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Abstract
In whisky production, there is very little information regarding the influence of wort
insoluble material on the fermentation. Therefore, an investigation into the influence of
wort solid material on the fermentation of whisky wort by yeast was undertaken. Initial
studies involved assessing the effects of wort solids on a small-scale fermentation system.
Fermentation parameters, such as decrease in wort specific gravity (SG) and free-amino
nitrogen (FAN) were assessed during fermentations of clarified and cloudy wort. Results
showed fermentation of cloudy wort to be faster and more complete. Shaking
fermentations of clear wort appeared to negate these effects, allowing fermentation to
proceed like that of cloudy wort, but differences in the amount of FAN consumed were
apparent. Clarification of wort by centrifugation resulted in altered fermentation
parameters compared to addition of wort solids back to clear wort, suggesting a role for
the physical nature of the solids. Clarified wort was shown to contain an elevated C02
concentration after 5 and 8 hours fermentation (ca. 5 g/L), but addition of an inert
material (diatomaceous earth (DE)) decreased the concentration to levels observed in
cloudy wort (ca. 2 gIL). Bentonite, another inert material, did not have the same ability as
DE. Environmental Scanning Electron Microscopy revealed that the solids with porous
surface topography (wort solids and DE) were more effective as CO2 nucleating agents.

Static 1L fermentations of whisky wort were also carried out. A model was devised
whereby clear wort was supplemented with DE at a concentration similar to that of solids
in cloudy wort. Differences during fermentation were still apparent between cloudy wort
and clear wort with DE, which could not be accounted for by elevated C02

XXI

concentrations. A series of fermentations were performed where clear wort with DE was
supplemented with long chain fatty acids and fermented in conjunction with cloudy wort.
There were no apparent effects after addition of hexadecanoic, octadecadienoic and
octadecatrienoic acids, but fermentation was enhanced with the addition of the
unsaturated fatty acids hexadecenoic acid and octadecenoic acids. Zinc addition enhanced
fermentation slightly, but not to the same level as cloudy wort.

The effects of differences in mashing technique in a commercial setting were
investigated. There was a decrease in the initial concentration of FAN in worts where the
first sparge temperature was 90°C, as opposed to 76 °C, and a higher concentration of
solids and long-chain fatty acids. These worts fermented more quickly, in terms of
consumption of FAN by yeast, during early fermentation. Differences were also observed
in the concentration of volatiles (esters and higher alcohols) between worts after 50 hours
fermentation. Dielectric measurements taken over a 72 hour, temperature-controlled
fermentation period revealed fundamental differences in yeast cell behaviour during
fermentation of wort from different distilleries. Worts were also produced in the 2 hL
pilot plant at Heriot-Watt University, Edinburgh, to determine the effects of experimental
differences in mashing regime on the subsequent wort. Again, fundamental differences
were observed during fermentations, which appeared to be linked to differences in the
components present in different worts. From these results it was hypothesised that the
ability of yeast to consume and utilise a range of compounds in wort would render them
more resistant to stress, particularly when more fatty acids were available.
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Chapter 1. Introduction
Although it is extremely difficult to determine when distilled spirits were first produced
in Scotland, legal production of whisky has been carried out for many centuries. The
earliest record of a spirit distilled from the fermented mash of barley was from 1494,
which allowed 'eight bolls of malt to Friar John Cor, wherewith to make aquavitae'
(Daiches 1995). The Gaelic equivalent of the Latin aquavitae (water of life) is uisge
beatha, which was corrupted to eventually yield the name 'whisky' (Lyons 1995). The
first legal definition of Scotch whisky appeared in 1909, later superseded by The Scotch
Whisky Act (1988), which states that whisky can only be described as Scotch whisky if it
has been distilled and matured in Scotland. Further to this, Scotch whisky can only be
produced by 'distillation of a mash of cereals which has been saccharified by the diastase
of the malt contained therein', fermented by the action of yeast and distilled to an
alcoholic strength ofless than 94.8 % by volume. Finally, maturation of the sprit must be
for at least 3 years, in wooden casks less than 700 litres in size. Two types of whisky can
be produced in Scotland, namely malt whisky and grain whisky. Malt whisky is produced
using only malted barley, whereas grain whisky is made using a reduced amount of malt
(typically 10 % of the total cereal bill) in addition to another (usually unmalted) cereal,
such as wheat or maize (Palmer 1997).

The production of Scotch malt whisky falls broadly into 6 separate categories. These are
malting of barley, milling of malt, mashing of the malt to release fermentable sugar
(among other compounds), fermentation by yeast, distillation and, finally, maturation in
wooden casks. An overview of malt whisky production is shown in Figure 1.1.
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Malting of Barley (usually in a
commercial maltings)

Intake of Malt into the
Distillery

Milling of Malt to Disintegrate
Individual Grains

Mashing of Ground Malt to
Release Fermentable Sugars
and some Amino Acids

Fermentation of Wort by
Saccharomyces cerevisiae 'M'
strain

"
Distillation of Fermented Wort
(wash) in Copper Pot Stills

Maturation of Distilled Spirit
in Wooden Casks (no less than
3 years)

"

Blending and/or Bottling of
Matured Spirit

Figure 1.1. Flow diagram depicting the main processes involved in malt whisky
production.
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1.1 Malting of Barley
One of the major raw materials involved in malt whisky production is malted barley.
Many years ago, virtually all Scotch malt whisky distilleries would have produced their
own malt from barley. This is evidenced by the wide distribution of distilleries, which
still retain the 'pagoda' -styled roofed kilns, a general hallmark of the Scotch whisky
industry (Simpson 1968, Hume and Moss 2000). Some distilleries, such as the Balvenie
distillery, retain the capacity to produce malted barley, but only as a small percentage of
the total malt used. Overall, large-scale production of malted barley lies with large
commercial maltings, which supply the Scotch whisky industry (Lyons 1995).

The process by which barley is converted into malt is referred to as 'modification'.

This

term is used to describe all the changes that occur in the barley grain during the malting
process (Lewis and Young 1995b). Modification proceeds from the barley embryo (the
proximal end of the barley grain) towards the distal end and from the periphery towards
the centre. This results in the least modified area being the distal tip (which may give rise
to the typical 'steely tip' observed in undermodified malts). Barley grains contain large
amounts of starch in a structure called the endosperm (Figure 1.2 and 1.3). Starch is
produced in barley as the ultimate source of energy and carbon for the developing plant
and is very stable. There are two major types of polysaccharide of which starch is
composed, these being amylose and amylopectin (Aspinall and Greenwood 1962,
Morrison and Karkalas 1990). Amylose is essentially a linear polymer of glucopyranose
units linked through a-o-l,4 linkages, whereas amylopectin is a branched-chain polymer
with smaller glucopyranose residues connected via a-o-I,6 linkages at certain
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Figure 1.2. Diagram of a barley grain showing components important to malting.
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Figure 1.3 Diagram of the structure of barley endosperm cells (adapted from Autio, et al
(1996)).
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hydroxymethyl

positions of glucose moieties (Guzman-Maldonado

and Paredes-Lopez

1995). In terms of abundance, starch is composed of some 25% amylose and 75%
amylopectin (Palmer 1997). For the brewing and distilling industries, this starch
represents the ultimate source of sugars necessary for the production of alcohol during
the fermentation. In unmalted barley, starch is enclosed in the endosperm cell walls
Figure 1.3). These cell walls consist of complex polysaccharides, of which ca. 20 - 23%
is pentosans (arabinoxylans), ca. 70 - 75% is f3-o-glucans and some 5% consists of
protein (Lewis and Young 1995b). Within these cell walls, the starch granules are held
within a protein matrix consisting of 4 different types of protein (hordein, glutelin,
albumins and globulins). However, the majority of proteins within the starchy endosperm
are hordeins and glutelins (Palmer 1997). Lipids are also present within the barley
endosperm, being associated with starch particles (Morrison 1988). These are mainly in
the form of lysophospholipids, but there is also a variable concentration of free fatty acids
present. However, the majority of lipids found in barley are associated with the aleurone
layer and the embryo, in the form of triglycerides (Palmer 1989).

The first stage of malting begins with harvesting of the barley. At this point, the moisture
content of the grains is usually about 18 - 2S % and, therefore, will require to be dried for
storage purposes. This ensures that the embryo of the grains are protected and will remain
viable (Palmer 1997). The next stage of malting involves steeping barley in water (at
ambient temperature) to begin the process of germination. Steeping involves the
rehydration of the barley endosperm to a level suitable for the process of modification.
Different components of the barley grain take up water at different rates during steeping
and achieve variable levels of moisture (Bathgate and Cook 1989). The barley husk wets

S

very rapidly and the maximum moisture content the husk can obtain (ca. 50%) is realised
within a few hours. Because of this easily wettable husk, there is always a surface film of
water around the barley. It is extremely important that this surface film is maintained
throughout steeping, otherwise the barley embryo will withdraw water from the
endosperm, impeding modification (Lewis and Young 1995b). The moisture content of
the endosperm increases steadily during steeping, reaching 38 - 40% after 70 - 80 hours,
whereas the moisture content of the embryo is higher (60 - 65%) and attained more
rapidly (ca. 24 hours) (Bathgate and Cook 1989). The intact pericarp-testa is extremely
difficult to hydrate due to its cuticular and waxy composition and, therefore, water enters
the barley grain primarily through the base of the embryo (a point where the testa is thin
or absent) (Lewis and Young 1995b).

By the end of the barley-steeping period, the grains should have started to germinate.
During germination, the embryo of the developing grain produces plant hormones called
gibberellins (Lewis and Young 1995b). These hormones are of central importance in the
process of malting because they stimulate the aleurone layer of the barley grain to
produce the host of enzymes needed for proper modification of the endosperm. Once the
aleurone layer has received the chemical signal (in the form of gibberellins) from the
embryo, there is a massive increase in the production of enzymes. Once produced, these
enzymes diffuse through the endosperm in the water present. The types of enzymes
produced (and required) during germination of barley are:
•

Endosperm cell-wall degrading enzymes

•

Protein matrix -degrading enzymes

•

Amylolytic enzymes
6

•

Lipolytic anzymes

Bamforth and Quain (1989) have pointed out the principle factors influencing enzyme
action which are relevant to the beverage production industry. These factors are
extremely important in interpreting the role and availablity of any type of enzyme in
malting and indeed processes further in the production line. Factors include:
•

The pH optimum of enzymes

•

The temperature and pH stability of enzymes

•

The enzyme's affinity for its substrate

•

The rate at which the enzyme can convert the substrate

•

The requirement for activators or stabilisers

•

The enzyme's susceptibility to inhibitors

The endosperm cell-wall renders the enveloped starch unavailable to brewers and
distillers. Therefore, an initial stage of germination requires the breakdown of this
structure. Enzymes involved in the breakdown of the endosperm cell walls include

13-

1,3: 1,4-glucanase, pentosanase and carboxypeptidase (f3-glucan solubilase) (Bamforth
and Quain 1989, Lewis and Young 1995b, Palmer 1997). The next material to be broken
down by enzymes is the protein matrix, in which the starch granules are embedded.
Proteolytic enzymes from the malt are required to do this and malt broadly contains two
types, these being endopeptidases (which break proteins into smaller peptides and
polypeptides) and carboxypeptidases (exo-enzymes which cleave one amino acid at a
time from the carboxyl terminus of peptides) (Bamforth and Quain 1989). Boivin and
Martel (1991), in a review of proteolysis during malting, describe 3 distinct phases that
occur during the malting process (Boivin and Martel 1991). The first involves
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degradation of protein bodies in the embryo and scutellum to amino acids and peptides,
which are used to produce the enzymes destined for the endosperm. In the second stage,
the storage proteins of the endosperm are degraded to release more amino acids and
peptides and finally, these peptides and amino acids are taken up by the scutellum and
peptides are further hydrolysed to amino acids. In all, 50 - 70% of the total proteolysis
(amino acid and small peptide production) occurs during malting.

Amylolytic enzymes are also produced during germination, although not exclusively
from the aleurone layer. These enzymes are the proteins, which will eventually be
responsible for the development of the fermentable extract for production of alcohol by
yeast. By the cessation of germination, there are 3 major types of amylolytic enzymes
found in green (unkilned) malt: a-amylases, ~-amylases and the limit dextrinases
(Bamforth and Quain 1989). Of these enzymes, ~-amylase is the only enzyme found in
unmalted barley, being rendered ineffective by a modifier protein. Proteolytic enzymes
activate it during malting. The other enzyme types require synthesis by the aleurone
layer, which ultimately requires stimulation by gibberellic acid (Bamforth and Quain
1989, Palmer 1992, Lewis and Young 1995b). In general, each of these enzyme systems
is dependent on each other for full conversion of starch to sugars. As such, a-amylase is
an endo-enzyme that specifically cleaves o-I ,4 linkages in the starch glucose polymers
(amylose and amylopectin). This results in the production of smaller oligosaccharides
(typically 6 glucose residues and above). Subsequently, ~-amylase (an exo-enzyme) acts
on the reducing end of these a-I,4linked

oligosaccharides, yielding maltose (the major

disaccharide found in fermentable extract). This enzyme cannot pass the c-l ,6 branch
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points in amylopectin. Limit dextrinase is known as a debranching enzyme. It specifically
cleaves at the a-l,6 glucosidic linkages in partially-hydrolysed

amylopectin, P-limit

dextrins and a-limit dextrins, producing glucose (Bathgate and Cook 1989). Finally,
another enzyme found in malt, but specifically in the aleurone layer and embryo, is aglucosidase, which can cleave glucose molecules from a-l,4 and a-l,6 linked chains. It
is thought that this enzyme is responsible for the production of glucose necessary to
nourish the embryo during germination (Lewis and Young 1995b). In short, these
enzymes in malted barley break down 5 - 10% of the starch present in the grain during
malting (Palmer 1997). The majority of the starch conversion to fermentable sugars takes
place during the mashing stage, which will be described later.

At the end of the germination stage of malting, the product is known as 'green malt'. At
this stage, there is still a high percentage of moisture in the grain, which has to be
significantly reduced to allow storage of the product and arrest further degradation of
starch and consumption by the barley embryo. Kilning is the process of controlled
dehydration of the green malt at specified temperatures. The moisture content of the
grains can be reduced from over 40% to less than 5% in a 24 hour period with a 60°C
kilning temperature (Palmer 1997). In the production of malt for the Scotch whisky
industry, kilning was carried out traditionally using peat-fuelled and even heather-fuelled
fires (Johnson 1991). Today, there is still an option for introducing the peat-smoke
compounds into the kiln air, which imparts a smokiness that can be easily detected in the
final whisky spirit (Paterson and Piggott 1989). Important compounds derived from peat
smoke and found in malt are phenol, isomeric cresols, xylenols and, in much smaller
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quantities, guaiacol. Indeed, kilning results in production of new flavour compounds and
the removal of others, which affect the organoleptic quality of the final spirit (Bathgate
and Cook 1989). These include the combination of free amino acids and sugars (Maillard
reactions) and subsequent transformation by Strecker degradation to aldehydic
compounds, furans and pyrroles.

Kilning of malt also has an effect on a class of enzymes involved in the oxidation of
lipids. Kaukovirta-Norja and colleagues showed that the activity of lipoxygenase (which
oxidises lipids) was reduced during malting, being 5% of that in native barley flour
(Kaukovirta-Norja

et aI1993). They also showed that kilning of green malt was the stage

that had the greatest effect of reducing the activity. This results in greater oxidative
stability of the free fatty acids (a result of hydrolysis of lipids by lipase during malting)
found at the start of mashing.

1.2 Mashing of Malt for Wort Production
In the malt whisky distillery, mashing has two main purposes. These are to extract the
maximum amount of starch from the malt grains and obtain the highest degree of
conversion of starch to fermentable sugars (Simpson 1968). Initially, the friable malt has
to be ground into a grist, to which hot water is added to begin the process of starch
extraction. Water is of prime importance in mashing for three main reasons (Muller

1991b):
1. Starch gelatinisation
2. Starch hydrolysis
3. Sugar dissolution
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It is important that the malt grind is not too fine, as this can lead to a 'set mash', where it
becomes extremely difficult and time-consuming to collect wort. On the other hand, if the
grind is too coarse, there can be problems with extract recovery (Lewis and Young
1995a). Normal practice in a typical malt whisky distillery would be to mix hot water and
the ground malt together in a vessel, such a mash or lauter-tun. This type of mashing is
known as batch mashing and after the addition of the first water and subsequent run-off,
there is normally addition of another two batches of water (sparging) (Bathgate 1989,
Wilkin 1989, O'Rourke 1999). The temperature of the first water is critical (64 - 65°C)
and the temperature of subsequent water additions increases. Normally, the third sparge
water is used for the first water of the next mash, to maximise the amount of extract from
the malt. Before starch can be effectively converted to sugars by the action of the
amylolytic enzymes developed in malting, it has to be gelatinised. This is the reason for
the importance of the initial mashing temperature. Malt starch gelatinises at 63°C (Palmer
1989), whereupon it is liquefied by the action of a-amylase and saccharified by the action
of p-amylase. Further degradation of limit dextrins occurs by the action of limit
dextrinase, allowing further production of maltose by p-amylase (MacGregor et aI1999).
Although the majority of the proteolytic activity has occurred during malting, there is still
production of amino acid and peptides during mashing, as well as further breakdown of
residual endosperm-wall material (p-glucan) (Sim and Berry 1996, O'Rourke 1999).
Unlike brewing, the production of wort in the manufacture of Scotch malt whisky does
not involve boiling and, therefore, the wort is not sterile and enzymatic activity continues
beyond mashing (Ramsay and Berry 1983, Bamforth and Quain 1989, Wilkin 1989,
Lyons 1995, Sim and Berry 1996). Indeed, this is an important prerequisite for the
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maximisation of alcohol production during a malt whisky fermentation, whereby further
amylolytic activity can continue to maximise fermentable sugar production. However, the
temperature of the mash is important due to the thermal instability of some enzymes. For
example, ex-amylase possesses greater heat stability than l3-amylase, which is relatively
heat-labile (Muller 1991a, MacGregor et aI1999). Indeed, l3-amylase, limit dextrinase
and ex-glucosidase are progressively destroyed in mashes at 65°C, although it is reported
that l3-amylase may survive up to 60 minutes (Briggs et al 1981). This is similar for the
proteolytic enzymes, where the carboxypeptidases are more heat-resistant than the amino
peptidases (Mikola et aI1972) and enzymes, such as l3-glucanase, are rapidly inactivated
at typical mashing temperatures (Kettunen et al 1996).

Over the last few decades there has been a change in the type of vessel typically used for
mashing in the Scotch whisky industry. Traditionally, simple mash tuns were used for the
purposes of mashing, but it is now evident that today most Scotch whisky distilleries use
lauter tun vessels (Simpson 1968, Bathgate 1989, Dolan 1991). In general, lauter tuns can
operate with much shallower grain beds than mash tuns, and there are also differences in
the design of the rakes used for cutting, loosening and turning the grain bed (Paterson and
Piggott 1989). Additionally, mash tuns require coarser malt grinds to ensure the grist
stays in suspension since agitation of the mash is not as vigorous. This runs the risk of
increased extraction losses, whereas leaching of wort from mash solids is enhanced in a
tauter tun (Dixon 1977, Wilkin 1983, Lewis and Young 1995a). This gives the advantage
of scope for increasing the starting gravity of wort, with less risk of loss of extract
(Whitby 1995). Wilkin pointed out further advantages of using a lauter tun as opposed to
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a mash tun, these being greater ease of cleaning and, generally, the requirement of less
manpower (Wilkin 1983). The use of a lauter tun means that distilleries can have faster
tum-around times for production of fermentable wort, with the added bonus of better
extraction of sugars from the mash. However, the use of either a mash tun or a lauter tun
can result in differences in the wort. It is known that the wort from a mash tun is brighter
(i.e. less turbid) than that of a lauter tun (Dixon 1977). This has not been of any concern
to distiller's who, unlike brewer's, have no real concern over the turbidity of wort
(Nielsen 1973, Bathgate 1989). There is a known correlation between the turbidity of
wort, concentration of wort solids and the concentration of lipids found in wort, which
could ultimately have a bearing on fermentation (Letters 1995).

1.3 Fermentation of Whisky Wort
During mashing, the dissolved carbohydrates, proteins/peptides/amino

acids, lipids and

other nutritional compounds are transferred from the mashing vessel to the fermentation
vessel (called a washback). However, there is a requirement for cooling of the wort, since
the temperature of mashing is lethal for yeast cells (Simpson 1968, Bathgate 1989,
Palmer 1997). This is accomplished by passing the hot wort through a heat exchanger.
Today, the starting fermentation temperature of wort is typically 20°C or less. The sugar
composition of the wort is typically 2% fructose, 5% sucrose, 10% glucose, 45% maltose,
14% maltotriose and 24% higher dextrlns (Palmer 1989), with between 250 - 300mg/L
free-amino nitrogen (25% of the total soluble proteins) present (Palmer 1997). Many
other compounds are present in wort after mashing, including vitamins, minerals, organic
acids, inorganic compounds and dissolved gases (Mac William 1968). Altogether, these
provide yeast with a nutritious environment in which to ferment and produce alcohol. The
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organism used for malt whisky fermentations is Saccharomyces cereveisiae, a yeast of
the Ascomycete group (Campbell 1996). Fermentation is carried out either by a single
strain of yeast (DCL 'M' strain type) or a combination of 'M' strain and spent brewer's
yeast (Paterson and Piggott 1989, Hay et aI1995). There is usually no attempt made to
control the temperature during malt whisky fermentations. Therefore, the temperature of
wort can rise from the initial temperature to 30°C and above, due to active yeast
metabolism (Bathgate 1989, Lyons 1995).

After developing a small-scale laboratory mashing and fermentation system, Ramsay and
Berry (1982, 1983) were able to describe, in some detail, different aspects of the malt
whisky fermentation. They showed that there were essentially three phases to malt
whisky fermentations: an initial acceleration phase, a linear phase and a decline phase.
The acceleration phase was characterised by an exponential increase in yeast growth and
alcohol content, concomitant with corresponding decreases in sugar content, specific
gravity, pH and free-amino nitrogen. The linear phase showed further decreases in wort
sugar concentration and linear alcohol production, with no increase in yeast cell number.
Finally, during the decline phase, production of alcohol ceased, as did the consumption of
wort sugars. Measurements of yeast cell viability showed a slight decrease, whereas in
commercial distillery fermentations, this is usually greater (Ramsay and Berry, 1983).

During yeast cell growth, there is an obvious energy requirement for metabolism. In
Saccharomyces cerevisiae, this is achieved by the process of fermentation of
carbohydrates. Yeast preferentially use fermentation as the means of energy production,
but this yields only 2 molecules of ATP per molecule of sugar. This is a very low yield
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and, therefore, as much as 70 - 75% of sugar consumed by yeast is used for ATP
production (Lagunas 1986). Sugars are broken down by yeast in a metabolic pathway
called the glycolytic (Embden-Meyerhof-Pamas)

pathway (Ingledew 1995). In this

pathway, glucose is converted enzymatically into pyruvic acid, which is subsequently
converted into ethanol and carbon dioxide (Figure 1.4). This is of immense importance to
the brewer and the distiller. As well as the production of relatively large quantities of
ethanol and carbon dioxide during the process of fermentation by S. cerevisiae, there are
many more compounds produced during fermentation that can have an effect on the
flavour and the aroma of the fermented wort (Berry and Watson 1987). These
organoleptic compounds will subsequently affect the final spirit. S. cerevisiae can
produce a variety of different flavour compounds during fermentation, including esters,
higher alcohols and aldehydes (Janssens et

at

1992).

