels of this flavour compound. After the 354 mL/min air phase. the flow rate was

dropped to 34 mL/min at STP and total diacetyl decreased. During batch fermentation. it

is known that increased oxygen leads to an increase in the formation of alpha-

acetolactate, the precursor of diacetyl (Kunze. 1996).

In Figure 7.7 a clear relationship between the amount of air in the sparge gas and

acetaldehyde concentration. arose. As the percent of air in the sparge gas increased. the

amount of acetaldehyde also increased. Acetaldehyde imparts a green-apple character to

beer. and is normally present in commercial beer at levels of less than 20 mg/L.
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Figure 7.6. Liquid phase total diacetyl concentration versus relative continuous
fermentation time. The volumetric flow rate of air at STP supplied to the bioreactor
through the sparger is indicated on the graph. The remainder of the gas was carbon
dioxide and the total volumetric gas flow rate was constant at 472 mL/min at STP
throughout the experiment
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Figure 7.7. Liquid phase acetaldehyde concentration versus relative continuous
fermentation time. The volumetric tlow rate of air at STP supplied to the bioreactor
through the sparger is indicated on the graph. The remainder ot the gas was carbon
dioxide and the total volumetric gas tlow rate was constant at 472 mL/min at STP
throughout the experiment.

In Table 7.2 and Figures 7.8 - 7.9 the pseudo-steady state concentrations of ethyl
acetate, isoamyl acetate, ethyl hexanoate. and ethyl octanoate are given versus continuous
fermentation time. For all the esters measured. the step change in aeration rate from 94 to
354 mL/min at STP resuited in a decrease in concentration. When the aeration rate was
decreased from 334 mL/min down to 34 mL/min at STP, the concentration of isoamy]|
acetate. ethyl hexanoate. and ethyl octanoate increased. However they did not increase to
the values seen at the 94 mL/min aeration rate. The pattern of response of these
compounds closely matched one another. with ethyl hexanoate and ethyl octanoate
showing more relative fluctuations than isoamyl acetate. The concentration of ethyl

acetate actually further decreased when the volumetric flow rate of air was reduced to 34



mL/min at STP. For all the esters measured in this study. the concentration showed an
increase when the air was completely eliminated from the fluidizing gas. The
concentration of each ester rose and then tapered off. as the liquid phase cell

concentration decreased rapidly in the bioreactor.
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Figure 7.8. Ethyl acetate concentration versus relative continuous fermentation time. The
volumetric flow rate of air at STP supplied to the bioreactor through the sparger is
indicated on the graph. The remainder of the gas was carbon dioxide and the total
volumetric gas flow rate was constant at 472 mL/min at STP throughout the experiment.
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Figure 7.9. Liquid phase isoamy! acetate. ethyl hexanoate and ethyl octanoate
concentration versus relative continuous fermentation time. The volumetric tflow rate of
air at STP supplied to the bioreactor through the sparger is indicated on the graph. The
remainder of the gas was carbon dioxide and the total volumetric gas flow rate was
constant at 472 mL/min at STP throughout the experiment.

The higher alcohols isoamyl alcohol. isobutanol. and 1-propanol versus
continuous fermentation time are given in Figures 7.10 and 7.11. For the alcohols
measured. the concentration increased as a result of the step change increase in aeration
from 94 to 354 mL/min at STP. Isobutanol showed the largest relative fluctuations when
aeration rate was changed. The I-propanol concentrations were well below the flavour
threshold values of 600 — 800 mg/L.. however. throughout the continuous fermentation
experiment. the concentration was well above that found in typical commercial batch-
produced beers. where concentrations are usually below 16 mg/L. This was not the case
for isoamyl alcohol or isobutanol. which were within normal ranges. The compound 1-
propanol is thought to arise trom the reduction of the acid propionate (Gee and Ramirez.
1994). Others (Hough et al.. 1982: Yamauchi et al.. 1995) have also related the formation

of 1-propanol to the metabolism of the amino acids a-aminobutyric acid and threonine.



with the corresponding oxo-acid and aldehyde being a-oxobutyric acid and

proprionaldehyde. respectively.
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Figure 7.10. Liquid phase isoamyl alcohol and isobutanol concentration versus relative
continuous fermentation time. The volumetric flow rate of air at STP supplied to the
bioreactor through the sparger is indicated on the graph. The remainder of the gas was
carbon dioxide and the total volumetric gas flow rate was constant at 472 mL/min at STP
throughout the experiment.
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Figure 7.11. Liquid phase |-propanol concentration versus relative continuous
fermentation time. The volumetric flow rate air at STP supplied to the bioreactor through
the sparger is indicated on the graph. The remainder of the gas was carbon dioxide and

the total volumetric gas flow rate was constant at 472 mL/min at STP throughout the
experiment.

Because excess diacetyl. acetaldehyde and fusel alcohols are undesirable in beer.
oxygen control to limit their production is important. As discussed in the literature
review. when the supply of oxygen to the yeast cells is increased. there is enhanced
anabolic formation of amino acid precursors and thus an overflow of higher alcohols.
oxo-acids. and diacetyl. The concentration of esters is known to decrease with an increase
in oxygen availability because ester formation is catalvsed by acetyl transferase. Acetyl
transferase is inhibited by unsaturated fatty acids and ergosterol. which in turn will

increase in the presence of oxyvgen (Norton and D’ Amore. 1994).
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For the bioreactor conditions used in this experiment. the pseudo-steady-state
(after a minimum of three reactor turnover times) dissolved oxygen concentrations
measured in the liquid phase of the bioreactor were close to zero (less than .03 mg/L).

This experiment did not allow for a direct comparison of the data from the 94
mL/min and 34 mL/min of air at STP in the fluidization gas. because they were separated
by the highest air flow rate (354 mL/min). This is because the physiological state of the
veast resulting from the exposure to previous bioreactor conditions. the immobilization
matrix and continuous fermentation time may also have caused other changes in tlavour
production.

No contamination was detected in the bioreactor at any point during this
experiment.

In order to balance the requirement of yeast for some oxygen to maintain veast
viability and the need to minimize oxygen to obtain a beer with a desirable tflavour
profile. other strategies could be explored such as the addition of nutrients such as zinc.
magnesium, or providing other exogenous compounds required by the veast cell to
maintain viability. Such additions would allow for a further decrease in the oxygen
requirement of the yeast. Another possibility would be to operate at very low oxvgen
concentrations most of the time. with periodic pulses of oxygen supplied to the veast on a

regular basis to maintain cell viability
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7.2.2 Post Fermentation Batch Holding Period: Effects of Oxygen Exposure on
Yeast Metabolites

Because total diacetyl was not within normal ranges tfor a commercial beer at the
end of primary fermentation. several approaches were taken to reduce the concentration
of this compound to acceptable levels. One such approach was to use a warm holding
period immediately following continuous primary fermentation.

In Figures 7.12 — 7.21 liquid phase total fermentable carbohydrate (as glucose).
ethanol. total diacetyl. acetaldehyde. ethyl acetate, 1-propanol. isobutanol. isoamy|
acetate. isoamyl alcohol. and ethyl hexanoate concentrations are plotted versus post
fermentation holding time. Samples collected from the continuous primary fermenter at
pseudo-steady state were held under aerobic or anaerobic conditions. as indicated in the
legend of each figure.

In Figure 7.12 the concentration of total fermentable carbohydrate (as glucose)
declined quickly in the first two hours and then declined at a slower rate during the
remainder of the holding period in both the aerobic and anaerobic samples. Possible
reasons for this observation were that during the tirst two hours. more yeast were present
prior to decantation. and the concentration of sugars was higher at the start of the holding
period. There was not a significant difference in fermentable glucose uptake between the
aerobic and anaerobic samples. although some differences were noted initially.

The concentration of ethanol in Figure 7.13 rose quickly at the beginning of the
hold period and then the anaerobic and aerobic samples increased in ethanol
concentration over time, in an almost parallel fashion. The initial increase in ethanol for
the anaerobic sample coincided with the period where the most sugar uptake occurred. At
the end of the hold period. ethanol concentration was higher in the anaerobically treated

samples.
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Figure 7.12 Mean termentable glucose concentration versus post fermentation hold time
for aerobic and anaerobic treated samples after continuous primary fermentation in a gas

lift bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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Figure 7.13. Mean ethanol concentration versus post fermentation hold time for aerobic
and anaerobic treated samples after continuous primary fermentation in a gas lift

bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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In Figure 7.14 the aerobic samples showed an early increase in acetaldehyde upon
exposure to aerobic conditions outside the bioreactor. The combination of aerobic
conditions. with sugar consumption and ethanol production. could account for this result.
By the end of the 48-hour holding period. the concentration of acetaldehyde had dropped
from 17 mg/L to 9 mg/L in the anaerobic sample. which brings the liquid concentration to
within specifications for a quality North American lager (less than 10 mg/L).

The concentration of total diacetyl versus holding time is given in Figure 7.13.
The results show that the elimination of oxygen tfrom the system during this holding
period provides more favourable conditions for diacetyl reduction. The shape of the total
diacetyl curve may be related to free amino nitrogen depletion and the subsequent
intracellular production of valine. of which diacetyl is a byproduct (Nakatani et al..
1984a: Nakatani et al.. 1984b). Total diacetyl concentration at the end of the primary
continuous fermentation was 326 pg/L and at the end of the anaerobic hold period it was

at a concentration of 33 pg/L. which is well below the taste threshold in commercial

beers.
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Figure 7.14. Mean acetaldehyde concentration versus post fermentation hold time for
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift
bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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Figure 7.15. Mean total diacetyl concentration versus post fermentation hold time for
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift
bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).

In Figures 7.16 - 7.18 the esters ethyl acetate. isoamy! acetate. and ethyl
hexanoate concentrations are plotted versus post fermentation holding time. The same
pattern for aerobic and anaerobic samples was observed for all esters. The concentration
of esters did not diverge between the anaerobic and aerobic samples until later in the
holding period. where the concentration of esters in the aerobic samples declined and the
concentration in the anaerobic samples increased. Because the concentration of esters in
the continuous fermentations is somewhat low compared with ester concentrations found

in commercial beer. it is desirable to select conditions, which favour ester production.
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Figure 7.16. Mean ethyl acetate concentration versus post fermentation hold time tor
aerobic and anaerobic treated samples after continuous primary fermentation in a gas litt

bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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Figure 7.17. Mean isoamyl acetate concentration versus post fermentation hold time tor
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift

bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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Figure 7.18. Mean ethyl hexanoate concentration versus post fermentation hold time for
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift
bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).

Figures 7.19 - 7.21 show isoamyl alcohol. |-propanol. and isobutanol
concentration versus post fermentation holding time. At the end of the 48 hour holding
period. no significant differences in these alcohols were observed between the aerobic
and anaerobic treatments. However, the 24-hour samples showed a higher concentration

in all cases for the aerobic treatments.
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Figure 7.19. Mean isoamyl alcohol concentration versus post fermentation hold time for
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift
bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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Figure 7.20. Mean |-propanol concentration versus post fermentation hold time for
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift

bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).
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Figure 7.21. Mean isobutanol concentration versus post fermentation hold time for
aerobic and anaerobic treated samples after continuous primary fermentation in a gas lift
bioreactor. Error bars represent the upper and lower limits of the experimental data
(n=2).

[n Figure 7.22. a radar graph is given to allow comparison of a number of the
flavour compounds after the 48 hour aerobic and anaerobic holding period with a protile
from a commercial beer. Radar graphs are commonly used in the brewing industry to
allow one to examine and compare a variety of different beer characteristics together on
one graph (Sharpe. 1988). From this figure. it can be seen that the anaerobically-held
continuously fermented beer is the closest match to a typical market beer. From
Appendix 6. it can be seen that the anaerobic liquid was within normal ranges for a
market beer, except in the case of 1-propanol. which was significantly higher than batch-
fermented beers. This higher than normal 1-propanol was observed in all continuously
fermented products from this work.

The tormation of 1-propanol occurred during the continuous primary fermentation
stage and it did not decrease significantly during the holding period. whether the

conditions were aerobic or anaerobic. Kunze (1996) states that the following factors will
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increase higher alcohols such as 1-propanol during batch fermentation: mixing. intensive
aeration of the wort. and repeated addition of fresh wort to existing yeast.

Ultimately the ideal scenario will be to eliminate the secondary holding period
entirely by optimizing the conditions in the primary continuous bioreactor. However,
further gains can be made using the holding period. by optimizing the holding
temperature (diacetyl removal by yeast is very temperature dependent), the amount of
fermentable sugars remaining in the liquid at the beginning of the holding period.
optimizing the concentration of veast present. the hydrodynamic characteristics of the
holding vessel (diacetyl removal could be improved by improving the contact between
the yeast and the beer). and taking further measures to eliminate oxygen from this stage.

Volumetric beer productivity calculations are given in Appendix 3. The process
described in this section, with a continuous bioreactor operating with a 24 hour residence
time followed by a 48 hour batch hold. is 1.8 times more productive than a current
industrial batch process. A relatively fast industrial batch process with a 7.5 day cvcle
time has a volumetric beer productivity ot 0.093 m’ beer produced / (m® vessel volume x
day). whereas the continuous process described here has a productivity of 0.165 m’ beer
produced / (m3 vessel volume X day). It further research allowed the batch holding period
to be shorted to 24 hours. beer productivity would become 2.3 times more productive that
the industrial batch standard. If the ideal scenario of a 24 hour continuous process with no
batch holding were achieved. beer volumetric productivity would become 7.5 times that
of the batch standard. In addition to the increased volumetric productivity. the additional
benetfits realized by moving from a batch to a continuous process. such as shorter time to
market. decrease in brewhouse size. and less frequent yeast propagation. must be
balanced with a careful analysis of relative operating costs.

Other researchers (Kronléf and Virkajarvi. 1996: Nakanishi et al.. 1993:
Yamauchi et al.. 1995) have focused on developing multi-staged continuous
fermentations in which the first stage of continuous fermentation (aerobic) results in only
a partial consumption of the fermentable sugars present in the wort. While this strategy
has shown some success in terms of flavour production. these systems are complex. As
well. the first aerobic stage of such systems creates an environment. which is more

susceptible to microbial contamination (i.e. high sugar concentration, temperature. and
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oxygen, with low concentrations of ethanol). In the gas-lift bioreactor system presented in
this work. the bioreactor has a low fermentable sugar concentration. low pH. high ethanol
concentration. and low concentrations of oxygen. making the environment inhospitable

for potential contaminants.
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Figure 7.22. Radar graph of normalized concentration data obtained after 48 hours of
aerobic or anaerobic holding. following continuous primary fermentation in a gas lift
bioreactor. The normalized data is based on the averages of duplicate samples and the
commercial beer data was taken as the midpoint of the data listed in Appendix 6.
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7.2.3 Effect of Liquid Residence Time on Key Yeast Metabolites during Continuous
Primary Beer Fermentation

Figures 7.23 - 7.28 show the analytical results obtained from the bioreactor liquid
phase. In Table 7.3. the average concentrations and flow rates of the measured analytes at
pseudo-steady state (after a minimum of three bioreactor turnover times) are listed at the
two liquid residence times used during this experiment. While liquid phase yeast viability
did not change significantly when the flow rate of wort to the bioreactor was increased.
the concentration of yeast cells did change as seen in Figure 7.23.

Table 7.3. (a) Summary table ot effect of bioreactor residence time on liquid phase yeast
and key veast metabolite concentrations. averages at pseudo-steady state: (b) Summary
table of the effect of bioreactor residence time on liquid phase yeast and key yeast
metabolite flow rates at the bioreactor outlet., averages at pseudo-steady state.

(a) Average Analyte

Bioreactor Residence Time

Concentration 1.8 days 0.9 days
Cell Conc (cells/mL) 2.38E+08 1.32E+08
Tot. Ferm. Glucose (g/100 mL) 0.29 6.09
FAN (mg/L) 106.3 246 .4
Ethanol (g/100 mL) 5.16 4.80
Total Diacetyl (ug/L) 292 460
Acetaldehyde (mg/L) 19.47 37.07
Ethyl Acetate (mg/L) 41.00 38.29
1-Propanol (mg/L) 44 95 13.53
Isobutanol (mg/L) 22.78 9.13
Isoamyl Acetate (mg/L) 0.90 1.28
Isoamyl Alcohol (mg/L) 76.67 51.39
(b) Average Analyte Bioreactor Residence Time
Flow Rate 1.8 days 0.9 days
Cell Flow Rate(cells/min) 7.38E+08 8.22E+08
Tot. Ferm. Glucose (g/min) 8.93E-03 3.72E-01
FAN (g/min) 3.65E-04 1.50E-03
Ethanol (g/min) 1.60E-01 2.93E-01
Total Diacetyl (g/min) 9.06E-07 2.81E-06
Acetaldehyde (g/min) 6.04E-05 2.26E-04
Ethyl Acetate (g/min) 1.27E-04 2.34E-04
1-Propanol (g/min) 1.39E-04 8.25E-05
Isobutanol (g/min) 7.06E-05 5.57E-05
Isoamyl Acetate (g/min) 2.80E-06 7.30E-06
Isoamyl Alcohol (g/min) 2.38E-04 3.13E-04
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Figure 7.23. Liquid phase yeast cell concentration versus relative continuous
fermentation time. effect of liquid residence time in bioreactor. R, is bioreactor liquid
residence time in dayvs.

In Figures 7.24 and 7.25. the concentrations of the wort substrates free amino
nitrogen (FAN) and total fermentable carbohydrate (as glucose) both increased when the
liquid residence time decreased from 1.8 to 0.9 days. From the mass balances in Table
7.4. the consumption rate of total fermentable carbohydrate (as glucose) increased while
free amino nitrogen consumption rate decreased, with decreasing bioreactor residence
time. The vield factor. Yps. of the fermentation product ethanol from fermentable glucose
substrate. increased from 0.3 to 0.5 with the reduction in liquid restdence time. Because
the system was sparged with air and carbon dioxide. there were probably minor losses of
ethanol in the gas phase. which would have an impact on the vield factor. Ypss. by
affecting the balance on ethanol. Research conducted in collaboration with Budac and
Margaritis (1999) has qualitatively demonstrated. using a gas chromatograph-mass

spectroscopy technique (GC-MS), that beer flavour volatiles including ethanol.




acetaldehyde, ethyl acetate. and isoamy! acetate are detected in the gas-lift bioreactor

headspace during continuous fermentation.
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Figure 7.24. Liquid phase ethanol and fermentable glucose concentration versus relative
continuous fermentation time. effect ot liquid residence time in bioreactor. R, is
bioreactor liquid residence time in days.
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Table 7.4. Mass balances on free amino nitrogen and total fermentable carbohydrate (as
glucose) based on average data in Table 7.3. effect of residence time.

Residence Time 1.8 days 0.9 days 1.8days 0.9 days
Free Amino Nitrogen Total Ferm. Glucose
(g/min) (g/min)
Inlet* 8.84E-04 1.74E-03 471E-01 9.26E-01
Outlet 3.65E-04 1.50E-03 8.93E-03 3.72E-01
Consumption (AS) 5.18E-04 2.35E-04 4.62E-01 5.54E-01
Yield Factor (Yps) 0.3 0.5

*Iniet concentrations from Appendix 1

The liquid phase concentration of the fermentation product ethanol decreased with

the step change in liquid residence time. However. the system as a whole was producing

more ethanol on a mass flow rate basis at the faster liquid residence time. Because the



objective of this work was not only to produce ethanol in isolation. but rather a beer with
a balance of many components. maximizing ethanol productivity must be balanced with
other tactors. At the end of a commercial primary beer fermentation. the majority of
fermentable glucose substrate must be consumed.

In Figure 7.26. the response of acetaldehyde and total diacetyl concentration. to
the step change in wort flow rate is given. Both analytes increased in concentration and in
their rate of production when the liquid residence time was decreased. During batch beer
fermentations. acetaldehyde is excreted by yeast during the first few days of fermentation

(Kunze. 1996).
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Figure 7.26. Liquid phase total diacetyl and acetaldehyde concentration versus relative
continuous fermentation time. effect of liquid residence time in bioreactor. R;is
bioreactor liquid residence time in days.

Figures 7.25 and 7.27 show the effect of decreasing bioreactor residence time on

the liquid phase concentrations of the higher alcohols 1-propanol. isobutanol and isoamy]l
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alcohol. All three higher alcohols decreased in concentration when the bioreactor

residence time was decreased.
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Figure 7.27. Liquid phase isobutanol and isoamy!l alcohol concentration versus relative
continuous fermentation time, effect of liquid residence time in bioreactor. R, is
bioreactor liquid residence time in days.

Ethyl acetate and isoamyl acetate mass tlow rates given in Table 7.3 (b) both
increased in response to the decrease in liquid residence time. In Figure 7.28 the liquid
phase concentration of ethyl acetate decreased while isoamyl acetate increased. Because
this experiment allowed for an increase in liquid phase cell growth without increasing the
oxygen supply to the system. the conditions in the bioreactor promoted ester production.

Hough et al. (1982) state that increased growth and decreased oxygen conditions

encourage ester formation.
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7.2.4 Using a Commercial Preparation of Alpha-Acetolactate Decarboxylase to
Reduce Total Diacetyl during Continuous Primary Beer Fermentation

Experiment 1: The bioreactor was contaminated with aerobically growing Gram positive
cocci betore the trial could be completed. It was determined that the bioreactor itself was
contaminated. since microbiological testing of the wort supply showed no contamination.
This pointed to the need for bioreactor upgrades with improved safeguards against
contamination. However. betore the system was shut down. a decrease in total diacetyl
concentration was observed when ALDC was added to the wort supply. Unfortunately it
was not possible to draw any conclusions from this data due to the contusing ettects of
bioreactor contamination.

Experiment 2: As a result of numerous bioreactor upgrades. the system operated without
contamination throughout the duration of Experiment 2. The data for this experiment is
given in Figures 7.29 = 7.31. In Table 7.5 the average pseudo-steady state concentrations
of total diacetyl before and after ALDC addition to the wort are summarized. Total
diacetyl concentration dropped by 47% with the addition of ALDC to the wort, which
makes the use of this enzyme promising for the future (averages taken after three
bioreactor turnover times). As seen in Figures 7.30 and 7.31, total fermentable
carbohydrate (as glucose) and cell concentration drifted slightly during this trial, which
may have been caused by slight differences in the wort. supplied to the bioreactor betore

and after the addition of ALDC.
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Figure 7.29. Liquid phase total diacetyl concentration versus continuous fermentation
time, effect of ALDC addition to the wort fermentation medium. Experiment 2.
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concentration versus continuous fermentation time, effect of ALDC addition to the wort
fermentation medium. Experiment 2.
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Figure 7.31. Liquid phase cell concentration versus continuous fermentation time, eftect

of ALDC addition to the wort fermentation medium. Experiment 2.