1.3.1 Production of Esters by Yeast during Fermentation
Numerically, ethyl esters are the largest group of aroma compounds produced by yeast
(Suomalainen and Lehtonen 1979, Berry and Watson 1987). Esters impart fruity, or
floral, aromas to alcoholic beverages, although esters of long-chain fatty acids tend to
impart a more soapy aroma (Meilgaard 1975b). It is unclear why yeast cells synthesise
esters, but in a review by Peddie (1990), it was suggested that ester production may be a
way for yeast to detoxify short-chain fatty acids or to reduce the cellular acetyl charge.
The requirement for this would be to maintain the balance between acetyl-CoA and free
coenzyme-A. Norstrom (1964) elucidated the mechanism of ester production in extensive
studies of anaerobic sugar fermentations. He concluded that direct esterification of acids
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and alcohols would be of no significance in fermentation and suggested that ester
formation was an energy-requiring process involving activated acyl-CoA compounds.
Yoshioka and Hashimoto (1981) described an enzyme present in S. cerevisiae
that could catalyse the esterification of acetyl-CoA with alcohols (producing acetate
esters) and called this enzyme alcohol acetyltransferase (AA T). Acetyl-CoA is an
extremely important compound in S. cerevisiae metabolism. The range of compounds for
which it is a base requirement are shown in Figure 1.5. More recently, MaIcorps and
Dufour (1992) showed that more than one enzyme is likely to be responsible for ester
production in yeast, including acetate and fatty acid esters. Researchers have also found
that esterase enzymes (found in yeast, which hydrolyse fatty acid ethyl-esters) were
capable of synthesising esters, although the significance of this during fermentation was
not ascertained (Suomalainen 1981). The possible reactions leading to production of
esters are shown in Figure 1.6.

Two of the most important factors affecting the production of esters during fermentation
are wort composition and aeration (Berry and Watson 1987). The effect of fatty acid
molecules on the production of esters by S. cerevisiae has been known for some time.
AyrApWiand Lindstrom (1973) revealed the effect, particularly oflong chain unsaturated
fatty acids, on the extent of ester production. Long chain unsaturated fatty acids were
particularly effective in decreasing the amount of esters produced. This effect has also
been observed and researched in beer fermentations. Anderson and Kirsop (1974)
discovered that ester concentrations in high gravity fermentations could be decreased by
the addition of unsaturated fatty acids (hexadecenoic acid). Taylor et al (1979) observed
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R'-OH + R-COOH ____. R-COOR' + H20

(1)

R-COOH + ATP + CoA-SH ____. RCO·S-CoA + AMP +PPi
R-CO·S-CoA + R'OH ____.R-COOR' + CoA-SH
(2)
R-COOR' + H20 ____.R'-OH + R-COOH

(3)

Figure 1.6. The principle mechanisms by which esters can be produced. Reaction 1 is a
simple condensation reaction, whereas reaction 2 involves the activity of an estersynthesising enzyme and an acyl-CoA compound (acetyl-CoA may also come from
pyruvate decarboxylation). Reaction 3 requires the activity of an esterase (the reaction
may act in reverse in S. cerevisiae, creating esters).
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that the content of esters present during fermentation could be decreased by the addition
of spent-grain lipids to the wort, and that this effect could be explained by the unsaturated
fatty acid content of the total lipids. In research conducted by Thurston et al (1982),
addition of a relatively high concentration of an unsaturated fatty acid (linoleic acid) to
all-malt wort caused a marked reduction in the production of acetate esters. It was found
that unsaturated fatty acids had the ability to strongly inhibit the enzyme activity of
alcohol acetyltransferase. It was further suggested that this inhibition was influenced by
the fatty acid composition of the yeast cell membrane (Yoshioka and Hashimoto 1983). It
has since been shown that both aeration and unsaturated fatty acids have an effect on the
expression of the gene responsible for AA T, ATF 1(Fujii et aI1997). Clearly, these
effects will have important practical implications on brewer's and distiller's alike. Since
esters are important components of beer and whisky, any factors affecting their presence
must be carefully considered.

1.3.1.1 Metabolism of Fatty Acids in Saccharomyces cerevisiae
Lipids are one of the most important biological components of living systems, including
carbohydrates, proteins and nucleic acids (Schweizer 1999). Lipids are found in all
biological membranes and, therefore, their function is considered to be mainly structural.
An overview of the metabolism of fatty acids in cells is shown in Figure 1.7. Major lipid
components of cellular membranes include phospholipids, sterols, sphingolipids and
glycerophospholipids

(Daum et 0/1998). However, fatty acids are integral components of

all lipids and lipids can generally be considered as 'substituted fatty acids' (Schweizer
1999). On the basis of their chain length, fatty acids are classified as medium chain (C14
- C18; MCFA), long chain (C18 - C24; LCFA) and very-long chain (~C26; VLCFA).
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There are two distinct stages to the endogenous production of fatty acids in S. cerevisiae.
The first stage involves the conversion of acetyl-CoA to malonyl-CoA, which is mediated
by the enzyme acetyl-CoA carboxylase. The second stage results in the production of
hexadecanoic (palmitic) acid from the conversion of acetyl-CoA and malonyl-CoA (in
the presence ofNADPH) via the enzyme fatty acid synthetase (FAS) (Wakil et a/1983).
These reactions are shown in Figure 1.8. The yeast FAS protein is a complex of two
multifunctional proteins with eight separate catalytic sites. Saturated fatty acid synthesis
is a cyclical process and is repeated until the acyl chain is elongated to 16 or 18 carbons,
with malonyl-CoA being the constant C2 donor (Ratledge and Evans 1989). In order to
desaturate fatty acids, S. cerevisiae requires, primarily, molecular oxygen (Bloomfield
and Bloch 1960). This desaturation is carried out by the enzyme L\-9 fatty acid desaturase
(the product of the OLEI gene), which introduces a double bond into the fatty acyl chain
(Schweizer 1999).

Although S. cerevisiae has different metabolic pathways for the production of
endogenous fatty acids, there are also mechanisms for the uptake of exogenous fatty
acids. Studies have shown that the presence of exogenous fatty acids results in repression
of endogenous fatty acid production, mainly through a reduction in the acetyl-CaA
carboxylase content of S. cerevisiae (Kamiryo and Numa 1973, Sumper 1974). It was
found, in the case of S. cerevisiae, that repression of FAS did not occur by the presence
of exogenous fatty acid (Meyer and Schweizer 1976). In terms of the uptake of
exogenous fatty acids from the surrounding medium, it has been shown that the process
can be saturated and that uptake and activation of fatty acids are separate functions. This
would suggest the involvement of a membrane protein (Schweizer 1999). After uptake of
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of complex lipids (Schweizer 1999).

CH3COS-CoA + CO2 + ATP :::::;;r=::!!"'::::; HOOCCH2COS-CoA + ADP + Pi

CH3COS-CoA + 7 HOOCCH2COS-CoA + 14 NADPH + 14 H+
------..

(1)

(2)

CH3CH2(CH2CH2)6CH2COOH + 14 NADP+

+ 8 CoA-SH + 6 H20
Figure 1.8. The two main steps involved in the biosynthesis of long-chain fatty acids.
Reaction 1 is catalysed by acetyl-CoA carboxylase (ACC; the conversion of acetyl-CoA
to malonyl-CoA) and reaction 2 is catalysed by the fatty acid synthetase complex (FAS;
conversion of malonyl-CoA and acetyl-CoA to hexadecanoic acid).
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MCF A, they have to be activated. Enzymes called acyl-CoA synthetases, which convert
MCF A to their acyl-CuA thioesters, carry this out. Although the carbon-chain length of
fatty acids in S. cerevisiae is largely determined by the action of the FAS protein, there
are also fatty acyl elongation systems present, which can alter the chain length of
exogenous fatty acids (Figure 1.7). These elongation systems can modify fatty acids prior
to their integration into membrane bilayers. It has been shown that the gene
responsible, ELOI (encoding the protein ELO I, a membrane-bound polypeptide), is
regulated by the addition of fatty acids: it is repressed when C16:0 or C18:0 are present in
the growth medium, but induced in the presence of shorter-chain fatty acids (Toke and
Martin 1996, Schweizer 1999).

1. 3. 2 Production of Higher Alcohols by Yeast during Fermentation
The higher alcohols (or fusel oils) represent, quantitatively, the largest group of aroma
compounds formed by yeast during fermentation. These compounds impart a typically
alcoholic flavour and aroma to beverages and become increasingly unpleasant as the
carbon-chain length increases (Meilgaard 1975). There are two ways in which higher
alcohols can be produced by S. cerevisiae. The first mechanism is by catabolism of amino
acids to their corresponding higher alcohol (via Ehrlich's pathway). When yeast cells
utilise amino acids for cell growth and protein production, they are first degraded into
their respective carbon skeletons (keto-acids) by transaminase enzymes. These carbon
skeletons may be converted into other amino acids, using glutamate as an amino donor,
or be converted into their respective higher alcohols (Young 1996). The second
mechanism of higher alcohol production is via the biochemical reactions using
carbohydrate that result in production of amino acids (Ramsay 1982, Lie and Haukeli
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1998, Debourg 1999). Both routes have keto-acids as intermediates. Propanol is formed
in connection with threonine, isobutanol with valine, 2-methyl butanol with isoleucine
and 3-methyl butanol with leucine (Korhola et a/1989). These higher alcohols have been
shown to be produced through a biochemical pathway called the Isoleucine-LeucineValine (ILV) pathway (Figure 1.9), which contributes to the production of higher
alcohols (Debourg 1999). This pathway is interesting, in that five enzymes catalyse the
parallel biosynthesis of valine and isoleucine in S cerevisiae. A review by Dickinson
(1999) gives further explanations of the genetic basis of higher alcohol production.
Spiking of experimental distillery worts have also revealed the connection between
amino acids and their corresponding higher alcohols (Freeman et al 1999). The addition
of leucine, iso-leucine and valine to laboratory worts resulted in higher concentrations of
2-methyl butanol, 3-methyl butanol and iso-butanol, respectively.

The production of higher alcohols has been linked to yeast cell growth during
fermentation (Quain and Duffield 1985, Lie and Haukeli 1998). Ramsay (1982) also .
found that higher alcohol concentrations could be increased by a higher initial yeast
pitching rate as well as by increasing the fermentation temperature (in closed
fermentations).

1.3.3 Production

of Organic

Acids by Yeast during Fermentation

Depending on the carbon chain length of organic acids, they can impart different flavours

and aromas to beverages (MeiIgaard 1975). This can range from acidic to rancid and
cheesy smells. Succinic acid is the main secondary end product of alcoholic
fermentations. Smaller concentrations of pyruvic, malic, fumaric, oxaloacetic, citric,
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Ketoglutaric, glutamic, propionic, lactic and acetic acids are also found (MacKenzie and
Kenny 1965, Ingledew 1995). Most of these acids are produced as intermediates of some
limited enzymatic activity from the tricarboxylic acid (TeA) cycle (Figure 1.4). In terms
of fatty acids, Taylor and Kirsop (1977) revealed that the source of these during
fermentation was from a synthetic route, which appeared to be linked to the yeast cellular
concentration of these acids. In further research to determine the source offatty acids in
fermentation, Bardi, et al (1999) concluded that medium chain fatty acids were not
produced to be used as a cellular substitute for unsaturated fatty acids, but that they were
extruded from yeast cells to recover free coenzyme-A.

1.3.4 Production of Aldehydic (Carbonyl) Compounds during Fermentation of Wort
Aldehydes, when found in sufficient quantities in alcoholic beverages, impart a typically
'aldehydic' aroma (Meilgaard 1975). The flavours of short carbon-chain aldehydes have
been described (primarily in beers) as sweet and pleasant, but as the carbon-chain length
increases, they impart less desirable notes to the drink. For example, trans-2-nonenal
gives a characteristically cardboard, or papery flavour. Acetaldehyde is generally found
in the highest concentration during fermentation and arises from a metabolic branch-point
in the pathway between sugars and ethanol (Russell and Stewart 1995). There are,
however, other carbonyl compounds found in wort, which are not formed as a result of
fermentation by yeast. These are pre-formed in the wort and arise from the degradation of
amino-acids during the kilning stage of malting (Paterson and Piggott 1989, Palmer
1997). Important examples include 3-methylbutanal, 2-methyl butanal, 2-methyl propanal
(imparting a malty aroma) and 2-phenylethanal. In general, yeast will reduce these
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compounds during fermentation to produce flavour-active carbonyls (Berry and Watson
1987).

1.3.5 The Effect of C02 Concentration during Fermentation of Wort
It has been reported that S. cerevisiae can tolerate CO2 concentrations up to 2.23 volumes
of C02 (v/v) in solution (Ison and Gutteridge 1987). However, excessive concentrations
of C02 are known to have a range of effects on fermentation and the production of
organoleptic compounds. Several researchers have shown that in conditions where very
high C02 concentrations prevail, there is a concomitant decrease in the concentration of
volatiles produced during fermentation, Research by Rice et al (1976) provided data that
showed the ability of excessive C02 concentrations to inhibit total yeast growth and the
production of a range of beer volatiles during fermentation. Arcay-Ledezma and
Slaughter (1984) revealed that fermentations held under pressure (thus ensuring higher
dissolved C02 concentrations) had a slower fermentation rate, with slower yeast cell
growth. This was concomitant with smaller concentrations of different types of fusel
alcohol and a lower final pH. More specifically, it was shown that the production of a
range of esters and higher alcohols could be decreased by increasing the amount of C02
during the fermentation and that the main reason for this was decreased yeast cell
biomass production (Renger et aI1992). Varying the C02 counterpressure also resulted
in different yields of esters and higher alcohols. In experiments designed to alleviate
excessive C02 concentrations during fermentation, it has been shown that higher
production of esters and yeast cell growth can occur (Matsuura et af1994). Slaughter et

al (1987) have shown that there is an altered pattern of uptake of amino acids by S.
cerevisiae cells growing under a constant C02 pressure, with uptake followed by
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excretion from cells back to the medium. Further work revealed that CO2 concentrations
normally encountered during fermentation could also affect the uptake of amino acids
and volatile production (Knatchbull 1987).

Dissolved C02 is known to affect critical morphological characteristics in fungi, such as
Aspergillus niger, which subsequently affects this organisms ability to grow and
metabolise (McIntyre and McNeil 1997). Indeed, morphological effects are also seen
with S. cerevisiae, where it has been shown that elevated CO2 concentrations can affect
cell budding and mean cell size (Kumada et a11979, Slaughter et aI1987).
Comprehensive reviews by Jones and Greenfield (1982) and Dixon and Kell (1989)
describe the various effects that C02 has on microorganisms and describes the different
sites within microbes where C02 exerts its effects (Jones and Greenfield 1982, Dixon and
Kell 1989). These include activity within biological membranes and, importantly, against
cytoplasmic, metabolic enzymes. In view of this critical research, it is clear that CO2
concentration during fermentation could be a critical parameter, which requires
consideration.

1.3.6 Stresses Exerted upon Yeast Cells during Fermentation of Wort
There is a range of stresses exerted upon yeast cells during the course of a fermentation.
These include ethanol, heat and osmotic stress. The effects of ethanol stress on S.

cerevisiae have been well researched and a lot of information on the response by yeast is
available. A review of ethanol tolerance by D' Amore and Stewart (1987) provides
explanations for the mechanism by which ethanol may be inhibitory to yeast and how
yeast cells try to tolerate it. Possible sites for ethanol inhibition may be the yeast cell
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nuclear membrane, the plasma membrane, the endosplasmic reticulum, mitochondrial
membrane, the vacuolar membrane or various cellular proteins. As well as having
inhibitory effects on cell membrane function, ethanol acts to inhibit yeast cell metabolism
and production of macromolecules (Walker 1998b). Adaptive mechanisms that S.
cerevisiae can employ to counteract ethanol stress is to alter the lipid composition of
cellular membranes. Several researchers have shown that S. cerevisiae tends to
preferentially incorporate unsaturated fatty acids into cell membranes in response to
alcohol, or is more resistant to alcohol if membrane phospholipids are richer in longchain fatty acids (Beaven et a11982, Mishra and Prasad 1989, Sajbidor and Grego 1992,
Mizoguchi and Hara 1997, Chi and Ameborg 1999). It has been postulated that the effect
of this is to render cell membranes more fluid in response to the tightening effect of
ethanol (D'Amore and Stewart 1987). Kajiwara et al (1996) found that a geneticallyaltered strain of S. cerevisiae that could produce linoleic acid (a polyunsaturated fatty
acid with two double bonds) was more ethanol tolerant than control cells. Under normal
circumstances, S. cerevisiae can only produce monounsaturated fatty acids (Bloomfield
and Bloch 1960). However, the work of del Castillo Agudo (1992) did not find a role for
increased membrane fatty acid unsaturation in ethanol tolerance, but found that
membranes did contain significantly higher concentrations of short-chain fatty acids
(CI2:0). He hypothesised that these fatty acids could also render cell membranes more
fluid, but could not definitively prove this. He also showed a role for the membrane
sterol, ergosterol.

In response to heat stresses, S. cerevisiae again tends to alter the fatty acid composition of
its membrane (Suutari and Laakso 1994). Okuyama et al (1979) found that, in response to
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a downshift in temperature, S. cerevisiae tended to produce shorter chain fatty acids
preferentially, probably to render cells less fluid. Research has also shown that
anaerobically-grown

yeast cells are able to withstand a mild heat shock better with cell

membranes containing lower amounts of unsaturated fatty acids (Steels et a/1994). There
are other mechanisms that are employed by S. cerevisiae to withstand heat stress. It was
shown by Attfield (1987) that trehalose accumulates in S. cerevisiae during heat shock.
De Virgilio et al (1994) then provided strong evidence that this yeast storage
carbohydrate is an important thermoprotectant and that its synthesis in response to heat
stress is extremely important. These researchers also described how trehalose probably
acts to stabilise proteins during heat-shock episodes (Hottiger et a/1994). In response to
heat-shock, S. cerevisiae can also induce the heat-shock response, which is characterised
by the induction of a set of genes coding for heat-shock proteins (Craig et a11994,
Walker 1998). These 'chaperones' help prevent the aggregation of protein and aid in
faster degradation of stress-damaged proteins. Panaretou and Piper (1990) revealed that
the yeast cell membrane ATPase was important in conferring thermotolerance to S.

cerevisiae. Coote et aJ (1994) subsequently pointed out that the disruption in intracellular
pH of S. cerevisiae, caused by increased temperature, was likely to be a trigger for
increased pumping of protons out of the cell via the ATPase. This is likely to be due to
increased membrane permeability allowing protons to exit the cell more easily. They
suggested that basal heat resistance was provided this way, but not the sub-lethal
thennoprotection

induced by prior exposure. Metal ions, such as magnesium, have also

been shown to provide increased yeast thermotolerance, as well as ethanol tolerance
(Walker and Birch 1999).
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One interesting facet of stress responses in S. cerevisiae is the level of functional overlap
of different stress responses. Michel and Starka (1986) provided evidence that similar
proteins were induced during both heat and ethanol shock in Zymomonas mobilis,
suggesting a commonality of response. In a review by Piper (1995), it is proposed that
many aspects of the ethanol-induced tolerance response are similar to the temperatureinduced response. These include induction of heat-shock proteins, membrane lipid
alterations, production of anti-oxidant proteins, production of trehalose and changes to
the level and function of membrane H+ATPase. Indeed, many of the effects of ethanol on

S. cerevisiae are similar to the damage caused by elevated temperatures.

Finally, it should be noted that the phase of growth of S. cerevisiae is a determinant in the
way that it responds to stress. Stationary phase in the life cycle of yeast has been descibed
as a unique state, in which yeast cells respond to the stress of starvation (WemerWashburne et a/1993, Fuge and Werner-Washburne

1997). In this state, yeast cells are

able to survive prolonged periods in a viable state, under nutrient-limiting conditions.
They also become constitutively thermotolerant.

1.4 Distillation of Fermented Wort (Wash)
At the end of fermentation, yeast should have fermented most of the available
carbohydrate to produce wash (fermented wort) with an alcohol concentration of 7%
(alcohol by volume; ABV) and above, dependent on the original gravity of the wort
(Nicol 1989). Wash will also contain many other compounds, such as unfermentable
dextrins, yeast components, metabolites, husk material and dissolved gases. In Scotch
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malt whisky distilleries, batch distillations are carried out after fermentation, A flow
diagram of a typical two-batch distillation system in Scotland is shown in Figure 1.10.

During distillation, one of the most important aspects is the selection of flavour
compounds by virtue of the fractionation of the still and the breakdown of organoleptic
compounds during heating in the stills (Paterson and Piggott 1989). Traditionally,
distillation is carried out in copper stills. Copper has been used to produce high-quality
spirit for centuries in distilleries, due to the properties this metal possesses: malleability,
good resistance to wear and good heat conductance. The ability of copper to influence
whisky flavour is also now recognised (Nicol 1989). Whisky stills essentially consist of 3
separate parts, these being the pot and the swan neck, the lyne arm and the spirit
condenser.

After charging the first still (usually referred to as the wash still) with wash from the
washback, the primary distillation is carried out. This effects the separation of the volatile
components (ethanol and other congeners) from the wash. Primary distillations are
carried out usually until the strength of the distillate coming from the still has fallen to
1% (meaning that less than 0.1% ABV remains in the still) (Duncan and Martin 1995). It
would be uneconomical to try to extract this low amount of alcohol. This distillation
stage may take up to 6 hours. The primary distillate is referred to as 'low wines' and
contains approximately 3 times the original concentration of alcohol in the wash (i.e,
greater than 21% ABV). The residue left in the still is called 'pot ale'. Pot ale is a thick
syrup, which is a nutritious source of food for animals. It is usually mixed with the spent
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Figure 1.10. Flow diagram of the batch distillation process in operation in Scotch whisky
distilleries. After starting with about 8% alcohol in the wash, the final spirit cut will have
about 68% ABV, showing the concentrating effect of distillation (Palmer 1997).
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grains from mashing, pelletised and dried before sale as animal food (Bathgate 1989,
Lyons 1995).

The second distillation stage is more complicated than the primary distillation. Low
wines are taken from the low wines receiver and are charged to the spirit (or low wines)
still. These are mixed with the feints and foreshots from the previous distillation, and
mixed in such a way as to maintain a constant concentration of alcohol entering the spirit
stills (Nicol 1989). This distillation stage is critical because it involves the recovery of 3
separate fractions; the foreshots, the 'spirit cut' and the feints (Nicol 1989, Duncan and
Martin 1995). Of most importance is the spirit cut, which is the fraction that is used by
the distiller for subsequent maturation (i.e. the final product). The distiller determines the
taking of the spirit cut by either timing or strength of spirit. Foreshots and feints are also
collected and recycled in the next distillation (Paterson and Piggott 1989).

Many factors can affect the quality of spirit from different distilleries. These include
differences between still design, such as the length of the swan neck, the angle of
elevation of the lyne arm and means of heating the pot. Other factors leading to quality
differences within distilleries include the age and strength of the wash/spirit charges, the
rate of distillation and the selection of cut points (Nicol 1989).

1.5 Maturation of Distilled Malt Whisky Spirit
At the end of the distillation process, the spirit fraction from the second distillation is
placed in oak barrels. Subjected to legislation, Scotch whisky new-make spirit must be
matured in oak casks for a minimum of three years after distillation to an alcoholic
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strength of less than 94.8% ABV . The process of maturation and ageing of spirit in
wooden casks is characterised by changes in the colour and flavour of the spirit and
decreases in the volume and alcoholic content (Mosedale and Peuch 1998).
Wooden casks used in the Scotch whisky industry are either produced in Scotland, or are
imported from The United States or Spain. Casks from the United States will generally
have been used in the maturation of bourbon, whereas casks from Spain may have been
used in the production of sherry and port (Philp 1989). In the construction and treatment
of oak casks, thermal degradation (i.e. cask charring) is a procedure commonly employed
in Scotland, the United States and Spain. This has three main benefits in the proceeding
maturation: providing a layer of active carbon to remove undesirable elements from the
spirit, anaerobically degrading the wood component lignin to release the desirable
compound vanillin into the spirit and increasing the final colour, phenolic and wood
extractive content of the spirit (Philp 1989, Clyne et aI1993). There are several
mechanisms involved in the maturation of new-make spirit in wooden casks (Nishimura
and Matsuyama 1989). These are:
•

Extraction of components from the cask (such as hexose sugars and polysaccharides)

•

Decomposition of wood components and subsequent extraction into the spirit (such as
degradation of lignin to polyphenols and aromatic aldehydes)

•

Reactions between components of the wood and components of the distillate

•

Reactions between wood extractives alone

•

Reactions involving only raw spirit components (production of esters from chemical
reactions involving alcohols and acids)

•

Evaporation of volatile compounds (ethanol, higher alcohols and other volatiles)
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In terms of the loss of spirit from casks (up to 2% loss per year), temperature and
humidity are the most important factors influencing this (Philp 1989, Palmer 1997). In
the unheated, humid warehouses of Scotland, the alcoholic content of casks decreases,
whereas in the hotter, drier warehouses of the United States, the alcohol content actually
increases (Nishimura and Matsuyama 1989).