[n order to eliminate the potential confounding effect ot wort variability. during
Experiment 3 a large quantity of wort from the brewhouse (14 hL) was collected and
ALDC was added directly to the wort remaining in this holding vessel. once a pseudo-

steady state baseline was reached. This further eliminated any potential wort

inconsistencies that could have affected fermentation performance in Experiment 2. This

wort storage vessel was also equipped with carbon dioxide sparging. so that dissolved

oxygen levels in the wort supply were kept at a consistently low level.

Experiment 3: Figures 7.32 — 7.34 illustrate the effect of ALDC addition to the wort

supply. on total diacetyl. total fermentable carbohydrate (as glucose). ethanol. and the

freely suspended cell concentration during continuous beer fermentation. Table 7.6 also

gives the average pseudo-steady state total diacetyl concentration before and after the
addition of ALDC to the wort supply (averages taken after three bioreactor turnover
times). No contamination was detected at any point during this experiment. The
concentration of total diacetyl was reduced by 45% upon addition of ALDC. No

significant differences in ethanol. total fermentable carbohydrate (as glucose) or the
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treely suspended cell concentration were observed, which agrees with the batch findings

of Aschengreen and Jepsen (1992).
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Figure 7.32. Liquid phase total diacetyl concentration versus continuous fermentation
time. effect of ALDC addition to the wort fermentation medium. Experiment 3.



182

-y :
E 0
8 '
= 7 X
=] a ’ [}
§ ®m = g5 = ® ® 'y g g g ®B =
g .
c
(3
s
=] 5-
o
@ .
§ . ) = Ethanol |
. . > !
3 : aFerm Glucose
(L] '
® .
s, . ALDC
E + Addition
£ 2 ——
[V v
k-]
c .
L 0
E 1a A a f
- S
@ . . . C : . . .
0 50 100 150 200 250 300 350

Continuous Fermentation Time (h)

Figure 7.33. Liquid phase ethanol and total fermentable sugar (as glucose) concentration
versus continuous fermentation time. effect of ALDC addition to the wort fermentation
medium. Experiment 3.
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The results of Experiments 2 and 3 indicate that ALDC did have a significant
effect on total diacetyl concentration during continuous fermentation in gas lift
bioreactors giving an average reduction in total diacetyl concentration of 46%. This has
the potential to decrease. or eliminate secondary processing for diacetyl reduction in
continuous gas-lift systems. A relatively high dosage of ALDC was used for these initial
experiments, and it would be necessary to optimize the amount. method and timing of
ALDC dosing. in wort if this enzyme was to be adopted for the process. Further savings
could be realized it an enzyme becomes available with higher activity levels under
brewery fermentation conditions or if the enzyme itself was immobilized. thus allowing
for its reuse (Dulieu et al.. 1996). Another consideration will be public acceptance of
enzyme additives that have been produced using genetically moditied organisms.

At the supplier’s recommended dosage of 2 kg/1000 hL. and. with cost of the
commercial enzyme preparation at $131.05/kg. $0.26 / hL would be added to the material
costs of fermentation. As used in the experiments performed. the enzyme dosage was 72
pg/L (108 ADU/L) or 7.2 kg/1000 hE ALDC. giving an added material cost ot $0.94/hL.
The economics of using ALDC for diacetyl reduction during gas lift continuous
termentations will depend on the optimum enzyme dosage under bioreactor conditions
and the amount of time saved by its use.

Table 7.5. Summary of average pseudo-steady state effect of ALDC addition to wort
fermentation medium on total diacetyl concentration during continuous beer termentation
in a gas lift bioreactor.

Average Total Diacetyl Percent
Experiment Concentration (ug/L) Diacetyl
(ALDC absent) (ALDC, 60uL/L) Reduction
Experiment |{ 495 260 47
Experiment Il 445 245 45

“averages based on pseudo-steady state values after three reactor turnover times
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CHAPTER 8. CONCLUSIONS

The experimental results described in this work indicate that continuous
fermentation. using immobilized yeast and the associated free cells in a gas-lift draft tube
bioreactor system. is a viable alternative to batch fermentation for beer production based
on the following criteria:

e tlavour match accomplished

e higher bioreactor volumetric productivity

e minimal complexity

e long term continuous operation demonstrated

e control of air (oxygen) in the fluidizing gas tor flavour control

e addition of enzyme a-acetolactate decarboxylase for diacetyl control an option
e no bacterial contamination

e financial benetits.

There are still many areas. which need to be studied turther. but the technology is
ready to be tested at a larger scale. Gas-lift bioreactors are already used at an industrial
scale for wastewater treatment, which makes the prospects ot scaling up the continuous
beer fermentation system technically feasible. The Grolsch brewery in the Netherlands
has been reported to use a 230 m’ gas lift bioreactor for treatment of their wastewater
(Driessen et al., 1997). One of the biggest barriers to commercial scale continuous
fermentation in the brewing industry may be the acceptance by the brewers ot a new
process. in an industry that is deeply tied to tradition.

Data collected on secondary yeast metabolites produced during continuous beer
fermentations conducted in this work highlighted the importance of controlling oxygen in
the fluidizing gas for beer flavour formation. The findings showed that under the given
operating conditions. increased air in the bioreactor fluidizing gas caused an increase in
acetaldehyde. diacetyl. and higher alcohols (isoamyl alcohol and isobutanol). while the
concentrations of esters (isoamyl acetate. ethyl hexanoate. ethyl octanoate) and ethanol
were reduced. These data suggest that there is the potential for controlling beer flavour
through the composition of the bioreactor fluidizing gas. allowing for the production of

unique products.



With the exception of when air was eliminated from the fluidizing gas. a treely
suspended cell concentration of greater than 10® cells/mL was maintained in the
bioreactor liquid phase. The system thus has more than one population of veast cells
coexisting in the bioreactor, the immobilized yeast and the liquid phase suspended veast.
Because of the large quantities of viable yeast growing in the bioreactor liquid phase. the
possibility exists of using a continuous bioreactor as a yeast propagator.

When a secondary 48-hour batch-holding period was added following continuous
primary fermentation. a tlavour profile within the range of market beers was obtained.
The temperature of this holding period was 21°C and the importance of minimizing the
exposure of the liquid to oxygen during the holding period for tlavour formation was
demonstrated experimentally. The addition of a holding period adds two days to the
process as well as additional complexity. however it is still significantly faster than
commercial batch fermentations. which take between seven and fourteen days.

Ultimately. the ideal scenario would be to entirely eliminate the secondary
holding period by optimizing the conditions in the primary continuous bioreactor.
However. further reductions in the secondary holding time can be achieved in the short
term by optimizing the holding temperature (diacetyl removal by veast is very
temperature dependent). the amount of fermentable sugars remaining in the liquid at the
beginning of the holding period. the concentration of veast present. the hydrodynamic
characteristics of the holding vessel (diacetyl removal could be improved by improving
the contact between the yeast and the beer). and by taking turther measures to eliminate
oxygen from this stage.

Other researchers (Kronlof and Virkajarvi, 1996: Nakanishi et al.. 1993
Yamauchi et al.. 1995) have focused on developing multi-stage continuous fermentations
in which the first stage of continuous fermentation (aerobic) results in only a partial
consumption of the fermentable sugars present in the wort. While this strategy has shown
some success in terms of flavour production. these systems are complex. As well. the first
acrobic stage of such systems creates an environment. which is more susceptible to
microbial contamination (i.e. high sugar concentration, temperature, and oxvgen. with
low concentrations of ethanol). In the gas-lift bioreactor presented in this work. the

bioreactor has a low steady state fermentable sugar concentration. low pH. high ethanol
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concentration. and low concentrations of oxygen, making the environment inhospitable
for potential contaminants. In a less-developed brewery. minimizing complexity and
developing a robust. contamination-resistant process is an important success factor.

The addition ot a commercial preparation of alpha-acetolactate decarboxylase
(ALDC) to the wort supplying the continuous fermentation showed an average diacetyl
reduction of 46%. However. because ALDC is an enzyme that is produced by a
genetically modified organism (GMO), there are public perception issues that would need
10 be addressed betore using such an enzyme in a commercial product. [n addition the
commercially available enzymes tor diacetyl control do not have optimal activity under
fermentation conditions.

Over six months of continuous fermentation using kappa-carrageenan gel
immobilization. freely suspended cells in the liquid phase retained viabilities greater than
90%. while immobilized cell viability decreased to less than 60%. Scanning electron
micrographs revealed that cells located near the periphery of the gel bead had multiple
bud scars and a regular morphology. while those near the bead core had an irregular
shape and fewer bud scars. suggesting impaired growth. The micrographs also suggested
that the yeast located near the bead core were showing signs of aging. As discussed in
section 5. kappa-carrageenan gel has many characteristics that make it a desirable yeast
immobilization matrix. However, there is currently no industrial method available for
bead manufacture and. because the veast are entrapped in the matrix as part of the bead-
making process. bead-handling in a commercial plant increases complexity and cost.
Other immobilization methods such as self-aggregation or flocculation should be
explored in the future. This would eliminate the complexity of bead handling in a plant
environment, and. if the yeast flocs were disrupted on a regular basis. one could ensure
that aged cells are regularly removed from the bioreactor.

Continuous fermentation using a gas-lift bioreactor could potentially replace
batch technology currently used in commercial breweries. In the past. flavour formation
in continuous fermentations and complexity were major stumbling blocks. but by
integrating the operational advantages of a gas-lift bioreactor with the biochemical
principles associated with flavour formation discussed in this work, success is more

probable.
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CHAPTER 9. RECOMMENDATIONS

Unlike batch beer fermentation. which has existed for thousands of years and is

classified as a "mature technology™. continuous beer fermentation has only received

attention from researchers in recent decades. Continuous beer fermentation, a relatively

new technology. thus has the capacity to make large gains in improvement through

further research. Some recommendations for future research are listed below:

Alternative immobilization methods. in addition to entrapment within kappa-
carrageenan gel beads. such as selt-aggregation or flocculation should be explored in
the future. [t would be desirable to eliminate the complexity of bead handling in a
plant environment. and. if the yeast flocs were disrupted on a regular basis. one could
ensure that aged cells are regularly removed from the bioreactor.

Experimental work should continue toward eliminating the secondary holding period
by optimizing the conditions in the primary continuous gas lift bioreactor.
Reductions in the secondary holding time may be achieved in the short term by
optimizing the holding temperature. the amount of sugars remaining in the liquid at
the beginning of the holding period. the concentration of yeast present. the
hydrodynamic characteristics of the holding vessel. and by taking further measures to
eliminate oxvgen from this stage.

More research needs to be conducted to improve the activity of the enzyme «-
acetolactate decarboxylase in beer medium. or to find other suitable enzymes for
diacetyl control.

New models need to be developed. where the contribution of both the immobilized
and freely suspended yeast to beer flavour can be quantitatively assessed during
continuous fermentation. In order to complete mass balances on oxygen. carbon
dioxide and volatile flavour compounds such as acetaldehyde, esters. and alcohols.
gas phase analyses also need to be performed. The model should also be based on
fundamental knowledge of the yeast biochemical pathways that generate the flavour
compounds in beer. The flavour model of Gee and Ramirez (1994) developed for

freely suspended yeast in batch fermentations could be used as a starting point for this

work.
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@ Another approach would be the utilization of multivariate statistical methods which
create response surfaces. for studying the interaction of bioreactor operating
conditions such as dilution rate. temperature and oxygen to achieve reductions in
fermentation time and to further control beer tlavour.

@ [tis recommended that the gas lift draft tube bioreactor system for continuous beer

production be tested at a larger scale.
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APPENDIX 1

Tabulation of experimental results for Tables and Figures in main text.
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Experimental data used to obtain a particle size distribution for kappa-carrageenan gel
beads. given in Figure 5.8.

Table Al.1. Particle size data for kappa-carrageenan gel beads.

Mass of Beads (g) Average SE of
Grid Size Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average % (w/w) Average
(mm) % (wiw)

0.5-1 102.83 104.23 89.88 91.03 94.23 96.46 19.86 0.005
1-1.18 83.54 17168 86.74 104.47 99.19  109.12 22.47 0.024
1.18-1.4 14578 117.78 101.38 11467 137.87 123.50 25.43 0.02
1.4-17 108.83 122.08 16269 104.77 87.74 117.22 24.14 0.026
1.7-2.0 56.47 47.45 31.84 32.69 27.95 39.28 8.09 0.0091

Total 497.55 563.23 472.53 44763 446.98 48558 100.00

Table Al.2. Cumulative particle size data calculated from Table Al.1 and used for Figure
5.8.

Grid Size {(mm) % (w/w) Undersize  Cumulative % Undersize
0.5 0.00 0.00
1 19.86 19.86
1.18 22.47 42 34
1.4 25.43 67.77
1.7 24.14 91.91
2 8.09 100.00

Table Curve 2D was used to determine a function of best-fit for the data of particle size
versus cumulative % undersize in Table A1.2. The function is given in Equation A.l.

Dp=05a(l -+-erf(()(—b)/(20‘5 c))) Al
where a=1.0034107.b=1.2537128. ¢ =0/31376046

and r* = 0.9993636

See Appendix 2 for statistical definitions.
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Table A1.3. Fitted data using equation A.1. for calculation of Sauter mean diameter and
arithmetic mean diameter for kappa-carrageenan gel beads.

Particle
Diameter
D, (mm)

GC.5
0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59

0.6
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69

0.7
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79

0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89

0.9
0.91
0.92
0.93
0.94
0.95

Cumulative
Undersize
X, (wiw)
0.008176
0.008917
0.009715
0.010575
0.011501
0.012496
0.013565
0.014712
0.015942
0.017259
0.018667
0.020173
0.021780
0.0234893
0.025319
0.027262
0.029329
0.031523
0.033852
0.036320
0.038934
0.041699
0.044621
0.047706
0.050960
0.054387
0.0579985
0.061788
0.065772
0.069952
0.074334
0.078923
0.083724
0.088740
0.093977
0.099439
0.105129
0.111052
0.117210
0.123606
0.130243
0.137123
0.144247
0.151617
0.159233
0.167096

Delta
Undersize
dif(X))
0.008176
0.000740
0.000798
0.000880
0.000926
0.000995
0.001069
0.001147
0.001230
0.001317
0.001409
0.001505
0.001607
0.001714
0.001826
0.001943
0.002066
0.002195
0.002329
0.002468
0.002614
0.002765
0.002922
0.003085
0.003253
0.003428
0.003608
0.003783
0.0032984
0.004180
0.004382
0.004589
0.004800
0.005016
0.005237
0.005462
0.0056%0
0.005923
0.006158
0.006396
0.006637
0.006880
0.007124
0.007370
0.007616
0.007863

Normalized Delta
Undersize
n[dif(X,)]
0.008220
0.000744
0.000803
0.000865
0.000931
0.001001
0.001075
0.001153
0.001236
0.001324
0.001416
0.001513
0.001616
0.001723
0.001836
0.001954
0.002077
0.002206
0.002341
0.002482
0.002628
0.002780
0.002938
0.003101
0.003271
0.003446
0.003627
0.003813
0.004005
0.004203
0.004405
0.004613
0.004826
0.005043
0.005265
0.005491
0.005721
0.005954
0.006191
0.006430
0.006672
0.006916
0.007162
0.007409
0.007657
0.007905

X,/ D,

0.016440
0.001459
0.001544
0.001632
0.001723
0.001819
0.001919
0.002023
0.002131
0.002244
0.002360
0.002481
0.002606
0.002735
0.002868
0.003006
0.003147
0.003293
0.003443
0.003596
0.003754
0.003915
0.004080
0.004248
0.004420
0.004595
0.004772
0.004952
0.005135
0.005320
0.005507
0.005695
0.005885
0.006076
0.006268
0.006460
0.006652
0.006844
0.007035
0.007225
0.007414
0.007601
0.007785
0.007967
0.008146
0.008321

X," D,
0.004110
0.000380
0.000417
0.000458
0.000503
0.000550
0.000602
0.000657
0.000717
0.000781
0.000850
0.000923
0.001002
0.001085
0.001175
0.001270
0.001371
0.001478
0.001592
0.001712
0.001839
0.001974
0.002115
0.002264
0.002420
0.002584
0.002756
0.002936
0.003124
0.003320
0.003524
0.003737
0.003957
0.004186
0.004423
0.004667
0.004920
0.005180
0.005448
0.005723
0.006005
0.006294
0.006589
0.006891
0.007197
0.007509



Particle
Diameter
Dp.. (Mm)
0.96
0.97
0.98
0.99
1
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.1
21
12
A3
.14
.15
.16
A7
.18
19
1.2
1.21
1.22
1.23
1.24
125
1.26
1.27
1.28
1.29
1.3
1.31
1.32
1.33
1.34
1.35
1.36
1.37
1.38
1.39
1.4
1.41
142
1.43
1.44

U SRR I (NIE U (Or U | N Y

Cumulative
Undersize
X, (wiw)
0.175205
0.183560
0.192159
0.201000
0.210081
0.219400
0.228951
0.238733
0.248739
0.258965
0.269404
0.280051
0.290899
0.301939
0.313165
0.324567
0.336137
0.347866
0.359742
0.371757
0.383898
0.396156
0.408519
0.420974
0.433511
0.446115
0.458776
0.471481
0.484216
0.496969
0.509726
0.522476
0.535204
0.547898
0.560546
0.573135
0.585651
0.598084
0.610421
0.622650
0.634760
0.646740
0.658579
0.670267
0.681795
0.693153
0.704332
0.715323
0.726120

Delta
Undersize
gif(X,)
0.008109
0.008355
0.008599
0.008841
0.009081
0.009318
0.009552
0.009781
0.010006
0.010226
0.010440
0.010647
0.010848
0.011041
0.011226
0.011402
0.011570
0.011728
0.011877
0.012015
0.012142
0.012258
0.012363
0.012455
0.012536
0.012605
0.012661
0.012704
0.012735
0.012753
0.012758
0.012749
0.012728
0.012694
0.012648
0.012588
0.012517
0.012433
0.012337
0.012229
0.012110
0.011980
0.011839
0.011688
0.011528
0.011358
0.011179
0.010992
0.010797

Normalized Delta
Undersize
n[dif(X))]
0.008152
0.008399
0.008645
0.008888
0.009130
0.009368
0.009603
0.009834
0.010060
0.010280
0.010485
0.010704
0.010905
0.011100
0.011286
0.011463
0.011632
0.011791
0.011940
0.012079
0.012207
0.012323
0.012429
0.012522
0.012603
0.012672
0.012729
0.012772
0.012803
0.012821
0.012826
0.012818
0.012796
0.012762
0.012715
0.012656
0.012583
0.012499
0.012403
0.012294
0.012175
0.012044
0.011903
0.011751
0.011589
0.011418
0.011239
0.011050
0.010854

X,/ Dy

0.008492
0.008659
0.008821
0.008978
0.009130
0.009275
0.009415
0.009547
0.009673
0.009791
0.009901
0.010004
0.010098
0.010183
0.010260
0.010327
0.010386
0.010434
0.010474
0.010503
0.010523
0.010533
0.010533
0.010523
0.010503
0.010473
0.010433
0.010384
0.010325
0.010257
0.010179
0.010093
0.009997
0.009893
0.009781
0.009661
0.009533
0.009398
0.009256
0.009107
0.008952
0.008791
0.008625
0.008454
0.008278
0.008098
0.007914
0.007727
0.007538

X, " Dy
0.007826
0.008147
0.008472
0.008800
0.009130
0.009462
0.009785
0.010129
0.010462
0.010794
0.011125
0.011453
0.011778
0.012099
0.012414
0.012724
0.013028
0.013324
0.013612
0.013890
0.0141860
0.014418
0.014666
0.014901
0.015124
0.015333
0.015529
0.015710
0.015876
0.016026
0.016160
0.016278
0.016379
0.016463
0.016530
0.016579
0.016610
0.016624
0.016619
0.016597
0.016558
0.016500
0.016425
0.016334
0.016225
0.016100
0.015959
0.015802
0.015630
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Particle

Diameter

DDh (mm)
1.45
1.46
1.47
1.48
1.49
1.5
1.51
1.52
1.53
1.54
1.55
1.56
1.57
1.58
1.59
1.6
1.61
1.62
1.63
1.64
1.65
1.66
1.67
1.68
1.69
1.7
1.71
1.72
1.73
1.74
1.75
1.76
1.77
1.78
1.79
1.8
1.81
1.82
1.83
1.84
1.85
1.86
1.87
1.88
1.89
1.9
1.91
1.92
1.93

Cumulative
Undersize
X, (wiw)
0.736714
0.74709%
0.757269
0.767218
0.776940
0.786433
0.795690
0.804710
0.813489
0.822025
0.830317
0.838362
0.846162
0.853714
0.861021
0.868082
0.874899
0.881474
0.887809
0.893906
0.899768
0.905400
0.910803
0.915983
0.920943
0.925689
0.930224
0.934554
0.238683
0.242617
0.946362
0.949923
0.953305
0.956515
0.959557
0.962438
0.965164
0.967740
0.970171
0.972465
0.974626
0.976660
0.978573
0.980369
0.982055
0.983635
0.985115
0.986499
0.987793

Delta
Undersize
dif(X,)
0.010594
0.010385
0.010170
0.009949
0.009723
0.009492
0.009258
0.009020
0.008779
0.008536
0.008292
0.008046
0.007799
0.007553
0.007306
0.007061
0.006817
0.006575
0.006335
0.006097
0.005863
0.005631
0.005404
0.005180
0.004960
0.004745
0.004535
0.004330
0.004129
0.003934
0.003745
0.003561
0.003382
0.003209
0.003042
0.002881
0.002726
0.002576
0.002432
0.002294
0.002161
0.002034
0.001913
0.001796
0.001686
0.001580
0.001480
0.001384
0.001294

Normalized Delta
Undersize
n[dif(X,)]
0.010651
0.010441
0.010224
0.010002
0.009775
0.009543
0.009307
0.009068
0.008826
0.008582
0.008336
0.008089
0.007841
0.007593
0.007345
0.007099
0.006853
0.006610
0.006369
0.006130
0.005894
0.005661
0.005432
0.005208
0.004987
0.004771
0.004559
0.004353
0.004151
0.003955
0.003765
0.003580
0.003400
0.003227
0.003059
0.002896
0.002740
0.002590
0.002445
0.002306
0.002173
0.002045
0.001923
0.001806
0.001695
0.001589
0.001488
0.001392
0.001301

X,/ Dy

0.007345
0.007151
0.006955
0.006758
0.006560
0.006362
0.006164
0.005966
0.005769
0.005573
0.005378
0.005185
0.004994
0.004806
0.004620
0.004437
0.004257
0.004080
0.003907
0.003738
0.003572
0.003410
0.003253
0.003100
0.002951
0.002806
0.002666
0.002531
0.002400
0.002273
0.002151
0.002034
0.001921
0.001813
0.001709
0.001609
0.001514
0.001423
0.001336
0.001253
0.001174
0.001099
0.001028
0.000961
0.000897
0.000836
0.000779
0.000725
0.000674

X, * Dy
0.015444
0.015243
0.015029
0.014803
0.014564
0.014314
0.014054
0.013783
0.013504
0.013216
0.012920
0.012618
0.012310
0.011997
0.011679
0.011358
0.011034
0.010708
0.010381
0.010053
0.009725
0.009398
0.009072
0.008749
0.008428
0.008110
0.007796
0.007487
0.007182
0.006882
0.006588
0.006300
0.006019
0.005743
0.005475
0.005214
0.004960
0.004713
0.004474
0.004243
0.004019
0.003803
0.003596
0.003395
0.003203
0.003019
0.002842
0.002672
0.002510



Particle Cumulative Delta Normalized Delta

Diameter Undersize Undersize Undersize

Dp. (mm) X, (w/w) dif(X,) n[dif(X,))] X,/ Dy, X, * Dy
1.94 0.989001 0.001208 0.001214 0.000626 0.002356
1.95 0.990128 0.001127 0.001133 0.000581 0.00220S
1.96 0.991178 0.001050 0.001055 0.000538 0.002068
1.97 0.992155 0.000977 0.000982 0.000499 0.001935
1.98 0.993063 0.000908 0.000913 0.000461 0.001808
1.99 0.893907 0.000844 0.000848 0.000426 0.001688
2 0.994690 0.000783 0.000787 0.000394 0.001574
Total 0.994690 1.000000 0.856078 1.252066



Experimental data used for Tables 6.1 — 6.2 and Figures 6.4 — 6.6.