1.6 The Influence o/Wort Solids during Fermentation of Malt Whisky Wort
One of the major differences between beer-wort mashing and whisky-wort mashing is the
presence of a boiling stage in the former. In beer production, boiling has the effect of
sterilising the wort, but also coagulating proteins, polyphenolic compounds and,
importantly, insoluble wort particles derived from the malt, resulting in 'hot break'
(Russell and Stewart 1995). This does not occur during mashing for malt whisky
production (Simpson 1968). As a result, there is usually a small amount of insoluble
material transferred in the wort from mashing to the washbacks, resulting in the presence
of solids during malt-whisky fermentations (Merritt 1967).

1.6.1 Physical Effects of Wort Solids during Fermentation
During the course of fermentation, S. cerevisiae produces significant quantities of carbon
dioxide. Carbon dioxide is extremely soluble in aqueous media and is up to 50 times
more soluble than other atmospheric gases soluble in comparable conditions (lson and
Gutteridge 1987). Depending on the substrate pH, C02 can exist in different forms (Jones
and Greenfield 1982). At the pH encountered in typical fermentations, C02 is
predominantly found in the aqueous form (C02[aqueousJ). Previous research has shown
that the concentration of C02, measured during fermentation, can be decreased by the
35

presence of insoluble material, such as diatomaceous earth and activated carbon (Siebert

et al 1986). This effect is a result of solid material acting as nucleation sites for the
removal of CO2 from solution. In an interesting review of the processes involved in
nucleation of gases in solution, Jones et al (1999) defined four different types of
nucleation events that can occur. In essence, nucleation of gases (C02 in this case) can
occur freely in a solution with no suspended particles, but requires a great deal of energy
to do so. This energy requirement can be reduced by the presence of gas-filled cavities in
the solution, to begin the process of nucleation. These gas-filled cavities have to be preformed in the solution in order to be capable of nucleation. It is likely that, during the
course of mashing for wort production, small particles, which pass into the wort, may
have entrained some atmospheric gases and allow effective desorption of CO2 from
solution during fermentation. The effects of C02 on yeast cells during fermentation have
been mentioned previously (Section 1.3.5) and a review by Jones and Greenfield (1982)
described many of the inhibitory effects that excess CO2 concentration can exert on yeast
during fermentation, particularly on enzymatic and membrane functions. Therefore, it
seems logical to assume that alleviation of C02 from the medium would enhance
fermentation.

1.6.2 Nutritional Effects of WortSolids during Fermentation
The ability of wort solids to confer nutritive value to fermentations has been the subject
of much research, particularly in the brewing industry. Research has shown that the rate
offennentation

by yeast is faster in the presence of insoluble material (Groat and Ough

1978, Schisler et a/1982, Lentini et a/1994). The presence of insoluble material in wort
is generally associated with higher levels of fatty acids (unsaturated fatty acids, in
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particular) (Schisler et a11982, Lentini et aI1994), the major source of which is the malt
(Klopper et aI1975). Unsaturated fatty acids are necessary membrane components of S.
cerevisiae and can be synthesised only in the presence of oxygen (Bloomfield and Bloch
1960). Since wort fermentations rapidly become anaerobic (due to immediate
consumption of available oxygen by yeast), there is no scope for further endogenous
UF A production. Yeast can, however, consume UF A from the surrounding medium and
their presence in wort can help alleviate the requirement for endogenous production
during anaerobiosis (Berry and Watson 1987). The presence of elevated concentrations of
fatty acids can have varied effects on fermentation, with a major effect being alteration in
the level of volatile components, such as esters. It is well established that increasing the
content of unsaturated fatty acids in the fermentable substrate results in lower
concentrations of esters at the end of fermentation (Ayriipaa and Lindstrom 1973,
Anderson and Kirsop 1974, Taylor et a11979, Thurston et a11982, Peddie 1990, Rosi
and Bertuccioli 1992). However, insoluble material in wort may also influence the
nutritive quality of wort by rendering components, such as zinc, unavailable for uptake
by yeast (Jones and Greenfield 1984, Lentini et aI1994). Elements like zinc are
extremely important for the growth of yeast and limitation of their availability can have
adverse effects on fermentation (Jones and Greenfield 1984). Indeed, research has shown
the stimulatory effects that increased concentrations of zinc can have on factors such as
fermentation rate and ethanol production during fermentation of wort by yeast (Rees and
Stewart 1998).

Another aspect of wort solid material may be the ability of yeast to attach themselves to
solid particles. ZoBell (1943) showed that bacteria, which were able to attach to solid
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surfaces distributed throughout a growth medium, displayed enhanced growth. This was
attributed partly to a possible concentration of nutrients at the bacterial/solid surface.
Agitation of the wort medium by evolved C02 could also help in keeping yeast cells
more effectively in suspension (Delente et al 1968).
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1.7 Aims of the Present Study
The aims of this study were to determine the role of wort insoluble material on the
dynamics of fermentation, by studying parameters such as yeast cell numbers, specific
gravity, amount of free amino nitrogen and sugar consumption by yeast.

With respect to yeast metabolism, the effects of evolved CO2 were assessed. This was
carried out by measuring the concentration of C02 present during the fermentation and
the effect on the concentration of volatiles in the fermented wash.

The conditions of wort production on the presence of wort solids were also determined.
In the first instance, wort samples from different commercial malt whisky distilleries in
Scotland were obtained. These distilleries fundamentally differed in their methods of
wort production. Fermentations of these worts were carried out, which included real-time
analysis of yeast cell behaviour using a dielectric measuring system. Primary distillations
were performed on the wash to analyse for the volatiles present. Analysis of the fatty acid
content of each wort was also carried out.

Experimental mashes were carried out in the 2-hL pilot brewery at the International
Centre for Brewing and Distilling (I.C.B.D.). Different mashing regimes were used to
produce worts, which were subsequently analysed for solids and fatty acid content.
Fermentations of these worts were also carried out and the behaviour of yeast (using a
dielectric method of yeast analysis) was assessed throughout 72-hour fermentations.
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Chapter 2. Materials and Methods

2.1. Distiller's Wort Production
The production of distiller's wort in the I. C. B. D.'s pilot brewery was carried out to
approximate the production of wort in a commercial Scotch whisky distillery. All-malt
distiller's wort, was produced at a target gravity of 1.0600 normal gravity (15 - 160
Plato). Preparation was in the Centre's 2 hL per brew pilot brewery as follows. The
barley malt provided by Pure Malt (Haddington, Scotland) was stored at a constant
temperature of 11°C prior to use. The malt was milled using a Fraser M5 Bruiser
agricultural two-roller mill (Fraser Agricultural Ltd., Inverurie, Scotland) providing a
coarse grist which was required for filtration using the lauter tun. The malt was mashed in
with carbon-filtered domestic water (66°C) at a rate of 4.5 kg malt/minute with
approximately 480 LIhr of water and transferred directly to the lauter tun. The grist to
water ratio was approximately 2.5 : I. Recirculation of wort was carried out for
approximately 15 minutes. It should be stressed that the wort was not boiled after
separation and no hops were added. Indeed, no attempts were made to clarify the wort
either.

Wort separation was achieved by employing a Briggs of Burton (Burton-upon-Trent,
U.K.) lauter tun which had a maximum working capacity of 220L. Wort collection
continued until the wort leaving the lauter tun had a specific gravity of between 1.010 and
1.006.Wort was collected in 2L aliquots and stored frozen at - 20°C until required.
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2.2. Production of Commercial Distillery and Pilot Brewery Wort Samples
Commercial-distillery

wort samples used in these experimentations were gifts from four

different Scotch Malt Whisky distilleries. Three samples were collected from each
distillery in an ethanol-sterilised plastic barrel. Details of the method of production of
different wort samples are shown in Appendix A. Production of experimental wort
samples in the I.C.B.D. pilot brewery was carried out as described previously. However,
to produce specific wort samples some differences in the mode of mashing were
performed and these are detailed in Appendix B.

2.3. Wort and Yeast Analyses

2.3.1. Estimation of the Concentration of Solid Material in Distiller's Wort
Distiller's wort, produced in the I. C. B. O. pilot brewery, was centrifuged at 2,500 x g
for 30 minutes in a Sorvall RC-24 centrifuge (Du Pont). After removing the supernatant,
the pelleted solids were re-suspended in distilled water and further centrifuged at 10,000

x g for 30 minutes to remove dissolved solids and recover all the insoluble material. The
pellet was subsequently dried in a 70°C drying oven overnight and weighed.

2.3.2. Measurement of Wort pH and Specific Gravity
The pH levels of fermentations were measured using a Hanna Instruments 9321
Microprocessor pH meter after calibration at pH 7 and pH 4. For specific gravity
measurements of wort, 3 mL of centrifuged fermentation media (4000 rpm, 5 minutes;
Du Pont Sorvall RC 24 Refrigerated Centrifuge, Sorvall, U.K.) was allowed to degas and
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was adjusted to 20°C before the gravity was measured. The original and specific
gravities of the media was monitored using a PAAR Model DMA 46 Digital Density
Meter (PAAR Scientific).

2.3.3. Yeast Employed During Fermentations
Yeast employed in all fermentations was Saccharomyces cerevisiae 'M' strain (Distillers
Yeast), a gift from Quest International (Menstrie, Scotland). Samples were always
obtained during a fresh production run in the factory and sent to Heriot-Watt University
immediately. Upon receipt of yeast samples, they were stored at 4°C until use. Yeast
samples were never used after 3 weeks of storage and, during commercial distillery wort
and pilot brewery wort experiments, were never used after 2 weeks storage.

2.3.4. Yeast Cell Numbers and Viability during Fermentation
Cell counts of fermenting samples were determined using an Improved Neubauer
Haemocytometer at x 400 magnification with a light microscope. Yeast cell viability was
initially assessed using the Methylene Blue staining method (EBC Analytica
Microbiologica, Method 2.2.2.3). However, the viability stain Methylene Violet 3-RAX
(Sigma) was preferred in the assessment of yeast cell viability because of the potential
problems encountered using Methylene Blue (Smart et al 1999). The samples were
diluted appropriately to give a countable amount of yeast cells and mixed with an equal
volume of Methylene Violet reagent (l0 mg Methylene Violet 3-RAX, 2 g sodium

citratel Z H20 in 100 ml distilled water and filtered before use). Dead yeast cells stained
violet and thus the percentage of cells that were unstained was a measure of viability.
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However, it should be noted that this method assumes that only viable yeast cells can
reduce methylene violet to its colourless form.

2.3.5. Estimation a/Total Wort Sugar Consumption during Fermentation
The estimation of total wort sugar consumption by yeast was primarily carried out on 1 L
static fermentations. This involved measuring the gross weight of each fermentation at
the start of fermentation (after addition ofBrij 58 when used (see Section 2.4.2.), and
pitching yeast) and at regular intervals. As the fermentation of wort samples proceeded,
the gross weight decreased as sugar was consumed. The fundamental reason for this can
be explained by the following equation:

=

2 C2HSOH (ethanol)

+

2 C02 (carbon dioxide)

which shows the overall biochemical reaction produced by yeast in the formation of
alcohol. The molecular weights of ethanol (Mr = 46.07) and CO2 (Mr = 44) are similar
and the decrease in mass of the fermentations is a result of liberation of CO2. Because the
molecular weight of ethanol is similar to C02, the decrease in mass (due to C02
liberation) approximates to the amount of sugar consumed. This allowed a rapid, simple
method to evaluate the rate of sugar consumption during fermentation.

2.3.6. Determination a/the Concentration a/Specific

Wort Sugars

The concentration of glucose and maltose in wort samples during fermentation was
determined using a high-performance anion exchange (HP AE) chromatograph with
Dionex PED (Pulse Electrochemical Detector) with gold electrode, Dionex DX 300 APG
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(Advanced Gradient Pump), Gilson 234 Autoinjector, Dionex eluent de-gas module and
Hewlett-Packard Chemstation Data Handling HP3365. The column was a Dionex
Carbopac PA-lOO guard column (4 x 50 mm). HPLC grade de-ionised water> 10
megaohms/cm resistance (Milli-Q System) and 500 mM sodium hydroxide (NaOH) were
used as eluent, and cellobiose (> 99 % purity) as the internal standard. The pump
programme for the eluent (NaOH/water) was: 0 - 20 min. (5/95), 20 - 21.1 min. (l00/0),
21.1 - 40 min. (5/95). The flow-rate of eluent was 1 mllmin. The samples were diluted to
ensure that the concentration of each sugar was below the concentration of the standard
used for the initial calibration (1 :300 - 1:25). Samples from each fermentation were
analysed in duplicate, with 2 injections per sample analysed.

2.3.7. Determination of Wort Free Amino Nitrogen (FAN) Content
FAN levels of the unfermented media and worts were measured using the ninhydrin
method (I. O. B. Recommended Methods of Analysis Method 8.3, 1991) as described by
Lie (1973 ). FAN levels were also monitored throughout the fermentation.

The addition

of ninhydrin catalyses the oxidative decarboxylation of free a-amino acids, resulting in
the production of carbon dioxide, ammonia and an aldehyde with one less carbon atom
than the parent amino acid. The reduced ninhydrin can then react with non-reduced
ninhydrin and ammonia, forming a blue complex, which can be quantitatively measured
at 570 nm.
Samples were diluted appropriately (to ensure absorbance values at 570 nm between 0.2
and 0.8) with distilled water before adding 2 mL to a test-tube containing 1 mL of colour
reagent (di-sodium hydrogen phosphate, 100 g; potassium dihydrogen phosphate, 60 g;
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ninhydrin, 5g; fructose, 3 gin 1 L distilled water) and were placed in a boiling water bath
for 16 minutes. Test-tubes were stoppered with a glass ball in order to prevent
evaporation.

Following this, 5mL of diluting solution (potassium iodate, 2 g; 600 ml

distilled water and 400 ml96 % (v/v) ethanol) was added before measuring the
absorbance in a 10 mm reference cell using a Philips PU 8730 UV NIS scanning
spectrophotometer.

A sample containing 2 mL of distilled water in place of wort was

used as a blank, while glycine standards (0.107 mg glycine in 100 ml distilled water)
were prepared in triplicate using 2mL of 100 times diluted glycine standard solution.
FAN levels were calculated as follows: FAN (mg/L) = AI x 2 x dilution factor
A2
where AI is the absorbance of the sample and A2 is the mean absorbance of the glycine
standards.
The rate of FAN consumption by yeast during fermentation was calculated by
determining the amount of FAN depleted from the medium (mg) in a certain time period
and dividing by the number of hours in that time period (h). The rate was expressed as
mg/h FAN consumed.

2.3.8. Determination OlC02 Concentration in Wort during Fermentation
Carbon dioxide levels were determined by employing a Coming 965 CO2 analyser
(1.0.B. Recommended Methods of Analysis, Method 8.6.2). In order to assess the CO2
concentration of fermenting wort, it was necessary to convert any dissolved C02 into
Na2C03. This was achieved by adding 13.8 ml 40 % (w/v) NaOH (BDH) to 400 ml
fermenting wort. 50 ~L was placed in the analyser reaction chamber and lactic acid
(Ciba-Coming) was released into the chamber to reconvert Na2C03 to C02. The machine
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was calibrated initially using standards, which would yield a known C02 concentration
(Ciba-Corning). The released C02 was measured by means of a thermal conductivity
detector and expressed as g C02/L.

2.3.9. Particle Size Analysis of Diatomaceous Earth. Wort Solids and Bentonite
To analyse the particle size of diatomaceous earth (DE; Sigma) and bentonite (Sigma) 0.2
g/L of either substance was suspended in distilled water before analysis. In the case of
wort solid material, particle sizes were determined by directly analysing the wort. Particle
size characteristics of all-malt wort solids, DE and bentonite were determined using a
Malvern Mastersizer and associated application software (Malvern Instruments Inc.).
Measurements were based on the principle of laser-light scattering, capable of measuring
sizes down to 0.05 urn. Size distribution was expressed in terms of the volumes of
equivalent spheres. Data involving surface area and number distributions were derived,
by use of numerical manipulation, from the volume distribution.

2.3.10. Environmental Scanning Electron Microscopy (ESEM) of DE, Wort Solids and
Bentonite
Samples for ESEM were suspended in a small volume of distilled water before analysis.
Bentonite and DE were simply added to distilled water, whereas wort solids were
collected after centrifugation of cloudy wort at 2,500 x g, washed once in distilled water
and, finally, re-suspended in a small volume of distilled water. The instrument used was a
Philips XL30 ESEM with GSE (Gaseous Secondary Electron) detector, using a wet
environmental mode to maintain the samples in their natural state. This avoided damage
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to the sample caused by the vacuum. The conditions employed and final magnification of
samples are shown in the photomicrographs.

2.3.11. Analysis of Fatty Acid Concentration of Distiller's Wort
The concentration of fatty acids present in wort was measured using direct-injection gas
chromatography of the derived methyl esters. The fatty acids present in 1 ml of wort were
extracted into the following solvent system: 50 ml CHCh (BDH), 50 ml 20 % NaCI
(Sigma), 4 ml 6 N H2S04 (BDH) and 4 ml internal standard (heptadecanoic acid (Sigma)
in methanol (BDH». The chloroform layer was evaporated to dryness by rotary
evaporation at 30°C, using a model VV -Mikro Rotary Evaporator (Heidolph), and the
fatty acids were resuspended in 4 ml Ultra-grade hexane (Sigma). The methylation
reagent (m-trifluoromethylphenyl)trimethylammonium

hydroxide (Meth-Prep I; Alltech)

was added (50 flL) and the sample was shaken by hand for 10 seconds. Using an on-line
derivitization technique, fatty acid methyl esters (C8:0, CIO:O, C12:0, CI4:0, C16:0,
CI6:1, C18:0, CI8:1, C18:2, C18:3 ME) were quantified by analysis in a Hewlett
Packard 5890 Series II GC split/splitless injector with Flame Ionisation Detection. The
column was a BTR-CW Fused Silica Glass Capillary Column (0.32 mm x 50 m, film
thickness I urn). The oven temperature regime employed was a starting temperature of
210°C for 2 minutes, followed by a temperature ramp of 3 °C/min. to 225°C. Thereafter,
the temperature remained at 225 °C for 23 minutes. The split ration through the GC
column was 26 : 1.
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2.3.12. Determination of Zinc Content of wort
The concentration of zinc in wort was measured using atomic-absorption

spectrometry

(AAS). A series of dilutions of a stock solution of ZnClz were assayed initially and the
derived absorbances were used to produce a calibration chart. From this, the
concentration of zinc present in distillers wort was measured in triplicate, using a PerkinElmer 11OOBAtomic Absorption Spectrometer.

2.4. Fermentations

2.4.1. 400 ml and 1 L Fermentations of Distiller's Wort
When required, distiller's wort (stored frozen at - 20 °C) was defrosted under warm tap
water. Because commercial distillery wort fermentations are not sterile, no attempt was
made to sterilise the wort after defrosting. Fermentations (1 L volumes) were carried out
in ethanol-sterilised 2L tall-tubes at 27°C constant temperature. Before pitching,
distiller's wort was allowed to equilibrate to the correct incubation temperature and talltubes were inverted 20 times to ensure saturation of wort with air. Yeast employed in all
fermentations was pitched at 0.3 % w/v. Fermentations for CO2 estimation were usually
carried out on a smaller (400 ml) scale. Wort clarification was carried out by centrifuging
cloudy wort at 2,500 x g for 30 minutes in a Mistral 4 L centrifuge (MSE).

2.4.2. Wort Supplementation
In experiments where fatty acids (CI6:0, CI6:I, CI8:I, CI8:2, CI8:3; Sigma) were
added to wort, 5 g/L polyoxyethylene 20 cetyl ether (Brij 58; Sigma) was also added to
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act as a dispersant. Zinc was added to wort from a stock solution of 88 mg/L ZnCh
(Sigma) to give the final desired concentration and filter-sterilised through a 0.2 mm
Anatop filter disc. Silica particles used in CO2 experiments were a gift from Ineos Silica
(Warrington, England).

2.4.3. Headspace Analysis of Ester and Higher Alcohol Production
Five mL cell-free samples of fermented media were removed for determination of
volatile production.

The synthesis of ethyl acetate, isoamyl acetate and ethyl butyrate,

isobutanol, propanol and the amyl alcohols (2- and 3- methyl butanol) was monitored at
the end of fermentation.

The sample was added to a vial containing approximately 2g of

sodium chloride (AnalaR grade, BDH) and 50llL of 3-heptanone (Sigma) as internal
standard. The vials were then capped and crimped before analysis. The oven temperature
regime was 43°C initially for 2 minutes followed by a 1.5 °C/min temperature ramp to
86°C. Thereafter, the temperature ramp was 40 "Czminute to 180°C, which was
maintained for 5.2 minutes. The GC employed was a Hewlett Packard 5890 Series IIGC
(Hewlett Packard) with splitlsplitless injector and Flame Ionisation Detector (FID) and
Electron Capture Detector (ECD), and was equipped with a Hewlett Packard Model
19395 A headspace autosampler. The split ratio of analysate through the GC column was
56 : 1, followed by a 1 : 1 split to each detector.

2.4.4. Dielectric Monitoring of 5 L Distiller's Wort Fermentations
To gain important information about the behaviour of S. cerevisiae during fermentation
of both commercial wort and pilot brewery wort samples, dielectric monitoring was
carried out. The temperature of 5 L wort samples was equilibrated to an initial
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fermentation temperature of 20°C in a 10 L capacity stirred fermentation vessel (Model
MD-500; B. E. Marubishi, Tokyo). Aeration of the wort was performed by stirring wort
vigorously (750 rpm) for 3 minutes. When all the air bubbles had dissipated, S. cerevisiae
'M' strain was pitched at 0.3 % (w/v). During fermentation, the temperature was
carefully controlled using a model ES lOOP Digital Controller (Yasui Kikai Ltd, Osaka).
After 6 hours fermentation at 20°C, the temperature was increased incrementally to reach
33 "C after 30 hours fermentation. Thereafter, the temperature remained constant until the
completion of fermentation.

The dielectric measurement equipment consisted of a colloid dielectric probe (HP
E5050A) and an Impedance Gain/Phase Analyser (HP 4285A Precision LCR Meter),
both commercially available from Hewlett-Packard. The impedance analyser was
controlled by a personal computer, from which output permittivity and conductance data
were obtained. Measurements were taken at 30 minute intervals throughout the
fermentation over the frequency range 0.1 - 30 Megahertz (MHz). However, the relative
permittivity and conductivity of the sample were calculated with data gained from the
0.25 MHz scan, which employed noise reduction (i.e. the average of 8 measurements was
taken). A photograph of the equipment used for these experiments is shown in Figure 2.1.