Table Al.4. Carbohydrate and ethanol batch fermentation data for repeated batch
termentations, R1.

R1 Concentration (kg / m?)
Time (h) Maltose Maltotriose Glucose Fructose Ethanol
0 n/a n/a n/a 2.9 0.0
12 54.5 15.4 9.0 2.4 0.8
24 55.7 15.7 2.9 1.7 57
36 359 11.6 0.0 0.0 16.1
48 15.8 6.3 0.0 0.0 312
60 1.3 25 0.0 0.0 522
72 n/a 2.3 0.0 0.0 50.1
96 0.0 2.5 0.0 0.0 415
R1 Concentration (kg / m?)
Time (h) Maltose Maltotriose Glucose Fructose Ethanol
0 59.6 17.3 13.0 n/a 0.0
12 58.6 16.1 10.2 22 2.7
24 53.1 15.3 1.5 0.1 8.5
36 339 11.3 0.0 0.0 270
48 14.0 5.6 0.0 0.0 350
60 0.0 2.8 0.0 0.0 48.3
72 0.0 2.5 0.0 0.0
96 0.0 2.3 0.0 0.0
R1 Average Concentration (kg / m®)
Time (h) Maltose Maltotriose Glucose Fructose Ethanol
0 60.0 17.4 13.0 3.0 0.0
12 56.6 15.8 9.6 2.3 1.8
24 54.4 155 2.2 0.9 71
36 349 114 0.0 0.0 21.6
48 14.9 6.0 0.0 0.0 33.1
60 0.7 26 0.0 0.0 50.3
72 0.0 2.4 0.0 0.0 50.1

96 0.0 2.4 0.0 0.0 41.5

t9
9



Table A1.5. Carbohydrate and ethanol batch fermentation data for repeated batch
fermentations. R2.

R2 Concentration (kg / m*)

Time (h) Maltose Maltotricse Glucose Fructose Ethanol
0 55.2 15.9 9.9 2.3 0.0
12 498 14.9 0.0 0.0 19.4
24 7.8 42 0.0 0.0 356
36 1.3 35 0.0 0.0 33.7
48 00 3.0 0.0 0.0
60 0.0 31 0.0 0.0 51.1
72 0.0 2.6 0.0 0.0 57.8
96 0.0 29 0.0 0.0 45.3
R2 Concentration (kg / m®)

Time (h) Maltose Maltotriose Glucose Fructose Ethanol
0 53.4 15.4 9.5 1.6 1.6
12 48.7 14.9 0.0 0.0 259
24 7.3 47 0.0 0.0 35.0
36 1.0 3.4 0.0 0.0 261
48 0.0 3.1 0.0 0.0
60 0.0 2.9 0.0 0.0 49.8
72 0.0 3.1 0.0 0.0 40.5
96 0.0 31 0.0 0.0 377

R2 Average Concentration (kg / m®)

Time (h) Maltose Maltotriose Glucose Fructose Ethanol
0 54.3 15.7 9.7 2.0 11.0
12 49.3 14.9 0.0 0.0 22.7
24 7.6 4.4 0.0 0.0 353
36 1.2 35 0.0 0.0
48 0.0 3.1 0.0 0.0 493
60 0.0 3.0 0.0 0.0 50.5
72 0.0 2.9 0.0 0.0 492

96 0.0 3.0 0.0 0.0 41.5

(18]
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Table A1.6. Carbohydrate and ethanol batch fermentation data for repeated batch
fermentations. R3.

R3" Concentration (kg / m®)
Time (h) Maltose Maltotriose Giucose Fructose Ethanol

0 52.0 16.0 8.9 2.8 14.0
12 373 12.5 0.0 0.0 423
24 1.0 3.0 0.0 0.0 53.5
36 0.0 3.2 0.0 0.0 543
48 0.0 3.2 0.0 0.0

60 0.0 3.0 0.0 0.0 56.0
72 0.0 29 0.0 0.0 58.8
96 0.0 2.8 0.0 0.0 57.2

‘not replicated



Table A1.7. Carbohydrate and ethanol batch fermentation data for repeated batch
fermentations. freely suspended cell control.

Ctrl (R1) Concentration (kg / m®)
Time (h) Maltose Maltotriose Glucose Fructose Ethanol
0 87.29 26.10 22.53 5.34 0.00
12 9g9.04 28.60 10.56 5.42 4.85
24 72.82 21.50 0.00 0.00 14.74
36 34.01 10.40 0.00 0.00 33.25
48 12.61 6.00 0.00 0.00 48.09
60 1.73 430 0.00 0.00 101.36
72 1.81 4.20 0.00 0.00 86.67
96 0.00 4.50 0.00 0.00 92.90
Ctrl (R2) Concentration (kg / m®)
Time (h) Maltose Maltotriose Glucose Fructose Ethanol
¢ 956 28.1 18.8 29 0.00
12 93.60 26.86 8.96 3.31 4.27
24 79.66 23.51 0.00 0.co 11.41
36 40.50 12.35 0.00 0.00 18.50
48 4.40 498 0.00 0.00 41.33
60 0.00 4.56 0.00 0.00 52.07
72 0.00 3.92 0.00 0.00 58.29
96 0.00 3.88 0.00 0.00 62.72
Ctrl (R3) Concentration (kg / m?)
Time (h) Maltose Maitotriose Glucose Fructose Ethanol
0 85.92 2550 16.39 2.90 0.00
12 84.05 23.80 9.01 3.17 13.03
24 70.76 21.70 0.00 0.00 28.30
36 42.02 12.50 0.00 0.00 41.59
48 7.63 5.20 0.00 0.00 51.15
60 2.13 420 0.00 0.00 53.74
72 0.00 450 0.00 0.00 53.05
86 0.00 3.20 0.00 0.00 64.37
Ctri Average Concentration (kg / m?)
Time (h) Maitose Maitotriose Gilucose Fructose Ethanol
0 89.60 26.57 19.24 3.71 0.00
12 92.23 26.42 9.51 3.97 7.38
24 74.42 22.24 0.00 0.00 18.15
36 38.84 11.75 0.00 0.00 31.11
48 822 5.39 0.00 0.00 46.86
60 1.28 435 0.00 0.00 69.06
72 0.60 421 0.00 0.00 66.00

96 0.00 3.86 0.00 0.00 73.33

(IS]
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Experimental data used for Figures 6.7 - 6.12.

Table A1.8. Cell Concentration data for repeated batch fermentations. R1.

R1 Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) {cells/mL of gel) (%) (cell/mL of liquid) (%)
0 2.62E+07 44 0.00E+00 n/a
12 3.64E+07 0.00E+00 n/a
24 1.70E+08 86 7.15E+06 99
36 2.54E+08 82 2.54E+07 99
48 2.30E+08 92 5.47E+07 98
80 6.45E+07 98
72 3.17E+08 95
96 3.50E+08 93 7.75E+07 97
R1 Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) (cells/mL of gel) (%) (cel/mL of liquid) (%)
0 2.40E+07 79 0.00E+00 n/a
12 4. 40E+07 86 8.50E+05 100
24 9.20E+07 93 5.50E+06 100
36 3.03E+08 95 4.23E+07 99
48 2.83E+08 95 2.87E+07 98
60 3.42E+08 94 3.56E+Q7 89
72 3.97E+08 89 4.73E+Q7 98
96 2.45E+08 93 4 63E+07 97
R1 average Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) (cells/mL of gel) (%) (cell/mL of liquid) (%)
0 2.51E+07 62 0.00E+00 n/a
12 4.02E+07 86 4 25E+05 100
24 1.31E+08 0 6.33E+06 100
36 2.79E+08 89 3.39E+07 99
48 2.57E+08 94 4. 17E+07 98
60 94 5.01E+07 99
72 3.57E+08 92 a8
96 2.98E+08 93 6.19E+07 97
R1 Average Immobilized Cells Liquid Phase Cells
Time Concentration Error Bars Cancentration Error Bars
(h) (cells/mL of gel) (cells/mL of liquid)
0 2.51E+07 1.10E+06 0.00E+Q0 0.00E+00
12 4.02E+07 3.80E+06 4.25E+05 4.25E+05
24 1.31E+08 3.90E+07 6.33E+06 8.25E+05
36 2.79E+08 2.45E+07 3.39E+07 8.45E+06
48 2.57E+08 2.65E+Q7 4 17E+07 1.30E+07
60 5.01E+07 1.45E+Q7



72 3.57E+08 4.00E+07

96 2.98E+08 5.25E+07 6.19E+07 1.56E+07
R1 Average Immobilized Cells Liquid Phase Cells

Time Concentration Error Bars Concentration Error Bars
(h) (cells/mL total bioreactor volume) (cells/mL total bioreactor volume)
0 1.00E+07 4 40E+05 0.00E+00 0.00E+00
12 1.61E+07 1.52E+06 2.55E+05 2.55E+05
24 5.24€E+07 1.56E+07 3.80E+06 4 95E+05
36 1.11E+08 9.80E+06 2.03e+07 5.07E+06
48 1.03E+08 1.06E+07 2.50E+07 7.80E+06
60 3.00E+07 8 67E+06
72
96 1.19E+08 2.10e+07 3.71E+0Q7 9.36E+06

R1 Average  Immobilized + Liquid Phase Cells

Time Concentration Error Bars
(h) (cells/mL total bioreactor volume)
0 1.00E+07 4.40E+05
12 1.63E+07 1.78E+06
24 5.62E+07 1.61E+07
36 1.32E+08 1.49E+07
48 1.28E+08 1.84E+07
60
72

96 1.56E+08 3.04E+07



Table A1.9. Cell Concentration data for repeated batch fermentations, R2.

R2 Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) (celis/mL of gel) (%) {cell/mL of liquid) (%)

0 4.08E+08 94 2.04E+06 95
12 2.46E+08 96 1.25E+07 98
24 7.93E+08 96 5.36E+07 97
36 5.80E+08 a3 7.23E+07 95
48 6.62E+08 94 7.53E+07 95
60 8.89E+08 g5 9.10E+07 a5
72 7.96E+08 93 8.45E+07 94
96 6.40E+08 94 9.15E+07 95
R2 Immobilized Cells Liquid Phase Cells

Time Concentration Viability Concentration Viability
(h) (cells/mL of gel) (%) (cell/mL of liquid) (%)

0 2.91E+08 89 2.47E+06 98
12 2.44E+08 95 1.63E+07 98
24 5.09E+08 96 6.70E+07 97
36 5.17E+08 92 8.15E+07 94
48 7.59E+08 94 9.40E+07 9&

60 6.03E+08 95 1.03E+08 96
72 6.77E+08 93 9.40E+07 95
96 6.41E+08 93 1.12E+08 95
R2 Average Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) (cells/mL of gel) (%) (cell/mL of liquid) (%)

0 3.50E+08 92 2.26E+06 97
12 2.45E+08 96 1.44E+07 98
24 6.51E+08 96 6.03E+07 97
36 5.49E+08 g3 7.69E+07 95
48 7.11E+08 94 8.47E+07 95
60 7.46E+08 95 9.70E+Q7 96
72 7.37E+08 93 8.93E+07 95
96 6.41E+08 94 1.02E+08 95

R2 Average Immobilized Cells Liquid Phase Cells
Time Concentration Error Bars Concentration Error Bars
(h) (cells/mL of gel) (cells/mL of liquid)

0 3.50E+08 5.85E+07 2.26E+06 2.15E+05
12 2.45E+08 1.00E+06 1.44E+07 1.90E+06
24 6.51E+08 1.42E+08 6.03E+07 6.70E+06
36 5.49E+08 3.15E+07 7.69E+07 4 60E+06
48 7.11E+08 4.85E+07 8.47E+07 9.35E+06
60 7.46E+08 1.43E+08 9.70E+Q7 6.00E+06
72 7.37E+08 5.95E+07 8.93E+07 4.75E+06
96 6.41E+08 5.00E+05 1.02E+08 1.03E+07



R2 Average immobilized Cells Liquid Phase Cells

Time Concentration Error Bars Concentration Error Bars
(h) (cells/mL total bioreactor volume)  (cells/mL total bioreactor volume)
0 1.40E+08 2.34E+07 1.35E+06 1.29E+05
12 9.80E+07 4.00E+05 8.64E+06 1.14E+06
24 2.60E+08 5.68E+07 3.62E+07 4 02E+06
36 2.19E+08 1.26E+07 4 61E+07 2.76E+06
48 2.84E+08 1.94E+07 5.08E+07 5.61E+06
60 5.82E+07 3.60E+06
72 2.95E+(08 2.38E+07
96 2.56E+08 2.00E+05 6.11E+07 6.15E+06
R2 Total Immobilized + Liquid Phase Cells
Time Concentration Error Bars
{h) (cells/mL total bioreactor volume)
0 1.41E+08 2.35E+07
12 1.07E+08 1.54E+06
24 2.97E+08 6.08E+07
36 2.66E+08 1.54E+07
48 3.35E+08 2.50E+07
60
72

96 3.17E+08 6.35E+06



Table A1.10. Celi Concentration data for repeated batch fermentations. R3.

220

R3 Immobilized Celis Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) (celis/mL of gel) (%) (cell/mL of liquid) (%)
0 7.16E+08 93 1.58E+07 94
12 7.04E+08 97 2.95E+07 96
24 9.79E+08 92 7.30E+07 g5
36 7.94E+08 87 7.25E+07 g4
48 5.74E+08 82 1.17E+08 87
60 1.07E+09 87 1.10E+08 94
72 8.46E+08 87 1.18E+08 90
96 7.02E+08 85 9.90E+07 87
R3* Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) (ceils/mL of gel) (%) (cell/mL of liquid) (%)
0 6.96E+08 88 1.97E+07 96
12 6.09E+08 96 2.90E+07 94
24 8.23E+08 91 6.45E+Q7 97
36 6.90E+08 87 7.40E+07 89
48 5.37E+08 83 1.03E+08 94
60 9.72E+08 86 1.10E+08 94
72 8.38E+08 86 1.31E+08 90
96 6.22E+08 85 1.44E+08 89
R3 average Immobilized Cells Liquid Phase Cells
Time Concentration Viability Concentration Viability
(h) {cells/mL of gel) (%) (cell/mL of liquid) (%)
0 7.06E+08 80.5 1.78E+07 95
12 6.57E+08 96.5 2.93E+07 95
24 9.01E+08 91.5 6.88E+07 96
36 7.33E+07 92
48 1.10E+08 91
60 1.02E+09 86.5 1.10E+08 94
72 8.42E+08 86.5 1.25E+08 a0
96 6.62E+08 85 1.22E+08 88
R3 Average Immobilized Cells Liquid Phase Cells
Time Concentration Error Bars Concentration Error Bars
(h) (cells/mL of gel) {cells/mL of liquid)
0 7.06E+08 1.00E+07 1.78E+07 1.95E+06
12 6.57E+08 4.75E+07 2.93E+07 2.50E+05
24 9.01E+08 7.80E+Q7 6.88E+Q7 4.25E+06
36 7.33E+07 7.50E+05
48 1.10E+08 7.00E+06
60 1.02E+09 5.00E+07 1.10E+08 G.00E+Q0
72 8.42E+08 4.00E+06 1.25E+08 6.50E+06
96 6.62E+08 4.00E+07 1.22E+08 2.25E+07



R3 Average Immobilized Cells Liquid Phase Cells

Time Concentration Error Bars Concentration Error Bars
(h) (cells/mL total bioreactor volume) (cells/mL total bicreactor volume)
0 2.82E+08 4.00E+06 1.07E+07 1.17E+06
12 2.63E+08 1.80E+07 1.76E+07 1.50E+05
24 3.60E+08 3.12E+0Q7 4. 13E+07 2.55E+06
36 4.40E+07 4.50E+05
48 6.60E+07 4.20E+06
60 4.09E+08 2.00E+07 6.60E+07 0.00E+0Q0
72 3.37E+08 1.60E+06
96 2.65E+08 1.60E+07 7.29E+07 1.35E+Q7

R3 Total immobilized + Liquid Phase Cells

Time Concentration Error Bars
(h) (cells/mL total bioreactor volume)
0 2.93E+08 5.17E+06
12 2.80E+08 1.92E+07
24 4.02E+08 3.38E+07
36
48
60 4.75E+08 2.00E+Q7
72
96 3.38E+08 2.95E+07

‘replicate data was collected from same experimental unit (fermentation)
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Table Al.11. Cell Concentration data for repeated batch fermentations, freely suspended
cell controls.

Ctrl (R1) Liquid Phase Cells
Time Concentration Viability
(h) (cell/mL of liquid) (%)
0 1.90E+07 Q9
12 5.34E+07 g9
24
36 2.30E+08 99
48 2.48E+08 99
60
72 2.97E+08 98
96 2.46E+08 a3
Ctri (R2) Liquid Phase Cells
Time Concentration Viability
(h) (cell/mL of liquid) (%)
0 2.14E+07 100
12 6.09eE+07 98
24 2.01E+08 99
36 2.53E+08 99
48 3.16E+08 98
60 3.23E+08 98
72 3.03E+08 96
96 3.20E+08 95
Ctrl (R3) Liquid Phase Cells
Time Concentration Viability
(h) (cell/mL of liquid) (%)
0 2.18E+07 100
12 7.61E+07 100
24 2.16E+08 100
36 2.63E+08 100
48 2.54E+08 98
60 3.26E+08 99
72
96 3.34E+08 96
Ctrl Average Liquid Phase Cells
Time Concentration Viability
{h) (cell/mL of liquid) (%)
0 2.07e+07 100
12 6.35E+07 99
24 2.09E+08 100
36 2.49E+08 99
48 2.73E+08 98
60 3.25E+08 99
72 3.00E+08 97

96 3.00E+08 g5



Ctrl Average

Liquid Phase Cells

Time Concentration

(h) (cells/mL of liquid)
0 2.07E+07

12 6.35E+07

24 2.09E+08

36 2.49E+08

48 2.73E+08

60 3.25E+08

72 3.00E+08

96 3.00E+08



Experimental data used for Table 7.2 and Figures 7.2 - 7.11.

Table A1.12 (a). Experimental data examining the effect of the amount of air in the fluidizing gas on fermentation parameters.

Continuous Wort Air Volumetric Liquid Phase Yeast Totl. Ferm. Free Amino
Ferm. Time Flow Rate Temp Flow Rate  Concentration Viability  Glucose Nitrogen Ethanol Diacetyl
(days) {(mU/min) (°C) (mL/min) (cells/mL) (% viab.) (9/100mL) (mg/L)  (9/100 mL) (ug/L)
1 0 147 0 6.25E+06 88 0.20 - 376
2 3 14.9 44 4 65E+06 86.7 216 3.57
3 3 15.5 91 1.48E+07 84.7 1.48 466
4 35 137 91 1.10E+07 84.1 5.05
5 3.5 16 94 8.10E+07 846 1.17 575
8 4 14.4 94 5.15E+08 86.9 1.30 6.15
9 4 15.1 94 4.00E+08 - 931 1.10 6.15
10 45 15.4 94 2.90E+08 94.2 1.25 6.01 803
11 4.5 14.3 94 1.80E+08 958 1.40 597 613
12 5 14.4 94 3.08E+08 919 202 573 784
16 4.7 145 94 2.20E+08 955 0.44 167.7 6.32 439
17 5 16.5 94 2.08E+08 90.4 227 172.9 5.57
18 47 16.1 94 2.83E+08 92 1.87 158.1 542
19 47 14.9 94 2.65E+08 925 1.68 147.5 6.05 399
20 47 14.9 94 2.63E+08 96.3 1.49 2428 6.35 387
23 4.7 149 94 2.20E+08 92 1.37 257.5 6.09 334
24 47 148 94 3.70E+08 93.3 1.58 156.8 6.23 293
25 4.7 14.8 94 4.70E+08 935 1.31 199.9 410
26 47 15 94 4 88E+08 913 1.17 173.5 6.10
29 4.7 14.9 354 4 78E+08 90.6 173.7 5.89
30 4.7 14.8 354 1.40E+08 94.6 193.0 5.36
31 47 15.3 354 3.20E+08 914 188.7 529
32 4.7 156 354 2.70E+08 915 195.8 524
33 4.7 151 354 3.70E+08 90.4 168 1914 558 425
36 47 156.2 354 2 70E+08 89.4 1.39 168.8 5565 1843

224



37
38
39
40
43
44
45
46
47
51
52
53
54
57
58
59
60
61
64
65
66

47
47
47
47
4.7
4.7
4.7
4.7
4.7
47
47
4.7
4.7
4.7
47
4.7
47
47
4.7
47
4.7

15.1
15.1
15.1
14.5
14.3
14.5
14.3
14.7
14.8
14
15
156.2
14.9
15.3
149
16.3
16.1

15.5
14.9
15.3

354
354
354
354
34
34
34
34
34
34
34
34

coocooco®8PY

2.20E+08
3.30E+08
4.10E+08
2.30E+08
3.10E+08
1.70E+08
3.50E+08
3.70E+08
3.60E+08
1.90E+08
3.00E+08
4.20E+08
5.20E+08
4.30E+08
5.20E+08
2.90E+08
1.30E+08
2.60E+07
6.80E+06
1.10E+06
9.00E+04

91
90.8
89.6
90.2
92.4
96.4
93.9
94.5
95.7
91.3
95.8
92,5
96.6

92
95.7
95.6
94.3
85.7
69.1
706
62.5

1.28
1.29
174
1.19

1.10
1.63
1.81
1.97
217

4.83
6.27
6.55
6.43
6.29

169.1
1711
174.7
171.8
160.4
1376
123.2
119.7
123.0
143.8

157.6
160.9
175.0
187.7
169.9
205.0
2446
251.4
276.0
270.1

544
5.50
5.30
5.59
5.54
5.05
547
5.19
6.04
6.08
6.04
6.03
587
587
5.20
5.24
4.44
3.82
4.11
3.80
3.68

1682
1526
1172
1287
647

417
476
405
590
187

276

272
241
221



Table A1.12 (b). Experimental data examining the effect of the amount of air in the sparge gas on fermentation parameters.