2.4.5. Distillation of Wash Samples
After 72 hours fermentation of either commercial distillery or pilot brewery wort
samples, a primary distillation was performed to yield low wines (L W). The equipment
used for this is shown in Figure 2.2. Before transfer to the distillation apparatus, wash
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Figure 2.1.
c equipment used for monitoring of 5 L stirred fermentations. A,
Glass fermenter and stirrer; B, Dielectric probe; C, Impedance/Gain Phase Analyser; D,
Personal computer.

c

D
B

A

Figure 2.2. Laboratory-scale distillation equipment used to distil 330 ml wash to 110 ml
LW. A, Glass beaker with ceramic squares and copper; B, Foam chamber; C, Lyne arm
with copper strip; D, Condenser with copper strip (cold water as coolant).
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samples (fermented wort) were stirred vigorously for a few seconds to ensure yeast cells
were fully re-suspended, The distillation apparatus was made of heat-resistant glass
(Kiko, Osaka) and consisted of a 500 ml beaker connected to a large foam chamber to
allow frothing of the wash during distillation. This frothing is a necessary component of
small-scale distillation because it allows better extraction of long-chain ethyl esters, such
as ethyl hexadecanoate. A lyne-arm was connected to this headspace, followed by the
water cooled condenser. Before distillation commenced, a piece of copper and three small
ceramic squares were added to the wash to increase bubbling during fermentation. Two
strips of copper metal were placed in the lyne-arm and condenser to react with and
eliminate undesirable sulphur-containing compounds in the wash. Routinely, 330 ml of
wash was distilled to 110 ml ofLW, which gave approximately 24 % ethanol in the LW
sample. Samples were made up to approximately 50 % ethanol by adding 90 ml of
AnalaR grade ethanol (approximately 100%; BDH).

2.4.6. Analysis of LW samples by Direct-Injection Gas-Chromatography
The analysis of a range of higher alcohols, esters, organic (fatty) acids and carbonyls
were carried out in LW samples after primary distillation of wash from the commercial
distillery and pilot brewery worts. These studies were very kindly carried out by workers
at the Yamazaki Distillery, Osaka, Japan (Suntory, Ltd.).

2.5 Statistical Analysis
Standard error of the mean of data was calculated according to established procedures.
Where error bars did not overlap between samples, mean values were interpreted as being
different when discussing the data.
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Chapter 3. Preliminary Investigations into the Role of Wort Solids during
Fermentation of All-Malt Scotch Whisky Wort
For the initial stage of research into the problem of the role of wort solids during
fermentation of distiller's wort, studies were carried out to determine the effect of
particulate material on a number of fermentation parameters during the course of
fermentation. This was, in the first instance, carried out on a small (400 ml) scale. These
studies were aimed at revealing whether particular wort particle sizes were of importance
during fermentation, or whether the actual concentration of solids was of most relevance
to the outcome of fermentation. Further to this, some rudimentary studies were carried
out to further assess the surface nature of wort solids and, indeed, the range of particle
sizes present in normally cloudy wort.

3.1. Concentration of Solids Present after Centrifugation of All-Malt Wort at Different
Speeds

Cloudy distiller's wort was centrifuged at a range of different relative centrifugal forces,
for 15 minutes, to determine the amount of solids that could be obtained at different
speeds. The result in Figure 3.1 shows that, as would be expected, when centrifugal force
was increased, the amount of solids that was obtained increased. Centrifugation at 100 x
g resulted in a small amount of solids, whereas at 250 x g, there was a much greater
amount of solid material. After centrifugation at 2,500 x g, the amount of solids obtained
from 1 L of cloudy wort was > 0.2 g (dry weight).
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3.2. Effect of Wort Solid Concentration on Small-Scale Fermentation of All-Malt
Distiller's Wort
Small-scale fermentations (400 ml) were conducted to determine the role of the
concentration of solid material on different fermentation parameters. Fermentations were
conducted over a period of 3 days and samples taken daily. Worts were clarified by two
separate methods to try to obtain worts with different concentrations of solid material.
The first method was by centrifugation of wort at different speeds to obtain gradually
clearer worts, and the second method was to add different concentrations of wort solid
(obtained as a result of centrifugation) back to clarified worts. In addition, shaking
fermentations were also carried out using cloudy wort and a clarified wort.

3.2.1. Effect of Centrifugation Speed on Fermentation of All-Malt Wort
During the course of the fermentation, the viability of yeast cells in suspension was
assessed at each sampling point (0 h, 22 h, 44 h and 69 h) (Figure 3.2). At the start of
fermentation, the viability of yeast cells was very high (98.9 %) and remained high after
22 hours fermentation (> 93.9 %). The viability of yeast cells decreased after 44 hours
fermentation, and the viability of yeast cells in cloudy wort (55.6 %) was less than the
viability of yeast cells in the centrifuged worts (62.4 - 63.3 %). By the end of
fermentation, the viability of yeast cells in wort centrifuged at 2,500 x g (40.75 %) was
higher than the worts centrifuged at 100 or 1,000 x g (31.65 - 32.45 %). Yeast cells
fermenting cloudy wort appeared to be the least viable after 69 hours fermentation (17.2

%), but there was a lot of variation between duplicate fermentations of each wort sample.
The pH of wort samples, which had either been centrifuged at 100, 1,000 or 2,500 x g or
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contained the normal concentration of solids (i.e. cloudy wort not centrifuged), was
measured after fermentation for 69 hours (Figure 3.3). The pH of each sample was the
same prior to yeast pitching (PH 5.7). After 22 hours fermentation, the pH had decreased
significantly in each wort sample. However, the pH of wort centrifuged at 2,500 x g (PH
4.43) was slightly higher than the other samples (PH 4.3 - 4.35). The pH of each wort
sample had increased by 44 hours fermentation, but the pH of wort centrifuged at 2,500 x
g (PH 4.63) was still higher than the other samples. However, at this time, the pH of
cloudy wort (PH 4.47) was slightly lower than the pH of wort centrifuged at 100 or 1,000
x g (both pH 4.54). By the end of fermentation (69 hours), the pH of each wort sample
was similar (pH 4.54 - 4.6).
The decrease in specific gravity (SO) of each wort sample is shown in Figure 3.4. The SO
of each sample was the same at the start of fermentation (1.0605 0). The SO of each wort
sample decreased over the initial 22 hours fermentation, but decreased to the greatest
degree in cloudy wort (1.0021 0). The SO of wort centrifuged at 100 x g (1.0068 0) was
higher than cloudy wort, but not as high as wort centrifuged at 1,000 or 2,500 x g (1.0117
and 1.0113

° respectively).

After 44 hours fermentation, the SO of each sample had

decreased further, and a similar trend to that seen after 22 hours was evident. The SO of
cloudy wort (0.9992 0) was lower than wort centrifuged at 100 (1.0012 °),1,000 (1.0039
0) or 2,500 x g (1.0048 ~. By the end of fermentation (69 hours), the SO of each sample
was similar (0.9987 - 1.0002 0).
Figure 3.5 shows the concentration of free-amino nitrogen (FAN) present in each wort
sample during fermentation. Before pitching, the concentration of FAN in each wort was
similar (319.7 - 328.3 mgIL), but a significant proportion of the FAN was consumed
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I

from each sample after 22 hours fermentation. However, the concentration of FAN was
much lower in cloudy wort (67.8 mg/L) than wort centrifuged at 100 x g (136.7 mglL),
which was still lower than wort centrifuged at 1,000 (153.6 mg/L) or 2,500 x g (162.5
mgIL). After 44 hours fermentation, the concentration of FAN had increased in each wort
sample and had increased again after 69 hours fermentation. At the end of fermentation,
the concentration of FAN in cloudy wort (137 mgIL) was lower than in wort centrifuged
at 100 (181 mg/L), 1,000 (213.2 mg/L) or 2,500 x g (224.9 mg/L).
The concentration of some higher alcohols (propanol, iso-butanol, 2- and 3-methyl
butanol) and esters (ethyl acetate and iso-amyl acetate) was measured by headspace gaschromatography after 60 hours fermentation (Figure 3.6). At the end of fermentation,
cloudy wort had the highest concentration of propanol (39.4 mg/L), iso-butanol (37.5

mg/L), 2-methyl butanol (15.9 mgIL), 3 -methyl butanol (37.3 mglL) and iso-amyl
acetate (2.93 mgIL). Wort centrifuged at 100 x g contained similar concentrations of
propanol (32.7 mg/L), 2-methyl butanol (14.1 mgIL), 3-methyl butanol (29.9 rng/L) and
iso-amyl acetate (2.27 mgIL) to wort centrifuged at 1,000 x g (31.5 mg/L, 13.5 mg/L,
29.5 mg/L and 2.08 mgIL respectively), but a higher concentration of iso-butanol (29.3
mgIL) than wort centrifuged at 1,000 x g (22.13 mg/L). The lowest concentrations of
propanol (28.8 mg/L), iso-butanol (20.9 mg/L), 2-methyl butanol (12.05 mg/L), 3-methyl
butanol (26.9 mg/L) and iso-amyl acetate (1.7 mgIL) were found in wort centrifuged at
2,500 x g. Ethyl acetate was found in similar concentrations in cloudy wort (36.3 mg/L)
and wort centrifuged at 1,000 x g (35.2 mg/L), and wort centrifuged at either 100 (30.7
mgIL) or 2,500 x g (30.02 mg/L),
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These findings were very interesting because they revealed a definite role for insoluble
solid material in the wort during fermentation. Absence of this material resulted in altered
fermentation dynamics, which had an obvious effect on the volatile profile of the wash
(fermented distiller's wort). The effects also appeared to be dependent on the degree of
centrifugation employed to clarify the cloudy wort (i.e. solids concentration).

3.2.2. Effect of VariableSolids Concentration on Fermentation 0/ All-Malt Wort
After wort centrifugation at 2,500 x g, the pellet was weighed and different amounts of
these solids were re-suspended in clarified wort. Wort which was uncentrifuged (cloudy
wort), and clear wort with either 50 %, 25 % or 12.5 % original concentration of solids
were fermented for 68 hours.
Figure 3.7 shows the change in pH of each set of wort samples during fermentation. The
original pH of each sample was the same (PH 5.7) and decreased significantly after 18
hours fermentation. At this time, the pH of cloudy wort was lowest (PH 4.1), followed by
clear wort with 50 % solids (PH 4.34) and wort with either 25 or 12.5 % solids (pH 4.41
and pH 4.44 respectively). Over the next 26 hours the pH of each wort sample rose again,
but the pH of cloudy wort (PH 4.38) was still lower than the other samples (PH 4.6 4.72). Between 44 and 68 hours fermentation, the pH of clear wort with either 12.5 %
(PH 4.31) or 25 % solids (PH 4.15) decreased again, whereas the pH of clear wort with 50
% solids remained the same (PH 4.6) and the pH of cloudy wort rose slightly (PH 4.53).
The change in specific gravity (SG) of each wort sample during fermentation is shown in
Figure 3.8. The SG of each wort was the same at the start of fermentation (1.0605 0) and
decreased sharply in each sample over the first 18 hours fermentation. After 18 hours, the

60

SG of cloudy wort (1.0058 0) was lower than the SG of the other samples, which were
similar (1.0148 - 1.0159°). There was a further decrease in the SG of each sample during
the proceeding 26 hours, but the SG of cloudy wort (0.9995 0) was still lower than the
other samples (1.0046 - 1.0057°). By the end of fermentation (68 hours), the SG of
cloudy wort (0.9991 ) was almost the same as after 44 hours fermentation, but the SG
from the other samples had decreased slightly again (1.0016 - 1.0024 0), still being
higher than cloudy wort.
The change in the concentration of free-amino nitrogen (FAN) of each wort sample
during fermentation (68 hours) is shown in Figure 3.9. The original concentration of FAN
in each sample was similar (352 - 357.8 mglL). After 18 hours fermentation, the amount
of FAN in each sample had decreased, but more so in cloudy wort (82.7 mgIL) than clear
wort with 50 % solids (168.3 mgIL), 25 % solids (179.4 mglL) or 12.5 % solids (189.4
mglL). Over the next 26 hours, the concentration of FAN in each sample increased, the
FAN concentration in cloudy wort (102.1 mglL) was still lower than in wort with either
50 %,25 % or 12.5 % solids (195.1 mg/L, 211.1 mg/L and 214.5 mg/L respectively). By
the end of fermentation, there was a further increase in the FAN concentration of each
sample, but there was increased FAN in the clear worts with re-suspended solids (239 253 mg/L) compared to cloudy wort (145.7 mg/L). The principle reason for the increase
was likely to have been a result of secretion of amino acids from yeast or yeast autolysis
towards the end of fermentation (lngledew 1975, van de Meersche et aI1979). Figure
3.10 shows the concentration of esters and higher alcohols (ethyl acetate, iso-amyl
acetate, propanol, iso-butanol, 2-methyl butanol and 3-methyl butanol), measured by
headspace gas-chromatography in each sample after 68 hours fermentation. The
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concentration of ethyl acetate (53.6 mg/L), iso-amyl acetate (4.69 mglL), propanol (62.3
mglL), iso-butanol (53.1 mglL), i-methyl butanol (23.2 mg/L) and J-methyl butanol
(56.4 mg/L) was highest in cloudy wort after fermentation. The concentration of ethyl
acetate (29.9 - 32.1 mgfL) and iso-amyl acetate (1.76 - 2.23 mglL) was similar in each
clear wort sample with re-suspended solids. Of the higher alcohols, propanol (38.5 - 40.2
mglL), iso-butanol (28.6 - 31.7 mg/L) and 2-methyl butanol (13.2 - 15.1 mg/L) were
found in similar concentrations in all three clear worts with re-suspended solids. Clear
wort with 12.5 % solids appeared to have a slightly lower concentration of 3-methyl
butanol (32.2 mgfL) than clear wort with either 25 % or 50 % solids (36 - 36.6 mglL).

3.3. Effect of Shaking on Fermentation of Cloudy and Clear All-Malt Wort
Figure 3.11 shows the change in pH of each wort sample during 45 hours of shaking
fermentation. The initial pH of both worts was pH 5.7. There was a decrease in pH over
the first 9 hours fermentation in both worts, but both were similar (PH 4.24 - 4.28). After
21 hours fermentation the pH of both worts had decreased further (PH 3.99 - 4.01) and
were at a similar pH value after 30 hours fermentation (PH 4.01 - 4.02). At the end of
fermentation, the pH of both worts had increased to pH 4.21 - 4.25. Throughout the
fermentation, there was little difference in the pH of either cloudy or clear wort.
The decrease in specific gravity (SO) of both cloudy and clear wort during a shaking
fermentation is shown in Figure 3.12. The initial

so of each wort was

1.0605

0.

The SG

of each wort decreased rapidly over the initial 21 hours fermentation and, at this time, the
SG of both worts was similar (1.0033 - 1.0037°). There was a further small decrease in
SO over the next 9 hours fermentation, but after 30 hours the SO of both worts was
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similar (0.9992 - 0.9993 0). After 45 hours fermentation, the SO of both worts was
0.9981

0.

The concentration of free-amino nitrogen (FAN) in cloudy and clear wort throughout a
shaking fermentation is shown in Figure 3.13. The initial FAN concentration in each wort
was similar (328.7 - 334.3 mg/L), It was clear that there was a rapid consumption of
FAN by yeast with both worts during the initial 9 hours fermentation. However, the FAN
concentration of cloudy wort (99.9 mg/L) was lower than in clear wort (121.5 mg/L) at
this time. There was a further reduction in the FAN content of both worts after 21 hours
fermentation, but the FAN concentration was similar (49.4 - 52.2 mgfL). After 30 hours
fermentation, the FAN concentration of both showed virtually no change (48 - 50.6
mg/L), but showed a slight increase after 45 hours fermentation (60.8 - 65.1 mg/L), both
worts showing similar FAN concentrations.
After 45 hours the concentration of esters (iso-amyl acetate and ethyl acetate) and higher
alcohols (propanol, iso-butanol, 2- and 3-methyl butanol) was measured by headspace
gas-chromatography (Figure 3.14). The average concentration of iso-amyl acetate, ethyl
acetate, propanol, iso-butanol, 2- and 3-methyl butanol was slightly higher in cloudy wort
(7.5 mg/L, 59.3 mg/L, 52.5 mg/L, 55.8 mg/L, 24 mg/L and 52.5 mg/L respectively) than
clear wort (5.68 mg/L, 53.3 mg/L, 46.9 mg/L, 46.5 mg/L, 22.1 mg/L and 47.6 mg/L
respectively).
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3.4. Factors Affecting the Concentration olC02 during Fermentation
The concentration of CO2 was measured in cloudy wort, clear wort with 0.2 g/L
diatomaceous earth (DE) added and clear wort after 5 and 8 hours fermentation (Figure
3.15). After 5 hours fermentation it can be seen that there was an increased concentration
of C02 in clear wort compared to cloudy wort. However, when clear wort was fermented
with 0.2 g/L diatomaceous earth (DE), the resulting C02 concentration was similar to that
of cloudy wort. A similar situation was seen after 8 hours fermentation. The ability of
another insoluble compound, bentonite (clay earth), to decrease CO2 concentration during
fermentation of wort was investigated in comparison to cloudy wort, clear wort with 0.2
g/L DE and clear wort alone. At the same concentration (0.2g1L), it can be seen from
Figure 3.16 that the concentration of C02 in fermenting wort (in the presence of
bentonite) was similar to that of clear wort after 5 hours fermentation. Addition of DE
resulted in abrogation of excess C02 to similar levels found in naturally cloudy wort.
Differences in the ability of DE and bentonite to release excess CO2 from fermenting
wort at different concentrations was investigated. DE was added to clear wort at
concentrations between 0.05 g/L to 0.2 g/L and bentonite was added at concentrations
between 0.2 g/L to Ig1L. After 5 hours fermentation, the CO2 concentration in worts with
different DE concentrations were similar, irrespective of DE content (Figure 3.17). In
contrast, the C02 concentration in clear worts with different bentonite concentrations
only revealed a slight decrease when a relatively high concentration (1 g/L) bentonite had
been added to clear wort. To assess whether the surface area of a particle was an
important determinant in release of C02 from fermenting wort, particles of known
dimensions (surface area and diameter) (Table 3.1) were added to clear wort.
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Silica Particle Designation
SD 2909
SD 2910
SD 2911

Particle Diameter (um)
10 -13
8 - 12
9.4 - 11.3

Surface Area (m2/g)
725
412
295

Table 3.1. Specifications of silica particles used in experiments to determine effect of
particle dimensions on CO2 concentration of fermenting clear wort.
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After 5 hours fermentation, the concentration of C02 was measured and the results are
shown in Figure 3.18. In comparison to the C02 concentration present in fermented clear
wort, there was no discernible difference in concentration of C02 in worts with any of the
compounds added. In all cases, the concentration of CO2 measured was high (> 4 g/L).
In previous experiments involving addition of DE to clear wort, it was added as dried
powder. The effect of adding DE which had been soaked in distilled water (termed 'wet
DE') on its ability to release C02 from fermenting wort was investigated (Figure 3.19).
After 5 hours fermentation, clear wort with 0.2 g/L DE contained a similar concentration
of C02 to cloudy wort. Clear wort maintained a much higher concentration (ca. 4.5 giL)
of C02. However, the concentration of CO2 in fermenting clear wort with wet DE was
relatively higher (ca. 3 gIL) than cloudy wort and clear wort with dry DE, whilst still
being less than clear wort.

3.5. Particle Size Analysis of Cloudy Wort, DE and Bentonite
Analysis of the particle size profile of different worts used for fermentations was carried
out using a Malvern Mastersizer and associated computer software (for more information
see Methods section). Particle sizes in cloudy wort were assessed, in addition to DE and
bentonite (0.2 gIL) in distilled water. The results of the volume, surface area and number
distributions for cloudy wort, DE and bentonite are shown in Figs. 3.20, 3.21 and 3.22
respectively. From Figure 3.20 it can be seen that, in cloudy wort, there was a wide
distribution of particle sizes in terms of volume

«

0.1 urn to 100 urn diameter) with the

largest volume % of particles being around 7 urn diameter. Also, there was a wide
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Figure 3.20. Particle size analysis of solid particles present in cloudy wort. The
distribution was volume based, assuming spherical particles. Particle number and surface
area distributions were derived mathematically from the volume distribution.
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surface area distribution of particles, with sizes ranging from < 0.1 um to 40 urn
diameter. The largest surface area % distribution of particles was around 0.3 urn. The
number distribution of particles showed that the majority of particles in cloudy wort were
very small «

1 J.1IIl diameter).

The particle size distribution for DE in distilled water was also measured (Figure 3.21).
The overall distribution was quite similar to the situation with cloudy wort. However,
the volume distribution revealed that there were some very large particles present in DE,
which were up to 250 ).lmdiameter. Also, the surface area distribution covered a wider
range than cloudy wort «0.1 urn to 100 urn diameter). The number distribution of
particles in DE was similar to cloudy wort, with the majority of particles being less than 1
urn diameter.
Particle size distributions for bentonite showed some differences to both DE and cloudy
wort (Figure 3.22). The volume distribution of particles was relatively narrow, with
particle sizes, in terms of volume, ranging from 0.4 urn to 50 urn. The peak particle
diameter of the volume distribution was circa 8 urn. In terms of the surface area
distribution of particles, this range was much narrower than cloudy wort and DE, being
between 0.4 um and 20 urn diameter. Whereas, the surface area distribution for cloudy
wort and DE particles appeared bimodal, for bentonite the distribution was monomodal.
The number distribution of bentonite particles was also different, in that the distribution
ranged between 0.2 um and 6 J.1IIl diameter.
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Figure 3.21. Particle size analysis of DE (0.2 g/L) suspended in distilled water. The
distribution was volume based, assuming spherical particles. Particle number and surface
area distributions were derived mathematically from the volume distribution.
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Figure 3.22. Particle size analysis of bentonite (0.2 gIL) suspended in distilled water. The
distribution was volume based, assuming spherical particles. Particle number and surface
area distributions were derived mathematically from the volume distribution.
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3.6. Environmental Scanning Electron Microscopy (ESEM) of Solid Particles
Following particle size analysis of Cloudy wort, DE and bentonite particles, attempts were
made to visualise each type to gain an idea of their individual surface characteristics.
From ESEM analysis of DE (Figure 3.23), it was clear that there was a heterogenous mix
of shapes and sizes of particles present. The surface of most of the particles revealed an
extremely porous structure associated with DE. The micrograph of cloudy wort solids
(Figure 3.24) showed a mix of different structures, again porous in nature. Bentonite,
however, had a more homogenous structure, as seen by ESEM (Figure 3.25). In addition,
it possessed a different surface topology, in that it did not appear to have the same porous
nature as DE and wort solids.
In summary, the results thus far revealed a very important role for insoluble solid
material during fermentation of distiller's wort by yeast. The absolute concentration of
solid material was important, but the findings also implied that the nature of the solids, in
terms of size, may also be a determinant of the fermentation dynamic. A major role that
solids performed was to alleviate over-saturation of C02 evolved by yeast during
metabolism, but it was likely that this was not the only factor important during
fermentation. Diatomaceous earth (DE) was shown to be an effective CO2 nucleator,
probably as a result of the porous nature of the material. Wort solid, itself being relatively
porous, was equally effective at nucleating C02, whereas bentonite was not. Bentonite
had a smooth surface in comparison to DE and wort solids, as well as a narrow range of
particle sizes.
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Figure 3.23. Environmental Scanning Electron Micrograph of Diatomaceous Earth (DE).

Figure 3.24. Environmental Scanning Electron Micrograph of Wort Solids.
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Figure 3.25. Environmental Scanning Electron Micrograph of Bentonite (clay earth).
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Chapter 4. Investigations into the Effect of Nutrient Addition on the Fermentation
of Clarified All-Malt Scotch Whisky Wort in the Absence of C02 Oversaturation

From the previous results, it was clear that there was an important role for the
concentration of C02, liberated into the wort medium by yeast during fermentation, in the
dynamics of fermentation of clear wort in comparison to cloudy wort. However, it was
also discovered that addition of a CO2 nucleator, such as diatomaceous earth (DE), could
abrogate CO2 oversaturation and leave a concentration of CO2 in clear wort similar to the
concentration found in cloudy wort. Since DE would have no other role in clear wort than
nucleation, the role of nutritional material associated with wort solids could be assessed.
Therefore, the next section of research was carried out to determine the effect of addition
of nutritional material to clear wort, in the presence of DE to relieve CO2 oversaturation.

4.1. Study a/the Fermentation Characteristics a/Cloudy Wort, Clear Wort with DE
Addition and Clear Wort

In order to assess the amount and rate of sugar consumption by yeast during fermentation
of 1 L of wort, two methods were used initially. A direct method was used, where
specific sugar consumption (glucose and maltose) by yeast was analysed. In addition, a
simpler, indirect method was used, which involved measuring the decrease in total weight
of fermentations due to total sugar consumption by yeast (see Methods for explanation).
Figures 4.1 and 4.2 show the decrease in concentration of the sugars glucose and maltose
during fermentation of cloudy wort, clear wort with 0.2 g/L DE and clear wort. There
appeared to be no consumption of glucose by yeast during the initial 2 hours fermentation
in any wort sample (Figure 4.1). This was expected, since it is known that glycogen
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Figure 4.1. Concentration of glucose (gIL) during fermentation of cloudy wort, clear wort
with 0.2 gIL DE and clear wort. Results shown are the average of duplicate
fermentations. The standard error is also shown.
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with 0.2 g/L DE and clear wort. Results shown are the average of duplicate
fermentations. The standard error is also shown.

81

reserves are used for metabolic energy by yeast during the initial fermentation stage
(Quain, et al, 1981). However, after this time there was a rapid decrease in the measured
concentration of glucose in all three samples, with no discernible difference between
them. After 8 hours fermentation, there was only a slight decrease in the glucose
concentration of each wort sample and, indeed, no further consumption of glucose was
observed. A slightly different situation was seen with maltose consumption (Figure 4.2).
Between 0 and 6 hours fermentation, the concentration of maltose remained constant in
each wort sample. Thereafter, a more rapid consumption of maltose began in each wort
sample. After 8 hours fermentation, the measured concentration of maltose was less in
cloudy wort than clear wort with added DE. Clear wort contained the highest amount of
maltose. This trend continued 23 hours into the fermentation, where the concentration of
maltose was lowest in cloudy wort, followed by clear wort with DE and clear wort
(Figure 4.2).
Another method of determining the rate of sugar consumption during fermentation of
cloudy wort, clear wort with DE and clear wort is to measure the decrease in total weight
of each fermentation. The average rate of weight decrease, during fermentation, of cloudy
wort, clear wort with 0.2 g/L DE and clear wort is shown in Figure 4.3. During the first 2
hour fermentation period, the rate of weight decrease was slow, but similar, for each wort
sample (0.18 - 0.33 g/h). The rate of weight decrease was much faster between 2 to 4
hours fermentation in each sample, but the rate was slower in clear wort (1.7 g/h) than
clear wort with 0.2 gil DE (2.88 gIh) and cloudy wort (2.73 g/h). During the 4 to 6 hours
fermentation period, the rate of weight decrease was faster with each wort sample, but
slightly faster with clear wort containing DE (5.38 g/h) than cloudy wort (4.9 gIh) and
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both were faster than clear wort (4.3 gIh). However, between 6 to 8 hours fermentation,
the rate of weight decrease with cloudy wort was faster (6.58 gIh) than from clear wort
with 0.2 g/L DE (6.38 gIh) and the rate of weight decrease was still slower in clear wort
(5.73 gIh). After this time period, the rate of weight decrease of all three fermentation
began to slow. The rate of weight decrease of cloudy wort and clear wort were similar
(4.98 and 5 gIh respectively) and both were faster than that of clear wort with 0.2 g/L DE
(4.5 gIh). During the 10 to 22 hour fermentation period, the average rate of weight
decrease from each sample was similar (2.35 - 2.4 gIh).
The rate at which free-amino nitrogen (FAN) was consumed by yeast during the initial
stages of fermentation was measured (Figure 4.4). As would be expected, the rate of FAN
consumption between 0 and 2 hours was slow in each set of wort samples. Thereafter, the
FAN consumption rate increased until 6 hours fermentation. Between 0 and 6 hours,
yeast in both cloudy wort and clear wort with 0.2 g/L DE used FAN at the same rate,
whereas yeast fermenting clear wort utilised FAN at a reduced rate. After 6 hours
fermentation, FAN was consumed at an increased rate from cloudy wort (34.01 mglh)
compared to clear wort with 0.2 gIL DE (27.52 mglh). The rate of FAN consumption was
slowest from clear wort during this time period (20.58 mglh). There was a further
reduction in the rate of FAN consumption from each wort sample, but the rate was still
faster from cloudy wort (13.58 mg/h) than from clear wort with DE (10.73 mglh) and
clear wort alone (11.9 mg/h). With the knowledge that the concentration of C02 in
fermenting cloudy wort was comparable to that of clear wort with DE, it was now
assumed that there must be other factors important in determining the fermentation
dynamics.
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4.2. Concentration of Fatty Acids in Cloudy and Clear Wort
The effect of fatty acids, as nutritional factors, on the rate of FAN uptake by yeast was
investigated. The concentration of a range of fatty acids was measured in cloudy and
clear distiller's wort and the results are shown in Figure 4.5. There were only low
concentrations of short to medium-chain fatty acids (C8:0 - CI4:0) in the cloudy wort
sample, whereas there was a much higher concentration of hexadecanoic acid (CI6:0)
and other longer chain fatty acids (CI8:0 - CI8:3). Octadecadienoic acid (CI8:2) was the
most abundant unsaturated fatty acid. Upon wort clarification, there was a general
reduction in the concentration of long-chain fatty acids.

4.3. Effect of Hexadecanoic Acid (C 16: 0) Addition to Clear Wort with DE
Yeast cells present in suspension during fermentation of cloudy wort, clear wort with
5.43 mg/L CI6:0 and 0.2 g/L DE added and clear wort were counted using an Improved
Neubauer counting chamber. The number of yeast cells held in suspension during the
initial stages of fermentation are shown in Figure 4.6. There was a considerable increase
in the cell numbers in suspension in cloudy wort and clear wort with C16:0 and DE added
over the initial 10 hours fermentation. There were comparatively less yeast cells present
in clear wort over the same period. However, the amount of yeast in suspension was
similar between cloudy wort and clear wort with DE and C16:0 added.
Figure 4.7 shows the average rate of decrease in total weight of cloudy wort, clear wort

with C 16:0 and DE and clear wort, during fermentation. The rate at which weight
decreased in each fermentation was slow between 0 and 2 hours, but increased slightly
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during the 2 to 4 hours fermentation period. However, the weight of clear wort
fermentations decreased at a slower rate than cloudy wort and clear wort with C 16:0 and
DE. The rate of weight decrease was faster in all fermentations after 4 hours, but was still
slowest in clear wort. The increase in fermentation rate was seen to continue until 8 to 10
hours fermentation, whereupon the rate of weight decrease was slightly greater in cloudy
wort (4.35 gIh) than in clear wort with C16:0 and DE (4.08 gIh). However, this was still
considerably faster than with clear wort (2.08 gIh). During the 10 to 22 hour fermentation
period the average rate of weight decrease was similar with each fermentation.
The effect of adding C16:0 (5.43 mgIL) to clear wort, on the rate of FAN use by yeast, is
shown in Figure 4.8. Over the initial 6 hours of fermentation, FAN was consumed at a
similar rate from cloudy wort and clear wort with 5.43 mg/L CI6:0, whereas yeast
fermenting clear wort used FAN at a reduced rate. After 6 hours fermentation, yeast
present in cloudy wort used FAN at a greater rate than from clear wort with C16:0 added.
After 56 hours, the concentration of certain volatiles in the fermented wort was measured
using headspace gas-chromatography. The results in Figure 4.9 show that cloudy wort
contained the highest concentrations of ethyl acetate (133.6 mg/L), propanol (55.2 mglL),
butanol (68.2 mgIL) and iso-amyl acetate (8.52 mg/L). Clear wort, to which 0.2 gIL DE
and 5.43 mg/L C16:0 had been added, also contained higher concentrations of these
volatiles (100 mg/L, 47 mg/L, 56.5 mg/L and 6.97 mg/L respectively) compared to clear
wort (49.7 mg/L, 29.8 mg/L, 34.5 mglL and 3.76 mglL respectively). The concentration
of 2-methyl butanol was similar in all three fermented worts (17.5 - 21.9 mg/L).
However, 3-methyl butanol appeared to be in higher concentration in clear wort (40.6
mg/L) than cloudy wort (28.1 mg/L) or clear wort with added DE and C16:0 (36.8 mg/L).
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4.4. Effect of Octadecadienoic Acid (C18:2) Addition to Clear Wort with DE

The yeast cell numbers in suspension during fermentation of cloudy wort, clear wort with
2.25 mglL C 18:2 and DE, over the initial 10 hours, are shown in Figure 4.10. After 4
hours of fermentation, the number of yeast cells present was similar between wort
samples (3 - 3.25 x 10' cells/ml). The yeast cell number began to increase over the next
two hours in each sample. However, after 6 hours fermentation, there were more yeast
cells in suspension in cloudy wort (5.08 x 10' cells/ml) and clear wort with C 18:2 and DE
(5.48 x 10' ceUs/ml) than clear wort (4.18 x 107 cells/ml). Over the proceeding two hours,
the yeast cell number in suspension increased significantly in cloudy wort and clear wort
with C18:2 and DE (8.18 - 8.35 x 10' cells/ml) compared to clear wort (4.75 x 107
cells/ml). The increase in cell number, which was observed in all 3 wort samples,
continued until 10 hours fermentation, although more slowly in clear wort than cloudy
wort or clear wort with C 18:2 and DE. After 10 hours fermentation, the yeast cells in
suspension were similar for both cloudy wort and clear wort with C18:2 and DE (1.091.13 x 107 cells/ml), but was significantly lower in clear wort (6 x 107 cells/ml).
Throughout the fermentation of each wort type, the total weight of each sample was
determined (Figure 4.11). Between 0 and 2 hours, there was minimal rate of weight
decrease from any sample (0.05 - 0.13 g/h). During the next two hours, there was an
increase in the rate of weight decrease of cloudy wort and clear wort with C 18:2 and DE
(0.55 and 0.45 gIh respectively), whereas there was little change in the rate from clear
wort (0.13 gIh). Between 4 and 6 hours fermentation, the rate of weight decrease was
greater in cloudy wort and clear wort with C 18:2 and DE added (1.6 - 1.63 gIh) than
clear wort (0.58 gIh) and this was also seen during the 6 to 8 hour fermentation period.
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However, during 8 to 10 hours fermentation, the rate of weight decrease was lower in
clear wort with C18:2 and DE (4.13 gIh) than cloudy wort (4.38 g/h), although both were
still higher than clear wort (2.7 g/h). The average rate of weight decrease over the next 11
hours was higher from cloudy wort (2.41 g/h) than from clear wort with C 18:2 and DE
(2.25 g/h), but was higher from clear wort (2.75 g/h).
The rate of FAN consumption, by yeast, from cloudy wort, clear wort with C18:2 and DE
and clear wort during fermentation is shown in Figure 4.12. Between 0 and 2 hours
fermentation, the rate of consumption was higher from clear wort with CI8:2/DE and
clear wort (9.91 - 10.41 mg/h) than from cloudy wort (2.6 mg/h). However, between 2
and 4 hours, the rate of FAN consumption from cloudy wort and clear wort was similar
(7.46 -7.61

mg/h), whereas the rate from clear wort with C18:2 and DE decreased (3.58

mg/h). Over the next 2 hours, the average rate of FAN consumption from cloudy wort
(18.54 mg/h) and clear wort with C18:2 and DE (22.47 mg/h) increased much faster than
from clear wort (8.07 mg/h). The rate of FAN consumption continued to increase over
the next 2 hours from each wort sample, but the rate from cloudy wort during 6 to 8 hours
fermentation (29.26 mg/h) was greater than from clear wort with CI8:2 and DE (25.59
mg/h) and clear wort (11. 7 mg/h). Between 8 and IO hours fermentation, the rate of FAN
consumption did not change from cloudy wort and clear wort with C 18:2 and DE added,
but increased from clear wort. However, the rate of consumption was still greater from
cloudy wort (29.57 mg/h) than clear wort with C18:2 and DE (23.85 mg/h) or clear wort
(15.63 mg/h). The average rate of FAN consumption over the proceeding 11 hours was
similar between wort samples (4.74 - 5.41 mg/h).
The concentration of some volatiles after 46 hours fermentation of cloudy wort, clear
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wort with C18:2 and DE and clear wort alone is shown in Figure 4.13. Cloudy wort
appeared to have a higher concentration of ethyl acetate (77.65 mgIL), propanol (49.88
mg/L), butanol (61.83 mg/L) and iso-amyl acetate(5.41 mg/h) than clear wort with C18:2
and DE (65.77 mg/L, 42.21 mg/L, 50.71 mg/L and 4.2 mg/L respectively) or clear wort
(48.16 mg/L, 33.38 mg/L, 33.34 mg/L and 3.19 mg/L respectively). On this occasion, 2methyl butanol was found in higher concentration in cloudy wort (39.14 mgIL) and clear
wort with C18:2 and DE (29.89 mg/L) than clear wort (22.33 mgIL). The concentration
of3-methyl

butanol was similar between wort fermentations (55.18 - 56.81 mg/L).

4.5. Effect of Octadecatrienoic Acid (C18:3) Addition to Clear Wort with DE
Octadecatrienoic acid (CI8:3) was added to clear wort (0.91 mg/L) with DE in slight
excess of the difference found between clear and cloudy wort (Figure 4.5). The
fermentation was carried out in comparison to cloudy wort and clear wort.
The number of yeast cells in suspension was assessed between 0 and 22 hours
fermentation (Figure 4.14). The number of yeast cells in suspension was similar after 2
hours fermentation with each sample (2.73 - 3.22 x 107 cells/ml). Over the next two
hours, the number of yeast cells increased slightly in all fermentations and was still
similar between fermentations (3.75 - 4.31 x 107 cells/ml). After this point, cell numbers
started to increase more quickly in cloudy wort and clear wort with CI8:3 and DE than
clear wort. Clear wort contained less cells in suspension after 6 hours fermentation (5 x
107 cells/ml) in comparison to cloudy wort (6.38 x 107 cells/ml) and clear wort with DE
and C18:3 (5.65 x 107 cells/ml). However, after 8 hours fermentation, there were clear
differences, in terms of yeast cells in suspension. Whereas there was another large
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increase in the number of yeast in suspension in cloudy wort (1.01 x 108 cells/ml) and
clear wort with C18:3 and DE (8.73 x 107 cells/ml), the increase was modest in clear wort
(6.45 x 107 cells/ml). Following another increase in cells numbers over the proceeding
two hours, the number of yeast cells in suspension after 10 hours fermentation was
similar in cloudy wort and clear wort with C 18:3 and DE (1.32 x 108 cells/ml), This was
much greater than the number of yeast in suspension in clear wort after 10 hours (7.38 x
107 cells/ml). After 22 hours fermentation, yeast cell number was similar in cloudy wort
and clear wort with CI8:3 and DE added (1.42 - 1.48 x 108 cells Iml), which was still
greater than clear wort (7.85 x 107 cells/ml).
Figure 4.15 shows the rate of weight decrease of fermentations over a 22-hour period.
During the first 2 hours fermentation, there was a very slow rate of weight decrease from
each fermentation (0.08 - 0.1 gIh). The rate of weight decrease became faster between 2
and 4 hours fermentation from each wort, but not as quickly from clear wort (0.35 gIh)
than from cloudy wort (0.85 gIh) or clear wort with CI8:3 and DE (0.73 gIh). This trend
continued between 4 and 6 hours fermentation, where the rate of weight decrease became
faster from cloudy wort and clear wort with C18:3 and DE (2 - 2.05 gIh), but did not
increase as fast from clear wort (1.03 gIh). The rate of weight decrease was, again, faster
from cloudy and clear wort with CI8:3 and DE during 6 to 8 hours fermentation (3.833.9 g/h) and was much quicker than from clear wort (1.93 gIh). Between 8 and 10 hours
fermentation, the rate of weight decrease was faster from cloudy wort and clear wort with
C18:3 and DE (4.18 - 4.2 gIh) than clear wort (3.05 gIh), but did not increase as much
during this time period as with clear wort. Over the next 12 hours, the average rate of
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weight decrease was greater with clear wort (2.16 g/h) than from cloudy wort and clear
wort with C18:3 and DE (1.78 g/h).
The rate of FAN uptake was measured during the early fermentation stages and the
results are shown in Figure 4.16. Over the course of the fermentation it was clear that
FAN was consumed from clear wort at a rate slower than from both cloudy wort and
clear wort with DE added. Between 0 and 2 hours fermentation the rate of FAN
consumption was similar from cloudy wort and clear wort with C 18:3 and DE added
(2.53 - 4.04 mg/h), but appeared to be faster from clear wort (12.94 mg/h). However,
during the next two hours fermentation, the rate of FAN consumption increased from
cloudy wort and clear wort with C18:3 and DE (16.98 - 17.03 mg/h), but appeared to
decrease from clear wort (6.04 mg/h), The rate of FAN consumption from clear wort
increased during 4 to 6 hours fermentation (22.53 mg/h), but was slower than from
cloudy wort and clear wort with C18:3 and DE (27.17 - 27.92 mg/h). Between 6 and 8
hours fermentation, it was clear that there was also a difference in the rate of FAN
consumption from cloudy wort and clear wort with C18:3 and DE, in that FAN was
consumed more quickly from cloudy wort (38.42 mg/h) than clear wort with C18:3 and
DE (34.41 mg/h). However, during 8 to 10 hours fermentation the rate of FAN
consumption from both worts was similar (27.1 - 27.49 mg/h) and still faster than from
clear wort (9.92 mg/h), The rate of FAN consumption was similar for each wort sample,
on average, during the next 12 hours fermentation (4.17 - 4.57 mg/h).
The concentration of volatiles present in each wort sample was measured after 46 hours
fermentation (Figure 4.17). Clear wort contained the least concentration of ethyl acetate
(52.26 mg/L), propanol (36.65 mg/L), butanol (39.72 mg/L), iso-amyl acetate
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(4.13 mglL) and 2-methyl butanol (15.09 mg/L). Interestingly, the concentrations of
propanol.butanol and iso-amyl acetate were similar in cloudy wort (49.23 mg/L, 59.45

mg/L and 5.95 mg/L respectively) and clear wort with C18:3 and DE (46.44 mglL, 59.45
rng/L and 5.84 mg/L respectively). Further, the concentration of ethyl acetate was slightly
higher in clear wort with DE and C18:3 added (79.46 mglL) than cloudy wort (73.59
mg/L). Although 3-methyl butanol was found in a lower concentration in clear wort with
C18:3 and DE (44.87 mg/L), it was similar in both cloudy wort and clear wort (48.3350.59 mg/L),

4.6. Effect a/Octadecenoic

Acid (C18:1) Addition to Clear Wort with DE

Octadecenoic acid (C 18: 1) is another unsaturated fatty acid found in wort (Klopper et al
1975). It was added to clear wort (0.89 mgIL) in slight excess of the difference found
between clear and cloudy wort (Figure 4.5) and subsequently fermented.
Yeast cell number in suspension between 0 and 22 hours fermentation is shown in Figure
4.18. After 4 hours fermentation, there were a larger number of yeast cells in suspension
in clear wort with C18: I and DE added (4.38 x 107 cells/ml) than cloudy or clear wort
(3.63 - 3.66 x 107 cells/ml). Between 4 and 10 hours fermentation there was an increase
in yeast cell numbers in cloudy wort and clear wort with DE and CI8:I compared to clear
wort. However, after 8 hours fermentation, there was a much greater concentration of
yeast in suspension in clear wort with C18:1 and DE (1.06 x 108 cells/ml) than cloudy
wort (7.43 x 107 cells/ml). Clear wort had fewer cells in suspension at this point in the
ferementation (6.3 x 107 cells/ml). There was a further increase in the number of yeast
cells in suspension in cloudy wort (1.19 x 108 cells/ml) and clear wort with C18:1 and DE
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(1.27 x 108 cells/ml) by 10 hours fermentation, but not as large an increase in clear wort
8

.

(7.55 x 10 cells/ml). After 22 hours fermentation, there was a larger number of yeast
cells in suspension in clear wort with CI8:I and DE (1.32 x 108 cells/ml) than cloudy
wort (1.18

X

108 cells/ml) and both contained more than clear wort (9.3 x 107 cells/ml).

The rate of weight decrease from each fermentation is shown in Figure 4.19. The rate of
weight decrease was slightly slower from clear wort (0.18 gIh) than cloudy wort and clear
wort with C 18: 1 and DE (0.41 - 0.46 gIh) between 0 and 4 hours. Thereafter, the rate of
weight decrease became greater from cloudy wort and clear wort with C18: 1 and DE than
from clear wort. However, it was also observed that the rate of weight decrease became
greater in clear wort with C 18: 1 and DE than from cloudy wort between 4 and 8 hours
fermentation. During 8 to 10 hours fermentation, the rate of weight decrease was similar
in cloudy wort and clear wort with CI8:1 and DE (4.35 - 4.38 gIh), but the rate from
clear wort was still slower (3 g/h). After 10 hours fermentation (between 10 and 12
hours), the rate of weight decrease began to slow down from cloudy wort and clear wort
with CI8:I and DE (3.23 - 3.28 g/h) but remained almost constant from clear wort (3.1
g/h). Over the next 10 hours fermentation, the average rate of weight decrease from clear
wort (2.29 g/h) was higher than from cloudy wort or clear wort with C 18:1 and DE (1.86
- 1.93 g/h).
The effect ofCI8:1 addition on the rate of FAN use during fermentation is shown in
Figure 4.20. Yeast fermenting both cloudy wort and clear wort with C18:1 consumed
FAN at a greater rate over the initial 12 hours fermentation compared to clear wort.
However, it was evident that CI8:I addition to clear wort with DE resulted in an increase
in the rate of FAN use between 0 and 8 hours fermentation compared to cloudy wort.
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Between 6 and 8 hours fermentation, the rate of FAN consumption from clear wort with
C18:1 and DE (34.48 mglh) was faster than from cloudy wort (27.1 mglh) and both were
faster than from clear wort (16.76 mglh). Thereafter, during 8 to 10 hours fermentation,
yeast fermenting cloudy wort used FAN at a greater rate (32.88 mg/h) than from clear
wort with C18:l addition (26.44 mg/h) and clear wort (15.53 mg/h). Over the next two
hours, the situation was similar, except there was much less FAN consumed from each
wort sample. The rate of FAN consumption was slightly higher from clear wort (4 mg/h)
than from cloudy wort or clear wort with C18:1 and DE (1.18 -1.33 mg/h) between 12
and 22 hours fermentation.
Measurement of the concentration of volatiles in each sample after 48 hours fermentation
was carried out. Figure 4.21 shows the concentration of ethyl acetate, propanol, butanol,
iso-amyl acetate, 2-methyl- and 3-methyl butanol. The concentration of iso-butanol, isoamyl acetate, 2- and 3-methyl butanol appeared to be lowest in clear wort (48.4 mg/L,
3.95 mg/L, 35.29 mg/L and 59.54 mg/L respectively). The concentration of these
volatiles, however, was higher in clear wort with DE, supplemented with CI8:I (83.17
mg/L, 6.32 mg!L, 52.99 mg!L and 74.27 mgIL respectively) than in cloudy wort (76.52
mg/L, 5.35 mg/L, 50.1 mg/L and 69.47 mg/L respectively). However, the concentration
of ethyl acetate and propanol appeared to be similar (44.02 - 46.49 mg/L and 33.1 - 33.29
mgIL respectively) in cloudy and clear wort, but slightly increased in clear wort with
C18:1 and DE (57.13 mg/L and 36.89 mg/L respectively).
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4.7. Effect of Hexadecenoic Acid (C16:1) Addition to Clear Wort with DE
Hexadecenoic acid (C 16: 1) is an unsaturated fatty acid which is usually found in wort in
small concentrations, typically between 0.2 and 0.6 mglL in beer wort (depending on the
wort clarity) (Narziss 1986, Lentini et aI1994). It was decided to see whether C 16: 1
could have a beneficial effect on fermentation of clear wort with 0.2 g/L DE.
The number of yeast cells in suspension was measured between 0 and 22 hours
fermentation (Figure 4.22). The result obtained was similar to that seen upon addition of
C 18: 1 to clear wort with DE. After 4 hours fermentation there were more cells in
suspension in clear wort with C16:1 and DE (3.64 x 107 cells/ml) than cloudy wort (2.75
x 107 cells/ml) and clear wort (3.01 x 107 cells/ml). The number of yeast cells in
suspension over the next 6 hours showed a greater increase in clear wort with C 16: 1 and
DE than in cloudy wort. Clear wort showed the smallest increase in yeast cell numbers
during this time. By 10 hours fermentation there were 1.03 x 108 cells/ml counted in
suspension in clear wort with C16:1 and DE compared to 8.23 x 107 cells/ml in cloudy
wort and 6.48 x 107cells/ml in clear. By 22 hours fermentation the yeast cell numbers in
suspension in cloudy wort and clear wort with C 16: 1 and DE were similar (1.19 - 1.26 x
108 cells/ml), whereas the yeast cells in suspension in clear wort were much less (9.15 x
107 cells/ml).
The rate of the average weight decrease of cloudy wort, clear wort with C16:1 and DE
and clear wort fermentations is shown in Figure 4.23. During the first 4 hours of
fermentation, the rate of weight decrease was slow from each fermentation (0.19 - 0.4
g/h). After this time, the rate increased more quickly over the next 6 hours from cloudy
wort and clear wort with C16:1 and DE than clear wort. However, the rate of weight
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decrease was also greater from clear wort with C 16: 1 and DE than from cloudy wort.
Between 8 and 10 hours fermentation, the rate of weight decrease from clear wort with
C16:1 and DE was 3.93 g/h, which was greater than from cloudy wort (3.65 g/h) and
clear wort (2.75 gIh). After this time (10 to 12 hours fermentation), the rate of weight
decrease began to slow down in cloudy wort and clear wort with C 16: 1 and DE (3.35 3.45 gIh), but continued to increase from clear wort (3.23 gIh). Over the proceeding 10
hours, the rate of weight decrease was faster in clear wort (2.24 g/h) than cloudy wort or
clear wort with C16:1 and DE (1.81 - 1.88 gIh).
Figure 4.24 shows the rate of FAN consumption, by yeast, during fermentation of cloudy
wort, clear wort with C16:1 (l mg/L) and DE added and clear wort. The rate of FAN
consumption from each wort sample, during 0 to 4 hours fermentation, was slow (7.45 9 mglh). However, during 4 to 6 hours fermentation, the rate of FAN consumption was
much greater from clear wort with C16:1 and DE (25.12 mglh) than from cloudy wort
(19.03 mg/h) or clear wort (14.41 mg/h). The increase in the rate of FAN consumption
from cloudy wort and clear wort with C16:1 and DE continued, but FAN was consumed
at a greater rate from clear wort with C16:1 and DE than from cloudy wort over the next
4 hours. In contrast, the rate of FAN consumption remained constant from clear wort over
this time. Between 8 and 10 hours fermentation, the rate of FAN consumption from clear
wort with C 16: 1 and DE was 28.09 mg/h, compared to 25.19 mglh from cloudy wort and
15.44 mglh from clear wort. Over the next 2 hours, the rate of FAN consumption
decreased in all 3 wort samples, but FAN use from cloudy wort and clear wort with
C16:1 and DE (14.68 - 15.62 mg/h) was greater than from clear wort (9.46 mg/h).
However, the average rate ofF AN consumption was greater from clear wort (4.04 mglh)