Continuous Wort Air Volumetric Acet- Ethyl  1-Prop- Iso- Isoamyl Isoamyl Ethyl Hex- Ethyl Oct-
Ferm. Time Flow Rate Temp. Flow Rate aldehyde Acetate anol butanol Acetate  Alcohol anoate anoate
{days) (mbL/min) (°C) (mL/min) {mg/L) (mg/L) (mg/L) (mg/L) {mglL) (ma/l) (mg/L) (mg/L)
1 0 14.7 0 8.77 3.46 25.28 21.10 0.04 81.27 0.022 0.015
2 3 14.9 44 33.49 6.48 2223 17.62 0.28 71.33 0.034 0.010
3 3 15.5 9N 50.32 11.58 33.86 22.84 0.47 76.20 0.054 0.025
4 35 13.7 91 45.94 12.88 39.31 18.83 0.40 7141 0.053 0.025
5 35 16 94 46.50 18.27 47.68 18.64 0.53 81.39 0.082 0.040
8 4 14.4 94 32.06 19.92 47 67 10.80 0.50 70.65 0.082 0.045
9 4 15.1 94 30.93 18.96 48.43 10.24 0.45 70.54 0.073 0.034
10 4.5 15.4 94 34.59 19.92 47.11 937 0.44 68.42 0.073 0.041
11 4.5 14.3 94 35.97 20.75 45.33 8.97 0.44 66.52 0.072 0.044
12 5 14.4 94 49.69 21.80 40.98 8.10 0.41 61.88 0.063 0.031
16 47 14.5 94 114.54 24.04 42.414 9.57 042 67.81 0.082 0.047
20 4.7 14.9 94 64.13 22.24 43.46 8.64 0.42 58.56 0.069 0.035
23 47 14.9 94 69.30 22.03 43.24 8.46 0.36 5728 0.056 0.031
24 4.7 14.8 94 77.93 23.55 45.18 8.79 043 59.65 0.066 0.031
25 47 14.8 94 73.73 21.50 44 45 8.82 0.38 58.44 0.065 0.030
26 47 15 94 81.53 22.43 46.07 8.85 0.36 59.09 0.054 0.034
29 47 14.9 354 209.81 2468 48.08 9.26 0.44 61.62 0.066 0.033
33 47 151 354 296.50 23.46 48.18 13.83 035 61.10 0.041 0.011
36 47 15.2 354 293.71 22 .42 50.89 15.32 027 62.70 0.035 0.013
37 47 15.1 354 315.36 22.30 51.67 15.81 0.25 62.93 0.034 0.014
38 47 151 354 336.77 21.72 51.49 16.09 022 62.22 0.033 0.014
39 47 15.1 354 300.31 18.59 48.98 15.31 017 57.93 0.025 0.012
40 47 14.5 354 365.47 21.91 51.42 17.14 0.19 63.48 0.029 0.010
43 47 14.3 34 36.75 2233 4993 12.09 0.23 58.79 0.035 0.012
47 47 14.8 34 24 43 19.39 62.44 10.05 0.30 64.83 0.056 0.025
51 47 14 34 28.99 17.17 56.01 8.30 0.29 59.84 0.054 0.026
52 47 15 34 28.52 18.32 55.22 8.34 0.3 61.41 0.057 0.024
63 47 15.2 34 26.50 17.97 52.22 7.92 0.27 58.79 0.047 0.024
54 47 14.9 34 30.52 18.57 48.70 7.66 0.31 56.62 0.054 0.026
60 47 16.1 34 26.56 18.48 32.17 5.05 023 41.21 0.036 0.012
64 47 15.5 0 219 2173 17.99 489 032 3522 0.047 0.026



Continuous Wort Air Volumetric  Acet- Ethyl  1-Prop- Iso- tsoamyl  Isoamy! Ethyl Hex- Ethyl Oct-

Ferm. Time Flow Rate Temp. Flow Rate aldehyde Acetate anol butano! Acetate  Alcohol anoate anoate
(days) (mL/min) (°C) (mL/min) (mgiL) (mg/L) (mg/l) (mg/L) (mg/L) (mglL) (mg/L) (mg/L)
65 47 14.9 0 2271 2468 17.51 513 0.39 36.56 0.068 0.027

66 4.7 15.3 0 2273 24.68 16.17 5.07 0.29 35.45 0.045 0.017



Table A1.12 (¢). Experimental data examining the effect of the amount of air in the sparge gas on fermentation parameters.

Continuous Wort Air Volumetric  Malto- Tot. Ferm.
Ferm, Time Flow Rate Temp Flow Rate triose  Maltose Glucose Fructose Glucose
(days) (mL/min) (°C) (mL/min) (9/100 mL)

1 0 147 0 7143 472 035 030 0.20
2 3 14.9 44 074 2.04 0 0 2.16
3 3 155 91 0.24 0 0 1.48
4 35 13.7 91

5 35 16 94 0.54 0.53 0 0 1.17
8 4 14.4 94 0.54 0.66 0 0 1.30
9 4 15.1 94 0.49 0.53 0 0 1.10
10 45 15.4 94 0.51 065 0 0 1.25
11 4.5 14.3 94 0.56 0.74 0 0 1.40
12 5 14.4 94 0.68 1.20 0 0 202
16 47 14.5 94 0.40 0 0 0.44
17 5 15.5 94 072 1.40 0 0 227
18 4.7 151 94 0.69 1.06 0 0 1.87
19 4.7 14.9 94 0.64 0.92 0 0 168
20 4.7 14.9 94 0.61 0.77 0 0 1.49
23 47 149 94 0.53 0.74 0 0 1.37
24 47 14.8 94 0.59 0.88 0 0 1.58
25 47 14.8 94 0.54 0.68 0 0 1.31
26 47 15 94 0.50 0.58 0 0 1.17
29 47 14.9 354

30 47 14.8 354

31 47 15.3 354

32 4.7 15.6 354

33 47 15.1 354 0.64 092 0 0 1.68
36 47 15.2 354 0.58 0.71 0 0 1.39
37 47 15.1 354 0.55 0.64 0 0 1.28
38 47 15.1 354 0.56 0.63 0 0 1.29
39 47 15.1 354 062 1.00 0 0 174
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Continuous Wort Air Volumetric  Malto- Tot. Ferm.

Ferm. Time Flow Rate Temp Flow Rate triose  Maltose Glucose Fructose Glucose
(days) {mL/min) (°C) (mL/min) (g/100 mL)

40 47 14.5 354 0.52 0.58 0 0 119
43 47 14.3 34

44 47 14.5 34

45 47 14.3 34

46 47 14.7 34

47 47 14.8 34 046 0.56 0 0 110
51 4.7 14 34 0.64 0.88 0 0 163
52 47 15 34 0.69 0.99 0 0 1.81
53 47 15.2 34 0.73 1.1 0 0 1.97
54 4.7 14.9 34 0.76 1.26 0 0 217
57 47 153 34

58 47 14.9 34

59 4.7 16.3 0

60 4.7 16.1 0 1.12 Ky 0 0 483
61 47 0 1.41 447 0 0 6.27
64 4.7 15.5 0 1.49 466 0 0 6.55
65 47 14.9 0 145 458 0 0 6.43
66 47 15.3 0 1.37 453 0 0 6.29

229



Experimental data used for Figures 7.12 - 7.22,
Table AL.13 (a). Data used to examine the effect of oxygen on fermentation parameters during a post fermentation hold period.

Aerobic | Ethyl Isoamy! Isoamyl Ethyl
Hold time Ethanol Acetaldehyde Diacetyl Acetate 1-Propano! Isobutanol Acetate Alcohol Hexanoate
(h) (g/100 mL) (mgiL) (ng/L) (mg/L)
578 17.04 3260  16.34 47.18 7.46 0.68 60.03 0.086
2 5.94 21.24 1563.90 17.19 50.10 8.15 0.72 64.95 0.10
24 6.31 17.96 261.93 15.38 52.65 8.87 0.58 68.87 0.09
48 6.47 11.80 74 .45 12.55 52.79 9.14 0.38 68.05 0.06
Aerobic |l Ethyl Isoamyl  Isoamyl Ethyl
Hold time Ethanol  Acetaldehyde Diacetyl Acetate 1-Propanol Isobutanol Acetate Alcohol Hexanoate
(h) {9/100 mL) (mg/L) (ng/L) (mgiL)
5.78 17.04 326.0 16.34 47.18 7.46 068 60.03 0.086
2 5.90 25612 296.60 17.01 50.10 7.97 0.70 63.96 0.09
24 6.18 20.74 239.98 16.94 56.26 929 0.68 72.97 0.1
48 6.71 14.19 4921 15.46 53.19 9.23 0.52 69.57 0.07
Anaerobic | Ethyl Isoamyl Isoamyl Ethyl
Hold time Ethanol Acetaldehyde Diacetyl Acetate 1-Propanol Isobutanol Acetate Alcohol Hexanoate
(h) (9/100 mL) (ma/L) (ng/L) (mg/L)
578 17.04 326.0 16.34 47.18 7.46 0.68 60.03 0.086
2 6.61 16.16 21533 17.08 48.79 7.90 0.71 62.76 0.10
24 6.65 11.35 187.33 17.50 49.24 8.28 0.69 64.71 0.10
48 747 824 34.59 18.81 49.27 8.91 0.81 67.64 0.13
Anaerobic I Ethyl Isoamyl Isoamyl Ethyl
Hold time Ethanol  Acetaldehyde Diacetyl Acetate 1-Propanol Isobutanol Acetate Alcohol Hexanoate
(h) (9/100 mL) (mg/L) (ng/L) L (mglL)
5.78 17.04 3260 1634 47.18 7.46 0.68 60.03 0.086
2 6.63 15.68 166.99 17.36 4958 8.05 0.74 64.18 0.11
24 6.96 10.25 216.04 17.77 50.14 8.51 0.74 66.10 0.12

48 7.22 9.62 32.26 19.95 52.22 9.18 0.87 70.75 0.14
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Experimental data used for Figures 7.23 - 7.28.