105

5

O+--------.--------~------_.--------._------~--------~
.. ·eh

e·8h

8 ·10h

10 ·12h

12 ·22h

Fermentation Period
...... Cloudy wort

..... CI•• r wort + 0.2; DE + 1 mg/l.. C16:1

~CI.arwort

Figure 4.23. The rate of weight decrease from fermentations of cloudy wort, clear wort
with 0.2 gIL DE and 1 rng/L C16:1, and clear wort. Results shown are the average of
duplicate experiments. The standard error is also shown.

30

-_ - _-...........

..

--..........

..

-

-.-

.

25

O+-------~r-------~---------r--------._--------._------~
O·4h
..... Cloudy wort

e ·8h
8 ·10h
Fermentation Period
..... CI.arwort+

0.2; DE + 1 mg/l.. C16:1

10 ·12h

12·22h
~CI.arwort

Figure 4.24. The rate of FAN consumption by yeast during fermentation of cloudy wort,
clear wort with 0.2 gIL DE and 1 mg/L CI6:1, and clear wort. Results shown are the
average of duplicate experiments. The standard error is also shown.

106

than from cloudy wort (3.18 mglh) or clear wort with C16: I and DE (2 mglh) between 12
and 22 hours fermentation.
The concentration of volatiles measured after 48 hours fermentation are shown in Figure
4.25. The concentrations of ethyl acetate, propanol, butanol, iso-amyl acetate, 2- and 3methyl butanol were lowest in fermented clear wort (44.98 mg/L, 30.92 mg/L, 43.95
mg/L, 4.46 mgIL, 33.24 mg/L and 63.24 mg/L respectively). These volatiles appeared to
be found in similar concentrations in cloudy wort (51.05 mg/L, 34.1 mg/L, 66.96 mg/L,
5.79 mg/L, 42.59 mg/L and 70.27 mg/L respectively) and clear wort with DE,
supplemented with C16:1 (56.36 mgIL, 33.13 mg/L, 67.19 mg/L, 6.56 mg/L, 41.66 mg/L
and 66.44 mgIL respectively). However, ethyl acetate and iso-amyl acetate were found in
slightly higher concentrations in clear wort with DE and C 16: 1 added than cloudy wort.

4.8. Effect of Zinc Addition to Clear Wort with DE
The concentration of zinc in distiller's wort routinely used in these experiments, as
measured by atomic absorption spectrometry, was 0.22 mgIL. Clear wort with 0.2 giL DE
was supplemented with 0.44 mg/L and 0.66 mg/L zinc (as zinc chloride) and fermented
in comparison to cloudy wort and clear wort with 0.2 g/L DE.
The number of yeast cells in suspension during fermentation was assessed and the results
are shown in Figure 4.26. After 4 hours fermentation, the number of yeast cells in
suspension was similar between wort samples (4.01 - 4.16 x 107 cells/ml). There was a
dramatic increase in the number of yeast cells in suspension, in all fermentations, over the
initial 10 hours. However, there were more yeast cells found in cloudy wort (1.28 x 108
cells/ml) than clear wort with zinc added (both 1.01 x 108 cells/ml) or clear wort with DE
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alone (8.8 x 107 cells/ml) at this time. After 23 hours fermentation, the greatest number of
yeast cells in suspension was in cloudy wort (1.25 x 108 celIs/ml), whereas clear wort
with zinc added and clear wort with DE had less cell numbers in suspension (0.96 - 1.06
x

108 cells/ml).

The average rate of weight decrease of cloudy wort, clear wort with DE and 0.44 mg/L or
0.66 rng/L zinc and clear wort with DE during fermentation is shown in Figure 4.27.
During the initial 4 hours fermentation, the rate of weight decrease was slightly faster
from cloudy wort (0.3 g/h) than the other 3 samples (0.38 - 0.39 g/h). There was an
increase in the rate of weight decrease from each wort sample over the next 4 hours.
However, the rate of weight decrease was still faster from cloudy wort (3.85 g/h) than
from clear wort with DE and 0.44 g/L or 0.66 g/L zinc (3.6 - 3.68 g/h) or clear wort with
DE (3.48 g/h). Over the next 2 hours, the rate of weight decrease slowed in cloudy wort
(2.93 g/h) and was less than from clear wort with DE (3.35 g/h) and clear wort and DE
supplemented with zinc (3.63 - 3.68 gIh). Between 10 and 12 hours fermentation, the rate
of weight decrease further slowed with each wort, but was higher in clear worts
supplemented with zinc (both 2.9 gIh) than cloudy wort and clear wort with DE alone
(2.68 - 2.73 gIh). Over the next 11 hours, the rate of weight decrease was slightly higher
from clear wort supplemented with zinc (2.04 - 2.05 gIh) than from cloudy wort (1.8 g/h)
or clear wort with DE (1.9 gIh).
Figure 4.28 shows the rate of FAN consumption from each wort sample during 23 hours
fermentation. Over the initial 4 hours fermentation, almost the same amount of FAN was
used by yeast in all wort preparations tested (12.46 - 14.9 mg/h). After an increase in the
rate of FAN consumption from all wort samples, between 4 and 6 hours, the greatest rate

109

5

O+--------.---------r--------.-------~r_------_.--------~
4·Dh

0·4h

8 ·10h
Fermentation Period

6 ·8h

..... Cloudy wort

-+- Cle., wort

10 ·12h

12·23h

........ Clear wort + 0.2" DE + 0.66 mgIL zinc
~
Clear wort + 0.2" DE

+ 0.2" DE + 0.44 mgJI.. zinc

Figure 4.27. The rate of weight decrease during fermentation of cloudy wort, clear wort
with 0.2 giL DE and 0.44 or 0.66 mg/L zinc, and clear wort. Results are the average of
duplicate fermentations. The standard error is also shown.
40

----------~-~

-----

~--.--.-

~-.--- .-

35
30

i

.e. 25
~

i

20

101.

'15 15

!

10

O·4h

4 ·eh

s-sn

8 ·10h
fermentation Period

..... Cloudy wort

10 ·12h

12 ·23h

........ Clear wort + 0.2" DE + 0.66 mgJI.. zinc
~ Cle., wort + 0.2" DE

-+- Clear wort + 0.2" DE + 0.44 mgJI.. zinc

Figure 4.28. The rate of FAN consumption during fermentation of cloudy wort, clear
wort with 0.2 gIL DE and 0.44 or 0.66 mg/L zinc, and clear wort with 0.2 gIL DE only.
Results are the average of duplicate fermentations. The standard error is also shown.
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of FAN used by yeast was from cloudy wort (33.11 mglh). At this time, more FAN was
used from clear wort with DE, which had zinc added (24.09 - 25.51 mglh), than from
clear wort with DE alone (19.79 mglh). Between 6 and 8 hours fermentation, the rate of
FAN consumption remained relatively constant between wort samples. However, over
the next 2 hours fermentation, there was a rapid decrease in FAN uptake from cloudy
wort (7.15 mglh) compared to clear wort with supplemented zinc or clear wort with DE
alone (14.27 - 16.26 mg/h). After a further decrease in the rate of FAN use over the next
2 hours, the average rate of FAN use from each wort was similar between 12 and 23
hours fermentation (0.14 - 0.7 mg/h),
Analysis of volatiles after 50 hours fermentation of cloudy wort, clear wort with DE and
0.44 g/L or 0.66 giL zinc added and clear wort with DE was carried out (Figure 4.29).
The concentration of propanol was similar in all fermented worts (33.17 - 34.03 mg/L),
but there was a decreased concentration of butanol, 2 methyl butanol and 3-methyl
butanol in clear wort with DE (49.09 mg/L, 33.94 mg/L and 97.54 mg/L respectively).
Cloudy wort had the highest concentration of these alcohols (73.42 mg/L, 48.08 mg/L
and 113.03 mg/L respectively). When zinc was added to clear wort with DE alone, the
resulting fermented worts contained higher concentrations of volatiles than clear wort
with DE. Ethyl acetate appeared to be in higher concentration in the zinc-supplemented
worts (47.11 - 48.03 mgIL) than in cloudy wort (38.06 mg!L), but only marginally more
than in clear wort with DE (45.77 mg/L). Indeed, iso-amyl acetate was found in slightly
higher concentration in clear wort with zinc added (4.99 - 5.07 mg/L) than cloudy wort
(3.52 mg/L) or clear wort with DE (4.04 mg!L).
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In summary, the results in this section provided evidence that factors other than CO2 are
important in determining the fermentation dynamics of distiller's wort. In the absence of
elevated C02 concentrations, clear wort with 0.2 gIL DE showed differences in the rate of
sugar and FAN consumption by yeast compared to cloudy wort. Cloudy wort contained
higher concentrations of fatty acids than clear wort. Upon addition of individual fatty
acids to clear wort with added DE, to complement this deficiency, it was observed that
addition ofCI6:0,

C18:2 and C18:3 had little or no stimulatory effect on fermentation,

whereas addition of C 16: 1 and C 18: 1 did. Zinc, thought to be routinely deficient in wort,
was also added to clear wort with DE, but did not stimulate fermentation to simulate that
of cloudy wort.
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Chapter 5. Investigation into the Differences in Fermentation of Wort Samples from
Four Different Scotch Malt Whisky Distilleries

From the previous results, it was determined that cloudy worts contained a higher
concentration of fatty acids than clear wort. This provided indirect evidence of the
association of lipids with solid material in wort. Additionally, it was observed that some
nutritional compounds could have a large effect on the fermentation of clarified wort, in
the absence ofe02

over-saturation. For example, small concentrations ofhexadecenoic

and octadecenoic acid had a stimulatory effect on the fermentation of clear wort in
comparison to fermentation of cloudy wort, whereas addition of hexadecanoic,
octadecadienoic, octadecatrienoic acid and excess zinc had no apparent effect on clear
wort fermentation. With the knowledge that different nutritional compounds, associated
with wort solid material, could have an effect on fermentation, it was decided to see
whether commercial distillery worts, produced using different mashing systems, would
show differences in certain parameters during fermentation. It was also relevant to
determine whether qualitative and/or quantitative differences in the fatty acid profile of
each wort resulted from different mashing systems for wort production.
A series of three separate samples from four different Scotch malt-whisky distilleries
were collected. Each distillery employed a fundamentally different method for wort
production and full details of how wort samples were produced are given in Appendix A.
In short, worts from Distillery A were produced using a deep mashing bed with 76 "C
sparge water. In comparison, Distillery B worts were produced using a relatively shallow
mash bed and 90

-c sparge

water, resulting in less overall mashing time. Distillery e

utilised a deep bed mash system, but with 90 "C sparge water. Finally, Distillery D
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employed a more traditional mash-tun system for wort production, with 76°C sparge
water.

5.1. Concentration of Solid Material Present in Distillery Wort Samples
The concentration of insoluble solids present naturally in distillery worts was estimated.
The amount of solids (gIL) for each sample from all four distilleries is shown in Table
5.1. The table also shows an average value for each distillery. The results for the
concentration of solids present in Distillery A worts shows some variation between
samples (0.363 - 0.39 gIL), with an average of 0.376 g/L. There was similar variation in
the amount of solids present in worts from Distillery B (0.523 - 0.585 g/L), with an
average of 0.557 g/L, Some variation also existed between wort samples from Distillery
C (0.548 -0.613 gil), resulting in an average concentration of 0.572 g/L. Finally, the
results for Distillery D revealed a solid concentration varying between 0.193 and 0.216
g/L, with an average of 0.207 gIL. The results presented in Table 5.1 show that, although
there were intra-distillery differences in terms of wort solids concentrations, clear
differences were also evident in the amount of insoluble solids present between worts
from each of the distilleries tested. Quantitatively, worts from Distilleries Band Chad
the highest concentration of solid material present, followed by Distillery A and, finally,
Distillery D.

5.2. Comparison of FAN Concentration in Wort Samples from Different Distilleries
The initial concentration of FAN in the wort samples from each distillery is shown in
Table 5.2. There were differences in the average concentration of FAN between distillery
worts. Worts from Distillery A had, on average, the highest concentration of FAN,
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whereas worts from Distilleries B and C had the least. Distillery D worts contained more
FAN than worts from Distilleries Band C, but less than from Distillery A.

5.3. Concentration of Fatty Acids Present in Wort Samples from Different Distilleries
The concentration of hexadecanoic (CI6:0), hexadecenoic (CI6:1), octadecanoic
(C18:0), octadecenoic (CI8:1), octadecadienoic (C18:2) and octadecatrienoic (CI8:3)
acids was determined in each wort sample from the four distilleries. The method involved
using an on-line derivitisation technique with subsequent gas-chromatographic

analysis

of fatty-acid methyl-esters.
Figure 5.1 shows the concentration of fatty acids present in three wort samples from
Distillery A. It is clear that C 16:0 was the most abundant saturated fatty acid, whereas
C18:2 was the most abundant unsaturated fatty acid. The unsaturated fatty acid CI6:1
was found only in very small concentrations. There were some differences in the
concentrations of certain fatty acids between samples. Most notably, sample I contained
a significantly higher concentration ofC16:0 (13.51 mg/L) than samples 1 and 3 (11.93
and 11.44 mg/L respectively). Sample 1 also contained a marginally higher concentration
ofC18:1 (1.23 rng/L) than samples 2 or 3 (1.03 and 1 mg/L respectively). Additionally,
sample 3 appeared to contain slightly less C18:2 (3.34 mg/L) than samples 1 and 2 (4.38
and 4 mg/L respectively).
The concentrations of fatty acids in samples from Distillery B are shown in Figure 5.2.
Again, saturated fatty acid in the highest concentration was CI6:0. C18:2 was the most
abundant unsaturated fatty acid. However, C16: 1 was found in very small concentrations.
Quantitative differences, in terms of fatty acid concentration, between Distillery B
samples were observed. Sample 2 had measurably less C16:0 fatty acid (17.86 mg/L)
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Concentration of
Average solids
Solids (WL)
concentration ~_l
1
0.376
A
2
0.363
0.376
3
0.39
1
0.523
B
2
0.563
0.557
3
0.585
1
0.548
2
C
0.613
0.572
3
0.556
1
0.213
0.193
2
D
0.207
0.216
3
Table 5.1. Concentration of insoluble solid matenal present m wort samples from
Distilleries A, B, C and D. Individual samples were centrifuged at 2,500 x g for 30 min.
The pellet was then re-suspended and washed in distilled water, centrifuged at 10,000 x g
for 30 min and the pellet was dried before weighing.
Distillery

Sample No.

FAN concentration
Average FAN
_(m___g{!J_
_(m~
322.79
I
320.83
2
A
318.81
312.8
3
247.93
I
245.86
2
B
246.7
246.3
3
251.63
1
2
254.45
C
254.59
257.69
3
292.78
1
283.54
2
D
287.81
287.1
3
Table 5.2. Concentration of free-ammo nitrogen (FAN) present m wort samples from
Distilleries A, B, C and D. The average concentration of FAN for each distillery is also
shown.
Distillery
Desi2DatioD

Sample No.
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than sample 1 (20.29 mgIL) or sample 3 (21.27 mg/L). The situation was similar for
CI8:0, whereby sample 2 contained 3.92 mg/L, as opposed to sample 1 (4.66 rng/L) or
sample 3 (4.53 mg/L). Sample 2 also contained less C18:1 (1.26 mg/L) than samples 1
and 3 (1.48 and 1.79 mgIL respectively) and less C18:2 (11.33 mg/L) than samples 1 or 3
(13.31 and 13.85 mgIL respectively).

The concentration of fatty acids present in worts from Distillery C is shown in Figure 5.3.
Again, C 16:0 was the most abundant saturated fatty acid, C 18:2 the most abundant
unsaturated fatty acid. C 16:I was, again, only found in small concentrations. There was
significant variation in the concentration of fatty acids between samples from Distillery
C. There appeared to be a trend, whereby sample 2 contained the highest concentrations
of each fatty acid measured. Additionally, sample 3 contained a higher concentration of
all fatty acids (except C16:1 and CI8:0) than sample 1 (Table 5.3).

The results of measurement of fatty acids present in wort samples from Distillery D are
shown in Figure 5.4. The trend was the same with Distillery D samples as the other
distilleries, in that C16:0 was the most abundant saturated fatty acid and C18:2 was the
unsaturated fatty acid in the highest quantity. Also, C16:1 was found only in minimal
concentrations. However, another trend was evident between samples from Distillery D.
Sample 2 contained the highest concentrations ofCI6:0,

CI8:0, C18:1 and CI8:2,

compared to samples 1 and 3. Additionally, sample 1 contained a greater concentration
ofC16:0, C18:0, CI8:I, C18:2 and CI8:3 than sample 3 (Table 5.3).
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Figure 5.1. The concentration of different fatty acids found in wort samples from
Distillery A (Dist.A-l, 2 and 3). Results shown are the average of triplicate GC
injections.
25

20

~

.§. 16
c;

o

:::l

i
to

g

10

o

o

6

o
C16:0

C16:1

C19:0

C19:1

C19:2

C18:3

Fatty acid carbon-chain length
.OlltB-1

OlstB-2

oDlst.C-3

Figure 5.2. The concentration of different fatty acids found in wort samples from
Distillery B (Dist.Bvl , 2 and 3). Results shown are the average of triplicate GC injections.

118

30

25

2'

20

CI

.5.
e

0
'D

..'"

15

!:>

c

v

c:
0

o

10

5

0
C16:0

C16:1

C18:0

C18:1

C18:2

C18:3

Fatty acid carbon-chain length
DlstC-2

.DlslC-1

oDlstC.J

Figure 5.3. The concentration of different fatty acids found in wort samples from
Distillery C (Dist.C-I, 2 and 3). Results shown are the average of triplicate GC injections.

12

10

~

.5.
s::

8

o

!;
u

6

e
o

U

4

2

o
C16:0

C16:1

C18:1

C18:0

C18:2

C18:3

Fatty acid carbon-chain length
.Dlst.D-1

cDlst.D-2

oDlst.D.J

Figure 5.4. The concentration of different fatty acids found in wort samples from
Distillery D (Dist.D-l, 2 and 3). Results shown are the average of triplicate GC
injections.

119

5.3.1. Comparison of the Concentration of Saturated and Unsaturated Fatty Acids in
Wort Samples between Distilleries
The concentration of fatty acids present in the wort samples from different distilleries is
shown in Table 5.3. The average concentration of hexadecanoic acid (CI6:0) was
highest in Distillery C worts, followed by Distillery B worts and was substantially lower
in Distillery A and D worts. This situation was the same for hexadecenoic acid (C 16: 1),
octadecenoic acid (CI8:1), octadecadienoic acid (CI8:2) and octadecatrienoic acid
(CI8:3). The concentration of octadecanoic acid (CI8:0) was, on average, highest in
Distillery C worts, but also appeared to be in higher concentration in Distillery D worts
than Distillery B worts. Distillery A worts had the lowest concentration of C 18:0.

5.4. Enumeration

0/ Yeast Cell Numbers

in Suspension during Fermentation

The number of yeast cells in suspension was determined during fermentation of three
different samples of wort from Distillery A (Figure 5.5). Cell counts were performed
between 4 and 12 hours, then finally after 23 hours fermentation. Between 4 and 8 hours
there was a similar increase in yeast cell count in suspension in the fermented wort
samples. However, after 10 hours fermentation there appeared to be slight differences in
the number of yeast cells in suspension, although each set of fermentations showed
greatly increased numbers of yeast cells. By 12 hours there was, again, no difference in
the yeast cells counted. After 23 hours fermentation, wort sample 3 had increased
numbers of yeast cells in suspension compared to samples 1 and 2, which showed similar
numbers of yeast cells suspended.
Estimation of the number of yeast cells in suspension during fermentation of 3 wort
samples from Distillery B was carried out (Figure 5.6). Time intervals for yeast cell
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Fatty acid concentration
Distillery

Sample
No.
I
2

C16:0

C16:1

C18:0

in wort (mgIL)
C18:1

C18:2

C18:3

13.51
0.254
3.668
1.229
4.381
0.246
A
11.93
0.215
3.358
1.031
4.005
0.251
3
11.45
0.224
3.872
0.996
3.342
0.255
Average (mg/L)
12.3
0.231
3.633
1.085
3.909
0.251
I
20.29
0.261
4.658
1.475
13.37
1.267
B
2
17.86
0.269
3.924
1.258
11.328
1.332
3
21.27
0.368
4.53
1.79
13.847
1.214
Average (mg/L)
19.81
0.299
4.371
1.508
12.848
1.271
1
22.12
0.364
5.168
1.647
16.53
1.031
C
2
26.54
0.394
5.702
2.75
24.99
2.11
3
24.3
0.362
4.632
1.82
22.89
1.895
Average m_g(!..)
24.32
0.373
5.167
2.072
21.47
1.679
I
11.23
0.182
4.862
0.734
4.508
0.529
D
2
12.84
5.246
0.186
2.4
6.287
0.51
3
8.97
0.191
3.957
0.578
3.91
0.436
Average (mgIL)
11.01
0.186
4.688
1.237
4.902
0.492
..
Table 5.3. Concentration of fatty acids (mgIL) present In worts from Distilleries A, B, C
and D. The average wort fatty acid concentration (mglL) from each distillery is also
shown.
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wort samples (Dist.Avl, 2 and 3). Results shown are the average of duplicate
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determinations were the same as for Distillery A. In all 3 fermentations, there was a large
increase in the number of yeast cells in suspension between 4 hours and 8 hours.
Thereafter, yeast cell number increased at a slower rate until 12 hours. After 12 hours
fermentation it appeared that there was less yeast cells in suspension in wort sample 3
than in samples 1 or 2. However, by 23 hours fermentation the numbers of yeast cells in
suspension was similar between each sample.
The dynamic situation observed, in terms of yeast cell number in suspension, in
fermentation of worts from Distilleries A and B, was mirrored in fermentation of worts
from Distillery C (Figure 5.7). After 4 hours fermentation the number of yeast in
suspension was relatively low, but increased significantly until 8 hours fermentation.
After this point, there was a slower increase in yeast number until 12 hours. The number
of yeast cells determined after 12 hours was lower in sample 2 than samples 1 and 3.
Until this point, cell counts were similar in each sample. After 23 hours fermentation, the
number of yeast cells counted in all 3 wort samples was similar.
The results of yeast cell counts from the fermentation of worts from Distillery D revealed
that the increase over 23 hours was, again, similar those seen from Distilleries A, B and C
(Figure 5.8). On this occasion, the increase in yeast numbers was constant between 4 and
10 hours post-pitching. Also, there was more consistency of cell counts over this time
period. Yeast cell number in suspension did not increase appreciably after this point.
After 23 hours fermentation, it appeared that there were fewer yeast cells in suspension in
sample 3 than samples 1 and 2.
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5.4.1. Comparison of the Average Concentration of Yeast Cells in Suspension during
Fermentation of Distillery Worts

A comparison of the concentration of yeast cells present in suspension during
fermentation of wort samples from Distilleries A, B, C and 0 is shown in Table 5.4. The
average number of yeast cells in suspension after 4 hours fermentation was similar for
each distillery. The average number of yeast cells in suspension was slightly lower in
Distillery A samples after 6 hours fermentation compared to the other samples, but after 8
hours fermentation the average yeast cell concentration was higher in Distillery B and C
samples compared to Distillery A and D samples. However, after 10 hours fermentation
the average number of yeast cells in Distillery A wort samples was greater in comparison
to Distillery B, C and 0 samples, which were similar. This trend was also seen after 12
and 23 hours fermentation.
5.5. Concentration of C02 Present after 5 Hours Fermentation

The concentration of dissolved C02 present after 5 hours fermentation of worts from each
distillery was assessed using a Coming 965-D C02 analyser (1.0.B. Recommended
Methods of Analysis, Method 8.6.2). The results from fermentations of Distillery A
samples are shown in Figure 5.9. After 5 hours, it was clear that the concentration of CO2
was broadly similar in all three samples, although sample 3 (2. I9 g/L) was slightly higher
than samples 1 and 2 (both 1.98 gil). Also shown is the concentration of C02 present in
fermenting samples from Distillery B. Once again, it is clear that the concentration
present in each sample was similar. Sample 2 (1.81 gIL) had only a marginally higher
C02 concentration than sample 1 or sample 3 (both 1.79 g/L), Analysis of CO2
concentrations present after 5 hours fermentation of Distillery C worts revealed that the
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Number of yeast cells (x 10')/ml
8h
4b
6b
10 b
12 b
23 h
9.31
15.35
4.12
6.79
17.43
18.93
9.38
16.38
6.71
4.10
17.30
17.53
A
14.58
6.41
9.16
17.15
4.12
17.03
3
9.28
15.44
6.64
17.29
4.11
17.83
Avera2e cellslml
11.88
13.63
15.55
14.78
8.01
4.08
1
13.30
11.38
15.10
14.45
4.14
7.48
2
8
11.68
12.48
14.03
14.60
7.53
4.07
3
13.14
11.65
14.89
14.61
7.67
Avera2e cells/ml
4.1
13.33
15.43
15.28
12.56
7.30
4.53
1
13.38
14.35
15.15
11.91
7.50
2
4.11
C
13.10
15.00
15.53
11.88
7.48
4.07
3
13.27
15.1
15.14
12.12
Average cellslml
7.43
4.24
13.95
13.55
13.85
10.11
1
6.81
4.86
14.28
14.43
13.50
10.38
7.34
2
4.96
D
14.80
13.38
13.25
10.34
6.99
3
4.90
13.87
14.36
13.43
10.28
Average cellslml
7.05
4.91
Table 5.4. Comparison of the number of yeast cells (per ml) in suspension during
fermentation of distillery wort samples. Also shown is the average yeast cell number for
each distillery.
Distillery

Sample
No.
1
2
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concentrations measured in each wort sample were again very similar, with sample 2
maintaining only a slightly higher concentration of CO2 ( 1.8 g/L) than sample 1 (1.77
g/L) or sample 3 (1.76 gil). Finally, the concentration of C02 present after 5 hours
fermentation of Distillery D wort samples showed small differences in the C02
concentration between each sample. Sample 3 had a slightly lower concentration of C02
(1.85 gIL) in comparison to sample 1 or 2 (both 1.92 gIL). However, the differences
observed were unlikely to have had significant effects on yeast metabolism (Ison and
Gutteridge, 1987).

5.6. Metabolism a/Wort Carbohydrates during Fermentation
The decrease in total weight of wort during fermentation from Distillery A was measured.
The results in Figure 5.10 show that, for each wort sample, the rate of sugar consumption
by yeast rapidly increased over the first 10 hours fermentation, and began to decline
thereafter. Between 4 and 6 hours, the rate of sugar consumption was slightly slower in
sample 3. Between 10 and 12 hours, sugar was utilised more rapidly in sample 3 than in
samples 1 or 2.
The rate of sugar consumption was calculated during fermentation of wort samples from
Distillery B. The results are shown in Figure 5.11. Between 0 and 4 hours, the rate of
sugar consumption was relatively slow, but rapidly increased until it peaked between 6
and 8 hours fermentation. Thereafter, the rate of sugar consumption decreased constantly
until the final measurement at 23 hours post-pitching. Throughout the fermentation of
each wort sample, there appeared to be little variation in terms of the rate of sugar
consumption. The rate of sugar use during fermentation of worts from Distillery C
(Figure S.12) were very similar to the rates of consumption from Distillery B worts.
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Figure 5.12. The rate of weight decrease from wort samples (1, 2 and 3) from Distillery C
(Dist.C). Results shown are the average of duplicate fermentations of each sample.
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As observed earlier (Figures 4.1 and 4.2), consumption of wort sugars was low during the
first 4 hours fermentation, but rapidly increased until a peak was achieved during 6 to 8
hours fermentation. The rate of sugar consumption decreased constantly until the final
measurement at 23 hours fermentation. Again, there was little variation between each
wort sample over the fermentation period. Figure 5.13 shows the results of rate of sugar
consumption during fermentation of worts from Distillery D. The trend, in terms of rate
of consumption, was similar to those seen for each of the 3 other distilleries. The rate of
sugar use was slow over the initial 4 hours fermentation. However, on this occasion, the
fastest rate of sugar consumption was during 8 to 10 hours fermentation for samples 1
and 3. The rate measured from sample 2 was equally high between 6 to 8 and 8 to 10
hours fermentation, The rate of sugar use decreased after 10 hours with all samples until
the final measurement at 23 hours fermentation. Clearly, there were some differences in
terms of sugar consumption between each wort sample fermented from Distillery D.
Sample 2 showed a greater rate of sugar use between 6 and 8 hours than samples 1 and 3.
Additionally, sample 3 showed a slight increase in consumption rate of sugars by yeast
between 10 and 12 hours fermentation, compared to samples 1 and 2.

5.6.1. Comparison of the Rate of Weight Decrease during Fermentation of Worts from
Different Distilleries
A comparison of the rate of weight decrease (gIh) from wort samples from Distilleries A,
B, C and D, during fermentation, is shown in Table 5.5. During 0 to 6 hours fermentation,
the greatest average rate of weight decrease was from Distillery B worts, followed by
Distillery C worts. Distillery A and 0 worts showed a slower rate of weight decrease, but
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Figure 5.13. The rate of weight decrease from wort samples (1, 2 and 3) from Distillery D
(Dist.D), Results shown are the average of duplicate fermentations of each sample.

Distillery

Sample
No.

Fermentation period
0-4b

4-6b

6-8b

8-10 h

10-12 b

12 -23 h

2.15
3.75
0.488
4.8
3.6
2.09
2.15
3.75
A
0.438
4.73
1
3.28
2.07
3.68
0.363
1.95
4.8
3
3.78
2.17
3.73
Averale rate (lib)
0.43
2.08
4.78
3.55
2.11
4.5
3.58
0.625
3.05
1
2.83
2.02
4.7
B
3.53
1
0.65
3
2.68
2.05
4.6
3.5
3
0.625
3
2.68
2.01
Averale rate (lib)
4.6
3.54
0.633
3.02
2.73
2.03
4.95
4.2
1
2.63
0.563
3.23
2.07
4.08
5.03
C
1
0.588
2.75
3.15
2.03
4.98
4.1
3
2.6
3.13
0.55
2.07
Average rate (glb)
4.99
4.13
3.17
0.567
2.66
2.06
1
4.13
4.78
0.425
2.15
3.43
2.13
4.45
4.48
D
1
3.15
0.413
2.33
2.03
4.15
4.63
3
0.425
2.23
3.18
2.1
4.24
4.63
Averale rate (lib)
2.24
3.25
0.421
2.09
Table 5.5. Companson of the rate of weight decrease of worts (gIh) from Distilleries A,
B, C and D during fermentation. The average rate of weight decrease from worts from
each distillery is also shown.
1
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were similar. The average rate of weight decrease was greatest from Distillery C worts
between 6 and 8 hours fermentation, followed by Distillery B worts. Again, the rate of
weight decrease was slower from Distillery A and D worts. However, between 8 and 12
hours fermentation, the opposite was true. There was a faster average rate of weight
decrease from Distillery A and D worts, compared to Distillery B and C worts. Also, the
rate of weight decrease during this time was greater from Distillery C worts than
Distillery B worts. During 12 to 23 hours fermentation, the average rate of weight
decrease was similar between distillery worts.

5.7. Rate of FAN Consumption from Distillery Worts during Fermentation
The concentration of FAN present during fermentation of worts from Distillery A was
measured during fermentation. From this data the rate of FAN consumption was
calculated and the results are shown in Figure 5.14. The rate of FAN consumption was
similar between each distillery sample fermented, showing slow consumption of FAN by
yeast during the initial 4 hour period. Thereafter, there was a rapid increase in FAN
consumption between 4 and 6 hours, which remained high until 10 hours. After this
point, the rate of FAN use decreased rapidly (10 to 12 hours). Although the trends of the
rate of FAN use by yeast were similar between wort samples, there were measured
differences in actual FAN consumption from the wort samples. Over the initial 4 hours of
fermentation, the rate of FAN depletion by yeast from sample 3 was slower than from
samples 1 and 2. Between 4 and 6 hours, there was a slower rate of FAN use from sample
3 than from sample 1 or 2. However, during 10 to 12 hours fermentation, the rate of FAN
consumption was greater from sample 3 than from sample 1 or 2. FAN consumption data
was slightly different for Distillery B than for Distillery A (Figure 5.15). The initial rate
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Figure 5.14. The rate of FAN consumption from wort samples (1, 2 and 3) from Distillery
A (Dist.A). Results shown are the average of duplicate fermentations of each sample.
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Figure 5.15. The rate of FAN consumption from wort samples (1, 2 and 3) from Distillery
B (Dist.B). Results shown are the average of duplicate fermentations of each sample.
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of FAN consumption from Distillery B worts was slow between 0 and 4 hours (12.64 15.66 mg/h average rate), but rapidly increased between 4 and 6 hours post-pitching,
from each wort sample (35.02 - 39.22 mg/h average rate). Thereafter, the rate of FAN
utilisation decreased slightly between 6 and 8 hours fermentation, before rapidly
decreasing between 8 and 10 hours (4.37 -7.2 mg/h average rate). After this time, much
less FAN was consumed from any of the wort samples, with consumption rates below 1
mg/h. In terms of FAN consumption, sample 1 fermented more quickly between 4 and 6
hours fermentation and subsequently more slowly between 6 and 8 hours. In addition,
sample 3 fermented more quickly than sample 2 over the same time period, but not by as
much as sample 1. This trend was also seen at 8 - 10 hours post-pitching, but the
differences in terms of FAN consumption were much smaller.
The results of FAN consumption during early fermentation from Distillery C worts are
shown in Figure 5.16. Again, the rate of FAN utilisation was slow between 0 and 4 hours
fermentation and there were only slight differences between each sample (8.97 - 9.83
mg/h average rate). By 4 to 6 hours fermentation, the rate of FAN consumption increased
with each wort sample (33.4 - 35.52 mg/h average rate). However, the fastest rate of
FAN consumption by yeast was seen during 6 to 8 hours fermentation (38.82 - 41.48
mg/h average rate). After this point, the consumption rate decreased significantly with
each wort sample (9.57 - 11.47 mg/h average rate), between 8 and 10 hours fermentation
and even less between 10 and 12 hours fermentation (1.5 - 2.28 mg/h average rate).
There was less variation between fermentations of Distillery C wort samples compared
to Distilleries A and B, although the rate of FAN consumption was slightly greater
between 4 and 6 hours fermentation from sample 2 than from sample 1 and 3.
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Subsequently, the rate of FAN consumption from sample 2 was less during 6 to 8 hours
fermentation than from samples 1 and 3, and after 8 to 10 hours.
The results of FAN consumption from Distillery D showed similar trends to those from
Distilleries A, B and C (Figure 5.17). The initial rate of FAN consumption (0 to 4 hours)
from each sample was low (6.98 - 10.78 mg/h average rate). Between 4 and 6 hours
fermentation, the rate of FAN consumption from each wort increased. However, there
was some variation in the results of FAN consumption between each wort sample (33.69
- 41.13 mg/h average rate). At this time, yeast appeared to consume FAN at a greater rate
from sample 2 (41.13 mg/h) than from samples 1 (38.25 mg/h) and 3 (33.69 mg/h).
Indeed, the rate of FAN consumption was greater from sample 1 than from sample 3. The
rate of FAN consumption remained relatively steady during 6 to 8 hours fermentation
(35.14 - 38.05 mglh average rate), then decreased during 8 to 10 hours fermentation
(20.97 - 28.51 mglh average rate). Again, there was considerable variation between each
wort sample, with yeast consuming FAN at a slower rate from sample 2 (20.97 mg/h)
than from samples 1 (28.S1 mg/h) and 3 (26.51 mg/h). Between 10 and 12 hours
fermentation, the rate of FAN utilisation decreased with each wort sample (S.89 -7.S2
mg/h average rate). Over the next 11 hours, the average rate of FAN consumption was
slow with wort samples (0.56 - 0.84 mg/h average rate).

5. 7.1. Comparison of the Rate of FAN Consumption from Different Distillery Worts
during Fermentation
Table S.6 depicts a comparison of the average rates of FAN consumption during
fermentation with worts from Distilleries A, B, C and D. Between 0 and 4 hours
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Figure 5.16. The rate of FAN consumption with wort samples (1, 2 and 3) from Distillery
C (Dist.C). Results shown are the average of duplicate fermentations of each sample.
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Figure 5.17. The rate of FAN consumption with wort samples (1, 2 and 3) from Distillery
D (Dist.D). Results shown are the average of duplicate fermentations of each sample.
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fermentation, the highest average rate of FAN consumption was from Distillery B worts.
However, during 4 to 6 hours fermentation the average rate of FAN consumption was
similar with Distillery B, C and D worts, but slower with Distillery A worts. Over the
proceeding 2 hours, the average rate of FAN consumption was highest with Distillery C
and D worts, compared to Distillery A and B worts, but was highest with Distillery A
worts between 8 and 10 hours fermentation. FAN use with Distillery worts B and Chad
slowed down considerably during this time, although consumption with Distillery D wort
samples was still much higher. The trend of FAN consumption rates between distillery
wort samples during 8 to 10 hours fermentation was continued through 10 to 12 hours
and 12 to 23 hours fermentation, although at slower rates generally.

5.B. Concentration of Volatiles Present after Fermentation of Distillery Worts
The concentration of volatile compounds (esters and higher alcohols) was determined by
headspace gas-chromatography in wash after 50 hours fermentation of wort samples from
different distilleries. Volatile concentrations present in fermented samples from Distillery
A are shown in Figures 5.18 and 5.19. From the figures, it was clear that, of the volatiles
measured, the higher alcohols were found in higher concentrations than esters (with the
exception of ethyl acetate). Of the higher alcohols, 3-methyl butanol was found in the
highest concentration (99.3 - 110.1 mg/L). Ethyl acetate was the most abundant
ester(45.8 - 52.9 mg/L), There were some differences in the concentrations of volatiles
between the samples. Sample 2 had higher concentrations of iso-butanol, 2- and 3-methyl
butanol, ethyl acetate iso-butyl acetate and iso-amyl acetate than either sample 1 or
sample 3 (Tables 5.7 and 5.8). The concentrations of volatiles present after 50 hours
fermentation of Distillery B worts are shown in Figures 5.20 and 5.21.
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Distillery

Sample
No.

Fermentation period
0-4h

4-6h

6-8h

8-10 h

10 -12 h

12-23 h

1

10.43
29.43
32.49
34.19
11.57
1.62
2
13.20
A
31.06
30.85
35.09
1.44
8.20
3
5.36
25.89
35.47
35.23
1.74
15.21
Average rate (mg/h)
9.66
28.79
32.86
34.92
11.66
1.6
15.66
4.37
1
39.22
28.13
0.51
0.19
B
2
13.08
7.20
36.36
33.58
0.61
0.15
15.07
3
35.02
31.21
5.94
0.81
0.15
Average rate (mg/h)
14.6
30.97
36.87
5.84
0.64
0.16
1
9.83
11.47
33.40
41.26
1.50
0.25
38.82
9.57
C
2
9.18
35.52
2.28
0.19
41.48
11.12
33.42
2.18
3
8.97
0.26
Average rate (mg/h)
10.72
40.52
9.33
34.11
1.99
0.23
28.51
38.25
35.70
7.52
1
6.98
0.84
38.05
20.97
41.13
5.89
0.56
D
2
8.81
26.51
35.14
3
10.78
33.69
7.29
0.57
Average rate (mg/h)
36.3
25.33
8.86
37.69
6.9
0.66
Table 5.6. Comparison of rate of FAN consumption (mg/h) between worts from
Distilleries A, B, C and D. Also shown is the average rate of FAN consumption (mg/h)
for worts from each distillery.
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Figure 5.18. The concentration of ethyl acetate and higher alcohols after 50 hours
fermentation of Distillery A (Dist.A) wort samples (1, 2 and 3). Results shown are the
average of duplicate fermentations of wort samples.
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Figure 5.19. The concentration of ethyl esters after 50 hours fermentation of Distillery A
(Dist.A) wort samples (1, 2 and 3). Results shown are the average of duplicate
fermentations of wort samples.
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Figure 5.20. The concentration of ethyl acetate and higher alcohols after 50 hours
fermentation of Distillery B (Dist.B) wort samples (1, 2 and 3). Results shown are the
average of duplicate fermentations of wort samples.
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Again, 3-methyl butanol was the most abundant higher alcohol found in wash (127.7135.2 mg/L) and ethyl acetate was the most abundant ester (29.2 - 29.9 mg/L). It is
evident from Table 5.7 that wash from sample 2 contained lower concentrations of the
higher alcohols iso-butanol, 2- and 3-methyl butanol than samples I and 3 and,
conversely, sample 2 wash contained a higher concentration of iso-amyl acetate than
samples I or 3.
Figures 5.22 and 5.23 show the concentrations of volatiles measured in wash from
Distillery C worts. As in the previous cases, 3-methyl butanol was, generally, the most
abundant higher alcohol (144.5 - 151.3 mg/L) and ethyl acetate was the most abundant
ester (27.1 - 29.6 mg/L). On this occasion, there was much less variation in concentration
of volatiles between each sample, although sample 2 had a lower concentration of isoamyl acetate than samples 1 or 3 (sample 1 having the highest concentration) (Table 5.8).
The concentrations of volatiles present in the 50-hour wash of fermented samples from
Distillery D are shown in Figures 5.24 and 5.25. As previously, 3-methyl butanol was
the higher alcohol found in the highest concentration (77.4 - 103.4 mg/L), whereas ethyl
acetate was the ester found in the highest concentration (40.6 - 52 mg/L). It is clear from
Tables 5.7 and 5.8 that there was some significant variation in the concentration of most
volatiles measured in wash from Distillery D samples. Principally, sample 2 appeared to
contain lesser concentrations of most of the measured volatiles (iso-butanol, propanol, 2and 3-methyl butanol, ethyl acetate, iso-butyl acetate, ethyl butyrate, iso-amyl acetate and
ethyl hexanoate and ethyl octanoate) in comparison to samples 1 and 3 (Table 5.8).
Although the concentration of volatiles in samples 1 and 3 showed greater similarity,
sample 1 contained higher concentrations of most volatile compounds in comparison to
sample 3.
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Figure 5.21. The concentration of ethyl esters after 50 hours fermentation of Distillery B
(Dist.B) wort samples (1, 2 and 3). Results shown are the average of duplicate
fermentations of wort samples.
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Figure 5.22. The concentration of ethyl acetate and higher alcohols after 50 hours
fermentation of Distillery C (Dist. C) wort samples (1, 2 and 3). Results shown are the
average of duplicate fermentations of wort samples.
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Figure 5.23. The concentration of ethyl esters after 50 hours fermentation of Distillery C
(Dist.C) wort samples (1, 2 and 3). Results shown are the average of duplicate
fermentations of wort samples.
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Figure 5.24. The concentration of ethyl acetate and higher alcohols after 50 hours
fermentation of Distillery D (Dist.D) wort samples (1, 2 and 3). Results shown are the
average of duplicate fermentations of wort samples.
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5.8.1. Comparison of the Average Concentration of Higher Alcohols Present in Distillery
Wort Samples after Fermentation

A comparison of the average concentration of the four higher alcohols, measured after 50
hours fermentation of Distilleries A, B, C and D wort samples, is shown in Table 5.7. The
average concentration of propanol was similar between samples from Distilleries A, B
and C (33.12 - 35.57 mg/L), but the average concentration from Distillery D worts was
lower. Iso-butanol, 2- and 3-methyl butanol was found in higher concentration in
Distillery B and C wort samples after 50 hours fermentation in comparison to Distillery A
and D samples, with Distillery D samples having, generally, the lowest concentration of
higher alcohols.