Table A1.15 (a). Experimental data used to examine the effect of bioreactor liquid residence time on continuous fermentation

parameters.
Continuous  Wort Air Vol. Liquid Phase Yeast  Malto- Total Ferm. Free Amino
Ferm. Time Flow Rale Temp. Flow Rate Concentration Viability triose Maltose Glucose Fructose Glucose Ethanol Nilrogen Diacetyl
(days) (ml/min) (°C) (mL/min) (cells/mL) (% viab) (g/100 mL) (mg/L.) (ug/L)
6 31 18.3 1 2.30E+08 93.3 0.24 0 0 0 0.27 517 297
6.5 3.1 17.5 1 2.30E+08 89.8 0.27 0 0 0 0.30 516 12 297
7 31 16 1" 2.40E+08 92.5 0.27 0 o 0 0.30 52 105 298
7.5 3.1 17 1 2.30E+08 87.2 0.26 0 0 0 0.29 515 106 289
8 3.1 18 1 2.60E+08 83 0.26 0 0 0 0.29 511 102 281
14 6.1 17.7 11 1.34E+08 85 1.29 4.02 0 0 566 484 236 473
14.5 6.1 16.7 11 1.24E+08 a0 1.27 397 0.07 0 5.66 501
15 6.1 17 11 1.36E+08 841 1.36 430 0.09 0 6.12 4.86 259 471
15.5 6.1 17 1 1.32E+08 88.5 1.40 439 0.10 0 6.27 486 253 435
16 6.1 16.9 1 1.48E+08 925 1.40 4.45 o1 0 6.34 4.67 250 431
16.5 6.1 17.3 1" 1.18E+08 946 1.43 457 0.11 0 6.51 478 234 448

[
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Table A1.15 (b). Experimental data used to examine the effect of biorcactor liquid residence time on continuous {ermentation

parameters.
Relative Wort Air Volumetric Acet- Ethy! 1-Prop- Iso- Isoamyl Isoamyl
Ferm. Time Flow Rate Temp Flow Rate aldehyde Acetate anol butanol Acetate Aicohol
(days) (mL/min) (°C) (mL / min) (mga/L)

6 3.1 18.3 11 19.83 4198 4473 2362 0.91 79.66

6.5 3.1 17.5 1 15.79 37.51 43.13 22.07 0.76 74 38

7 31 16 11 20.74 4202 44.76 227 0.95 74.84

7.5 31 17 11 2287 41.18 4504 2245 0.92 77.04

8 3.1 18 1" 18.11 4233 47.08 23.06 0.97 77.44

14 6.1 17.7 11 3525 38.25 14.11 9.39 52.98

14.5 6.1 16.7 1 34.72 37.63 14.71 9.34 1.25 53.07

15 6.1 17 11 35.21 3927 14.02 9.08 1.35 5097
15.5 6.1 17 " 37.71 37.74 12.82 125 49.53

16 6.1 16.9 1

16.5 6.1 17.3 11 4245 3855 11.98 8.71 1.27 50.38
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Experimental data used for Figures 7.29 — 7.34.

Table A1.16. Experimental data used to examine the effect of ALDC on diacetyl concentration during continuous fermentation,
Experiment 2.

Continuous Malto- Total Ferm. Liquid Phase Yeast
Ferm. Time triose Maltose Glucose Fructose Glucose Ethanol Diacetyl Concentration
(n) (97100 mL) (ng/L) (cells/mL)
0 0.56 1.34 0 0 2.04 6.28 471 4.80E+07
5 0.55 1.26 0 0 1.94 6.63 491 5.70E+07
24 0.61 1.29 0 0 204 7.91 466 7.20E+07
29 0.61 1.20 0 0 1.94 7.9 490 8.40E+07
48 0.61 1.31 0 0 2.06 7.08 498 2.B0E+08
53 0.60 1.24 0 0 1.97 7.26 483 6.50E+07
120 0.49 0.86 0 0 1.45 7.26 568 3.30E+08
127 0.55 0.95 0 0 1.61 6.93 464 3.20E+08
144 0.54 0.84 0 0 1.49 6.46 322
150 0.52 0.70 0 0 1.31 7.06 332 3.40E+08
168 0.51 0.72 0 0 1.33 6.78 280 3.60E+08
174 0.45 0.55 0 0 1.07 7.22 263 4 90E+08
193 0.46 0.59 0 0 1.13 6.76 278 2.50E+08
198 0.44 0.42 0 0 0.93 7.05 296 2.70E+08
216 043 0.562 0 0 1.02 7.02 274 2.30E+08
221 0.41 0.43 0 0 090 7.66 283 2 50E+08
288 0.40 0.39 0 0 0.85 7.02 243 2.30E+08
293 0.32 0.23 0 0 0.59 6.77 221 2.10E+08
312 0.42 0.49 0 0 0.98 6.71 225 2.70E+08

ALDC added at 72 ug/L (108 ADU/L) 1o wort at time = 121 h

(88
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Table A1.17. Lixperimental data used to examine the effect of ALDC on diacetyl concentration during continuous fermentation,

Experiment 3.

Continuous Malto-

Total Ferm.

Liquid Phase Yeast

Ferm. Time Triose Maltose Glucose Fructose Glucose Ethanol Diacetyl Concentration
(h) (9/100 mL) (ng/L) (cells/mL)
0 0.46 0.45 0 0 0.98 6.34 451 8.78E+07
24 0.47 0.41 0 0 0.95 6.33 446 1.31E+08
48 0.43 0.36 0 0 0.85 6.26 450 1.64E+08
72 0.32 023 0 0 0.59 6.33 422 2.05E+08
96 0.33 0.16 0 0 0.53 6.67 447 2.40E+08
120 0.34 0.18 0 0 0.56 6.37 460 3.24E+08
144 0.32 0.15 0 0 0.51 6.36 421 2.98E+08
168 0.31 0.16 0 0 0.52 6.30 340 3.50E+08
192 0.30 0.13 0 0 0.47 6.28 261 3.23E+08
216 0.32 0.18 0 0 0.54 6.24 252 3.35E+08
240 0.34 0.23 0 0 063 6.20 249 3.55E+08
264 0.35 0.25 0 0 0.65 6.30 282
288 0.33 0.23 0 0 0.61 6.31 231
312 0.29 0 0 0 0.32 6.60 21 3.28E+08

ALDC added at 72 pg/L (108 ADU/L) to wort at time = 160 h
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APPENDIX 2

Concentration of some components in Brewer’s wort.
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Table A2.1. Fermentable carbohydrates. specific gravity, and free amino nitrogen
concentration in samples of the brewer’s wort used for continuous fermentations
throughout this work.

Malto- Tot. Ferm. Specific  Free Amino
triose Maltose  Glucose Fructose Carb. Gravity Nitrogen
(g/100 mL) (°P) (ma/L)

Wort 1 2.82 9.40 1.76 0.28 15.06 17.71 291
Wort 2 2.95 8.74 1.72 0.43 14.62 17.46 272
Wort 3 2.93 9.82 2.08 0.48 16.14 1727 284
Wort 4 2.68 9.29 1.73 0.33 14.81 17.28 289
Wort 5 2.71 9.75 1.73 0.31 15.30 17.31 288
Mean 2.82 9.40 1.80 0.37 15.18 17.41 285

Error Bars 0.055 0.193 0.069 0.038 0.37 0.083 34



APPENDIX 3

Bioreactor volumetric beer productivity calculations
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Table A3.1. Bioreactor volumetric beer productivity numbers for Section 7.2.2.
Process Name Vol. Beer Prod. Tot Vessel Beer Productivity, Pg

per unit Time, Installed Vol., (m* beer prod./
Qg (M°/day) Vr (M) m* of vessel vol./day)
Industrial Batch' 1.0 10.714 0.093
This Work? 1.0 6.071 0.165
The Near Future® 1.0 4.643 0.215
Ultimate Goal* 1.0 1.429 0.700

' Modern industrial standard: vertical cylindro-conical batch fermentation with a 7.5
day cycle time

* This work: continuous gas lift draft tube bioreactor operating at a 24 hour residence
time. with batch holding vessels filled for 24 hours. followed by a 48 hour batch
holding time

? The near future: continuous gas lift draft tube bioreactor operating at a 24 hour
residence time. with batch holding vessels filled for 24 hours. followed by a 24 hour
batch holding time. achieved by further optimization of process

* Ultimate goal: continuous gas lift draft tube bioreactor(s) operating at a 24 hour total
residence time. no batch holding

Assumptions:
- 24 hour tilling time from continuous bioreactor into batch holding vessel
- 70% tank utilization

Where:
Pe=Qp/ Vr
V'[‘ = V\\’ / 070

Vy = total bioreactor working volume for process

This Work:
Basis: | m” of beer per day. assuming 24 hour residence time in gas lift bioreactor

l m’ gas lift bioreactor

3 x 1 m’ batch holding vessels (fill 24 hours. then hold 48 hours)
0.25 m’ buffer vessel for cleaning (6 hours of holding, 0.25 m’)
V\\' =425m’

Vi=4.25/0.70 =6.071 m’
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APPENDIX 4

Statistical analyses of data.
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Statistic analyses of data
Mean (¥)
y=Xy/n

Standard Deviation (s)
- a measure of the intrinsic variability of the individual observations in a sample

s=V (S (y-9)/ (n-1)

Standard Error of the Mean (SE)
- used to express the level of uncertainty in the mean

SE=s/\/n

Coefficient of Determination (r*)

- where SSE is sum of squares due to error. SSM is sum of squares about the mean
and vy is the predicted v value

r* = 1 - (SSE/ SSM)

SSE =Y w(y - Vha)

SSM =S w(y-v)

Arithmetic Mean Diameter (Day)
- where X, is the fraction. and Dy, is sphere diameter

Dp;xm = S X, Dpl

Sauter Mean Diameter (Dpsm)

Dpsm =1/ (S (Xl / Dpl)



APPENDIX S

Structural formulae of key veast substrates and metabolic products.
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Chemical formulae of key yeast substrates and products

CH,O0H
@]
Glucose OH
OH OH
OH
HOH,C HO OH
Fructose —
CH,OH
OH
CH,>OH CH,OH
Maltose o) e
OH OH
OH O OH
OH OH
Maltotriose CH,OH CH,0H CH,OH
0] O 0O
OH OH OH
OH @) @] OH

OH OH OH



Ethanol ~"S0H H3;C—CH,—OH

Acetaldehyde © o)

)I HaC —C—H

Diacetyl /U}]/
0
Ethyl Acetate O
~o
1-Propanol ~""0H
[sobutanol \/J\OH

Isoamyl Acetate

o

Isoamyl Alcohol
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APPENDIX 6

Typical concentrations and threshold values tor tlavour compounds in market beers.
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Table A6.1. Flavour thresholds. typical concentration and tlavour contributions of
some components reported in market beer (adapted from Meilgaard. 1982).

Beer Flavour Typical Concentration
Flavour Threshold* in Beer
Compound (mg /L) (mg/L) Flavour in Beer
Diacetyl 0.07 t0 0.15 0.01to 0.4 buttery, butterscotch
Acetaldehyde 25 2to 20 green leaves, appleskin, fruity
Ethyl Acetate 30, 21 8 to 42 solvent-like, fruity, sweet
1-Propanol 600, 800 3to 16 alcoholic
Isobutanol 100,160,200 5to0 20 alcoholic
Isoamyl Acetate 12,086 06to4 banana, estery, solvent-like, apple
Isoamyl Alcohot 70 30to 70 alcoholic, vinocus, banana, sweet
Ethyl Hexanoate 0.21, 0.17 0.1to 0.5 apple, fruity, aniseed, sweet

Ethyl Octanoate 0.9, 0.37 01to15 apple, sweet, fruity
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Copyright releases from previous publications
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CM Brown Professor C M Brown
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Phone: 0131 39 9431 Heriot-Watt University

Fax: 0131 S399031 Ricaarton

Email: CM.Brown@hwac.uk Edinburgh EF(14 4AS
UK

Ms Heather Pilkington

Labatt Brewing Company Limited
Technology Development

197 Richmond Street

London

Ontario

N6A 4M3

2 February 2000
Dear Ms Pilkington

[ am writing to agree to vour request to inciude versions of your papers “Kappa-
carrageenan gel imumobiiisation of lager brewing veast” and “Fundamentals of
immobilised yeast cells for continuous beer fermentation: 2 review” in your PhD thesis.
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Dear Sir or Madam,

Currently, I am in the process of finishing up my Ph.D. thesis at the University of
Western Ontarjo, London, Canada and | would like permission to inciude a version of the
tollowing article, which appeared in Critical Reviews in Biotechnology in 1998, in my
thesis:

P.H. Pilkington, A. Margantis. N.A. Mensour (1998) “Mass Transfer characieristics of
Immobilized Cells Used in Fermeniution Processes”. Critical Reviews in Biotechnolosy,
Vol. 18 (2 & 3), pp. 237-255.
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