5.8.2. Comparison of the Average Concentration of Esters Present in Distillery Wort
Samples after Fermentation

A comparison of the average concentration of the six esters, measured after 50 hours
fermentation of Distilleries A, B, C and D wort samples, is shown in Table 5.8. Ethyl
acetate was the most abundant ester in all samples, but was found in much higher
concentration in Distilleries A and D worts in comparison to worts from Distilleries B
and C, with Distillery B worts having, on average, the lowest concentration. The average
concentration of iso-butyl acetate, ethyl butyrate, iso-amyl acetate and ethyl hexanoate
were similar in Distillery A and D worts, which was higher than in Distillery B and C
worts. This was the same with ethyl octanoate, except that the average concentration
found in Distillery A wort samples was higher than in Distillery D wort samples.
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Figure 5.25. The concentration of ethyl esters after 50 hours fermentation of Distillery D
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Higher Alcohol concentration
Distillery

Sample No.
Propanol

Iso-butanol

31.33
56.12
34.00
61.60
2
A
34.03
54.53
3
33.12
57.42
Average (mg/L)
35.18
79.24
1
34.92
75.29
B
2
34.63
78.42
3
Average (mg/L)
34.91
77.65
36.41
90.62
1
C
35.04
91.32
2
90.06
3
35.26
Average (mg/L)
90.67
35.57
40.70
1
22.49
D
38.20
2
18.05
41.84
3
20.76
Average (m2/L)
40.25
20.43
Table 5.7. Concentration of higher alcohols present in Distillery
samples after 50 hours fermentation. Also shown is the average
higher alcohol in distillery samples.
1
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2-methyl
butanol

(mgIL)
3-methyl
butanol

36.47
99.28
40.34
110.11
36.38
104.57
37.73
104.65
51.52
113.11
47.54
110.88
50.06
115.29
49.71
113.09
55.95
129.84
56.25
140.58
56.34
136.87
56.18
135.76
24.64
69.30
23.18
61.36
25.88
76.26
68.97
24.57
A, B, C and D wort
concentration of each

5.9. Dielectric Monitoring of5 L Wort Fermentationsfrom

Each Distillery

Larger volumes (5 L) of the three wort samples collected from each distillery (Distillery
A, B, C and D) were fermented in a stirred fermenter over a 72-hour period. The
fermentation temperature was controlled throughout the fermentation period and the same
temperature profile was employed for each wort. At 30-minute intervals, the permittivity
of yeast cells and conductivity of the wort medium were measured. At 24 hour intervals
the viability of yeast cells (using the methylene violet stain), pH of the wort medium and
the specific gravity were measured.

5.9.1. Measurement of Wort pll, Yeast Cell Viability and Wort Specific Gravity (SG)
during Dielectric Monitoring of Fermentation of Distillery Wort Samples

The wort pH and viability of yeast cells during fermentation of each wort from Distillery
A are shown in Figure 5.26. At the beginning of fermentation, the viability of yeast cells
was very high (> 98 % viability) and remained so after 24 hours fermentation. Over the
next 24 hours, the viability of yeast cells in fermentation samples decreased. The viability
of yeast cells in wort samples 1 and 3 was much lower (32 and 33 % viability
respectively) than sample 2 (ca. 77 % viability). After 72 hours fermentation, the viability
of yeast cells in each wort sample decreased to less than 5 %. The pH of each wort
sample at the start of fermentation was similar, although the pH of sample 3 was
marginally higher (PH 5.28) than samples 1 and 2 (both pH 5.2). After 24 hours
fermentation, the pH of each wort sample had decreased significantly. There was slight
variation in the pH of the wort from each sample, whereby sample 1 had the highest pH
(PH 4.11) compared to sample 2 (PH 3.98) and sample 3 (PH 4.05). However, after 48
hours fermentation, the pH of each sample increased and there was virtually no difference
144

Distillery

Ester concentration (mg/L)

Sample
No.

Ethyl
Iso-butyl
Iso-amyl Ethyl
Ethyl
Ethyl
acetate
acetate
acetate
butyrate
hexanoate
octanoate
1
45.84
5.68
0.366
0.325
0.431
0.985
52.93
2
0.434
A
0.348
6.25
0.482
0.847
50.70
0.34
0.37
5.44
3
0.471
0.877
49.82
Avera2e (m2/L)
0.38
0.348
5.79
0.461
0.903
17.65
0.213
0.243
1
1.73
0.172
0.127
18.74
2
0.216
0.222
B
2.04
0.186
0.186
0.195
0.251
3
18.06
1.87
0.164
0.192
Average (mg/L)
18.15
0.208
0.239
1.88
0.174
0.168
29.61
0.241
0.269
1
1.97
0.156
0.161
0.225
0.226
27.15
1.71
C
2
0.141
0.154
0.257
0.255
1.90
28.47
0.146
0.163
3
0.241
0.25
1.86
Average (m2IL)
28.41
0.148
0.159
0.465
51.96
0.407
5.90
0.374
0.306
1
0.304
0.259
4.34
40.63
0.304
2
0.118
D
0.37
0.436
49.42
5.64
0.322
0.189
3
0.387
0.36
5.29
Average mg/L)
47.34
0.333
0.204
..
Table 5.8. Concentration of esters present 10 Distillery A, B, C and D wort samples after
50 hours fermentation. Also shown is the average concentration of each higher alcohol in
distillery samples.
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Figure 5.26. The change in wort pH and yeast cell viability (by Methylene Violet
staining) during dielectric monitoring of fermentation of Distillery A (Dist.A) wort
samples (1, 2 and 3).
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3.6

in the pH between samples 1 and 3 (PH 4.58 and 4.6 respectively). In contrast, the pH of
sample 2 was markedly lower (pH 4.3). By 72 hours fermentation there was variation in
the measured pH of each sample. The pH of samples 1 and 2 were similar (pH 4.73 and
4.7 respectively) compared to sample 3, which had a lower pH (PH 4.55).
The specific gravity of each wort sample was measured at the same time points as was
viability of yeast cells and wort pH. The result for Distillery A wort samples is shown in
Figure 5.27. The initial specific gravity was the same for each wort sample (1.062 0).
After 24 hours, each sample showed a decrease in specific gravity. The specific gravity of
sample 1 at this time (1.0149 ') was higher than samples 2 and 3 (1.01160 and 1.01080
respectively). After a further decrease in specific gravity by 48 hours post-pitching, the
specific gravity of each wort sample was less than 0.998

0,

and this was also seen after 72

hours fermentation.
The viability of yeast cells and pH of the wort during fermentation of each sample from
Distillery B are shown in Figure 5.28. These measurements were taken at 24 hour periods
during the fermentation. The viability of yeast cells at the time of pitching into each wort
sample was high (> 98 %). After 24 hours fermentation it was observed that the yeast cell
viability in each wort sample was still high (>98 %). By 48 hours fermentation, the
viability of yeast cells had decreased in each sample and the viability of yeast in sample 2
(83.3 %) was lower than the viability of yeast cells in samples 1 and 3 (89.1 and 87.7 %
respectively). Over the ensuing 24 hours the viability of yeast cells in each sample
decreased to relatively low values. Again, the viability of yeast cells in sample 2 (5.5 %)
was lower than that of yeast cells in samples 1 and 3 (10.6 and 9.7 % respectively). At the
start of fermentation, the wort pH of samples 2 and 3 was pH 5.33, whereas the pH of
sample 1 was slightly higher at pH 5.5. After 24 hours fermentation, the pH dropped,
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although there was little measurable difference in the pH of each wort sample (PH 4.03 pH 4.1). The pH of each wort showed a slight increase after 48 hours fermentation (pH
4.13 - pH 4.2), again with little variation between samples. However, the pH of each
wort showed some increase by the end of fermentation (72 hours) and the pH of sample 2
(pH 4.4) was lower than those of samples 1 and 3 (pH 4.59 and pH 4.6 respectively).
The specific gravity measurements during fermentation of the 3 wort samples from
Distillery B are shown in the graph in Figure 5.29. The initial specific gravity of each
wort was 1.062

0

and this decreased rapidly over the initial 24 hours fermentation, with

little variation between samples (1.0158

0

-1.01670).

The specific gravity of each wort

sample further decreased over the next 24 hours to less than 0.998°, which was the same
situation seen at the end of the fermentation period (72 hours).
The results of measurements of yeast cell viability and wort pH during fermentation of
worts from Distillery C are shown in Figure 5.30. Typically, the initial yeast cell viability
at the time of pitching was high (> 98 %) in each wort sample. This state of high yeast
viability remained constant after 24 hours fermentation.

Over the following 24 hours the

viability of yeast cells in each fermentation was seen to decrease slightly. Additionally,
there was some variation in the viability of yeast cells in each wort sample after 48 hours,
with sample 2 supporting yeast with lower viability (79.3 %) than samples 1 and 3 (83.4
and 86.1 % respectively). However, the overall yeast viability was still relatively high at
this time. By the end of the fermentation period (72 hours), the viability of yeast in each
sample was markedly reduced. Notably, the viability of yeast cells in sample 1 was much
lower (2.6 %) than that of samples 2 and 3 (11.3 and 12.4 % respectively) by the end of
the fermentation. Measurements of pH at the start of fermentation revealed some initial
variation between samples. The pH of sample 1 was pH 5.35, as opposed to sample 2
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3.5

(pH 5.2) and sample 1 (pH 5.15). After 24 hours fermentation the pH of each wort
sample had decreased, with sample 2 having a slightly higher pH (PH 4.17) than samples
1 and 3 (PH 3.97 and 4.03 respectively).

The pH of each wort sample had increased by

48 hours fermentation, but there was virtually no variation in pH between samples at this
stage (PH 4.17 - 4.18). By the end of the fermentation period, there was further variation
in the pH measured between samples. The pH of wort sample 3 was lowest (pH 4.22),
which represented only a slight difference in the pH value for this sample after 48 hours.
In contrast, the pH of samples 2 and 3 had increased slightly between 48 and 72 hours.
The pH values were consequently higher in sample 2 and 3 (PH 4.37 and 4.53).
Figure 5.31 shows the results of measurements of specific gravity during fermentation of
the 3 wort samples from Distillery C. The initial specific gravity of each wort was the
same (1.062 0) and showed a rapid decrease over the initial 24 hour fermentation period.
At this time, the specific gravity of sample 2 was marginally lower (1.010 0) than samples
1 and 3 (1.0131

0

and 1.014 0 respectively). After 48 hours fermentation, the measured

specific gravity was further decreased, with little variation between each sample (0.99790
- 0.99880).

The case was similar after 72 hours, marking the end of fermentation.

Assessments of the viability of yeast cells and wort pH during the fermentation of wort
samples from Distillery D are shown in Figure 5.32. The viability of yeast cells at the
time of pitching into each wort sample was very high (> 98 %) and remained high after
24 hours fermentation. Thereafter, the viability of yeast cells decreased by 48 hours
fermentation. At this time, the viability of yeast cells in sample 3 (52.4 %) was higher
than in samples 1 and 2 (37.5 % and 41.8 % respectively). At the end of the fermentation
period (72 hours), the viability of yeast cells in each wort sample had decreased to very
low values. Indeed, the measured viability of yeast cells in samples 1 and 3 was 0 %,
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whereas the viability of cells in sample 2 was 1.8 %. There was some variation in the
initial pH of each wort sample. The pH of sample 2 was pH 4.78, whereas the pH of
samples 1 and 3 was higher at pH 5.4 and 5.25 respectively. After 24 hours, the pH of
each wort sample decreased to similar values (PH 3.8 - 3.87). During the next 24 hours,
the pH of each wort increased again with the pH of sample 2 (PH 4.15) being lower than
that of samples 1 and 3 (PH 4.32 and 4.3 respectively). The final measurement of pH,
after 72 hours fermentation, revealed that the pH of sample 2 (PH 4.2) had not changed
considerably over the preceding 24 hours, whereas the pH of sample I and 3 had
decreased during this time (both pH 3.95).
The decrease in specific gravity of the wort samples from Distillery D are shown in
Figure 5.33. The initial specific gravity of each wort was between 1.06000 and 1.0606

o.

After 24 hours fermentation, the specific gravity of each wort had decreased significantly.
At this time, the specific gravity of sample 2 (1.010 0) was slightly lower than samples 1
and 3 (1.01170 and 1.0123

0

respectively). However, by 48 hours fermentation, the

specific gravity of each sample had further decreased to below 0.998

0

and remained so

for the rest of the fermentation.

5.9.2. Comparison of Average Yeast Cell Viability during Dielectric Monitoring of
Distillery Wort Fermentations
Table 5.9 shows the change in viability of yeast cells during stirred fermentations of
Distillery A, B, C and D wort samples. The initial viability of yeast cells in each
fermentation was very high, and remained so after 24 hours fermentation.
However, there were differences in the average viability of yeast cells in distillery wort
samples after 48 hours. The average viability of yeast cells in Distillery B and C wort
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Distillery

Sample No.

1
A

2
3
Average (% live cells)

B

1
2

3
Average (% live cells)

1
C

2
3
Average (% live cells)

1
D

2
3
Averaae (% live cells)

Db

Yeast cell viability (% live cells)
24 h
48 b

72b

98.52
98.52
98.52

99.60
99.65
99.42

31.98
77.13
32.99

98.52

99.56

47.37

3.02

98.34
98.34
98.34

98.85
99.09
98.87

89.11
83.30
87.74

10.59
5.46
9.73

98.34

98.94

86.72

8.59

98.98
98.98
98.98

98.33
99.24
99.44

83.40
79.27
86.13

2.57
11.27
12.43

98.98

99.00

82.93

8.76

98.74
98.74
98.74

98.64
98.99
98.57

37.45
41.82
52.36

0.00
1.84
0.00

98.74

98.73

43.88
..
staining) during

3.41
4.19
1.46

0.61

Table 5.9. Viability of yeast cells (by Methylene Violet
dielectric
monitoring of distillery wort fermentations over 72 hours. Also shown is the average
yeast cell viability for distillery wort fermentations.
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fermentations was much higher than in Distillery A and D wort fermentations. Although
the viability of yeast cells in each fermentation was very low after 72 hours fermentation,
the average viability of yeast fermenting Distillery B and C worts was still higher than
yeast fermenting Distillery A and D worts.

5.9.3. Comparison of Average Wort pH during Dielectric Monitoring of Distillery Wort
Fermentations
A comparison of the change in pH of Distillery A, B, C and D wort samples during a 72hour stirred fermentation is shown in Table 5.10. There were some differences in the
initial wort pH of samples from different distilleries. The average pH of Distillery B
worts (PH 5.39) was higher than Distillery A and C worts (both pH 5.23), followed by
Distillery D worts (pH 5.14). However, sample 2 of Distillery D worts had a particularly
low starting pH (PH 4.78). After 24 hours fermentation, the pH of Distillery A, Band C
worts was similar (PH 4.05 - 4.06), but the average pH of Distillery D worts was lower
(PH 3.83). The average pH of the wort samples rose again after 48 hours, but the pH of
Distillery A worts was highest (pH4.49), followed by Distillery D worts (PH 4.26), then
Distillery B and C wort samples (pH 4.16 and 4.18 respectively). At the end of
fermentation, the average pH of Distillery A worts was highest (pH4.66), followed by
Distillery B worts (PH 4.53). Distillery D worts had the lowest average pH (PH 4.03),
with Distillery C worts having a slightly higher average pH (PH 4.3 7).
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Distillery

Wort pH

Sample No.

24h
Oh
48 h
72b
1
4.11
5.20
4.58
4.73
A
2
3.98
5.20
4.30
4.70
3
5.28
4.05
4.60
4.55
Averagej)H
5.23
4.05
4.49
4.66
5.50
4.10
1
4.13
4.60
B
2
5.33
4.03
4.15
4.40
4.06
3
5.33
4.20
4.59
Average pH
5.39
4.06
4.16
4.53
5.35
3.97
1
4.18
4.22
5.20
C
2
4.17
4.17
4.37
4.03
5.15
3
4.18
4.53
Average pH
4.06
5.23
4.18
4.37
5.40
3.87
4.32
1
3.95
3.80
D
2
4.78
4.15
4.20
5.25
3.83
4.30
3
3.95
Average pH
3.83
5.14
4.26
4.03
Table 5.10. Wort pH dunng dielectric rnomtonng of distillery samples. Also shown is the
average pH of samples from each distillery.

Distillery

WortSG(j

Sample No.

24h
Ob
48h
1.062
1.015
0.997
1
1.012
1.062
0.998
2
A
1.011
0.998
1.062
3
1.062
1.013
0.998
Average SG (~
1.062
1.016
0.998
1
1.017
0.998
1.062
2
B
1.017
0.998
1.062
3
1.017
1.062
0.998
Average SG (")
0.998
1.062
1.013
1
0.999
1.062
1.010
C
2
1.014
0.999
1.062
3
0.999
1.012
1.062
Average SG (j
0.997
1.012
1.060
1
0.997
1.010
1.060
D
2
0.997
1.012
1.061
3
0.997
1.011
1.060
Average SG (~
Table 5.11. Wort specific gravity (SO) during dielectnc momtonng of distillery
Also shown is the average SO of samples from each distillery.
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72b
0.998
0.998
0.998
0.998
0.998
0.998
0.997
0.998
0.998
0.999
0.999
0.999
0.997
0.997
0.997
0.997
samples.

5.9.4. Comparison of Average Wort Specific Gravity during Dielectric Monitoring of
Distillery Wort Fermentations
A comparison of the change in average specific gravity (SO) of Distillery A, B, C and 0
wort samples during 72-hour stirred fermentation is shown in Table 5.11. The initial SO
of each wort sample was almost the same (1.062 0), with Distillery D wort samples
having a slightly lower average SO (1.060 0). After 24 hours, the average SO of all
distillery samples had decreased significantly (1.011 - 1.013 0), but the average SO of
Distillery B samples was slightly higher than the other samples (1.017°). However, after
48 hours the average SO of all samples was <1.000, and remained this way after 72
hours.

5.9.5. Results of Dielectric Monitoring (Permittivity and Conductivity) of Fermentations
of Distillery Wort Samples
Dielectric spectroscopy of biological cells is a non-invasive measurement technique,
which has been used successfully to analyse changes in yeast cell populations during
malt-whisky fermentations (Asami and Yonezawa 1995, Yonezawa et a/1999). Yeast
cells show a dielectric dispersion in the radio-frequency range, which can be analysed to
yield information about cell density and whether cells are alive. This technique offers
excellent advantages in measuring the changes in yeast cells during fermentation, since
real-time analysis can be performed, the technique is non-destructive and measurements
can be made in turbid solutions.
The results of yeast cell permittivity and wort medium conductance for fermentation,
over a 72 hour period, of samples from Distillery A are shown in Figure 5.34. Between

°

and 14 hours fermentation, there was a rapid increase in the permittivity of yeast cells in
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each wort sample. This coincided with a slight decrease in the conductance of the wort
medium in each sample. Over the next 10 hours fermentation, there was a further increase
in the permittivity of yeast cells in each wort sample, but not as rapid as 0 to 14 hours.
During this time, the conductance of each wort sample showed a slight increase. Between
24 and 32 hours fermentation, there was only a very slight increase in the permittivity of
yeast cells, in conjunction with a slight increase in the conductance of each wort medium.
After this time, the measured permittivity started to decrease slightly in each wort
sample. The decrease in yeast cell permittivity was rapid after 42.5 hours in samples 1
and 3. However, this rapid decrease in permittivity was delayed in wort sample 2 and
started to occur after 45 hours fermentation. The conductance of wort in samples 1 and 3
showed a greater increase after 45 hours, which lasted until 52 hours fermentation. The
conductance of wort sample 2 increased more quickly after 47 hours and continued to do
so until 54 hours. After these time points, the conductance of each wort sample continued
to increase slightly until the end of fermentation. The rapid decrease in permittivity
continued in samples I and 3 until 55 hours fermentation, whereupon the decrease in
permittivity was slower until the end of fermentation. In wort sample 2, the rapid
decrease in permittivity continued until 57 hours, followed by a slower decrease in
permittivity until 72 hours fermentation. Additionally, it was noted that the permittivity
of yeast cells in sample 3 showed a further decrease compared to sample I after 66 hours
until the end of fermentation. This led to a lower measured permittivity of yeast cells in
sample 3 at the end of fermentation compared to sample 3. Sample 2 gave the highest
residual permittivity after 72 hours.
Figure 5.35 shows the results of dielectric measurements during fermentation of each
wort sample from Distillery B. The permittivity of yeast cells in each sample increased
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medium during dielectric monitoring of fermentation of Distillery A (Dist.A) wort
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rapidly over the initial 14 hours fermentation, which coincided with a small decrease in
the conductance of the wort medium in each sample. After this time, the increase in
permittivity was slower in each sample and the conductance of the medium of each
sample started to increase slightly. After 30 hours fermentation the permittivity of yeast
cells in each sample started to show only very smaIl increases. By 38 hours fermentation,
the permittivity of yeast cells showed no further increases in all samples
and actually started to decrease. The decrease in yeast cell permittivity became rapid in
samples 1 and 3 by 53 hours, whereas this rapid decrease in permittivity started in the
yeast cells of sample 2 after 50 hours. Conductance measurements showed that the
conductivity of each wort medium started to increase more rapidly after 51 hours
fermentation, concomitant with the beginning of the rapid decrease in permittivity of the
yeast cells in each sample. The decrease in permittivity of yeast cells in each sample
remained rapid until near the end of the fermentation period. However, the permittivity of
yeast cells in sample 2 was measurably lower than that of samples 1 and 3.

The results of dielectric measurements of worts from Distillery C are shown in Figure
5.36. It can be seen that there was a rapid increase in the permittivity of yeast cells in
each wort sample between 0 and 14 hours fermentation. During the same time period,
there was a slight decrease in the conductance of the wort medium related to each sample.

It was also notable that the conductivity of sample 1 was consistently lower than the
conductivity of samples 2 and 3. The increase in yeast cell permittivity after 14 hours was
still rapid in wort samples, but not as rapid as during the preceeding 14 hours.
Consequently, the conductivity of the wort from each sample began to increase relatively
rapidly, although the conductivity of wort from sample 1 was still lower than sample 2
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and 3. Additionally, the permittivity of yeast cells in sample 1 increased more slowly
after 19 hours fermentation compared to samples 2 and 3. This resulted in an overall
decreased maximum permittivity value for yeast cells in sample 1, as opposed to samples
2 and 3. After ca. 28 hours fermentation, the permittivity values for yeast cells increased
only slightly in each wort sample, and began to decrease slightly after ca. 35 hours.
During this time period, the conductivity of each wort increased slightly. After 50 hours
fermentation, there was a rapid decrease in permittivity of yeast cells in each wort
sample, with a subsequently elevated increase in conductivity. By 64 hours, the decrease
in permittivity of yeast in sample 2 and 3 began to tail off, as opposed to the permittivity
of yeast cells in sample 1, which continued to rapidly decrease. Concomitantly, the
conductivity of wort sample 1 also began to increase more rapidly at this time point
compared to samples 2 and 3. At the end of fermentation (72 hours), the residual
permittivity of yeast cells in samples 2 and 3 was relatively higher than that of yeast in
sample 1. Although the measurements of conductivity revealed that sample 1 had a
consistently lower value compared to samples 2 and 3, by the end of the fermentation
period the conductivity of sample 1 was similar to that of samples 2 and 3.

Yeast cell permittivity and wort conductivity data for fermentation of Distillery D wort
samples is shown in Figure 5.37. Between 0 and 14 hours fermentation, the permittivity
of yeast cells in each wort sample increased rapidly. This coincided with a small
reduction in the conductivity of the wort medium in each case. Between 14 and ca. 30
hours fermentation, the permittivity of yeast cells showed a further increase in all wort
samples, but not as rapidly as the 0 to 14-hour time-period. However, it was notable that,
after ca. 20 hours fermentation, the permittivity of yeast cells in wort sample 1 increased
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more rapidly than in samples 2 or 3. Therefore, by 30 hours fermentation, the permittivity
of yeast cells in sample 1 was measurably greater than in samples 2 or 3. Between 14 and
30 hours, the conductivity of the each wort sample began to increase. Concomitant with
the increased yeast permittivity, the conductivity of wort sample 1 was slightly greater
after 30 hours than samples 2 or 3. Over the next 5-hour fermentation period, the
permittivity of yeast in each wort sample remained almost constant. After 35 hours
fermentation, yeast cell permittivity began to decrease slightly in all 3 samples. After ca.
41 hours fermentation, the yeast cell permittivity began to decrease rapidly in sample 2,
but was more delayed in samples 1 and 3. In sample 1, yeast cell permittivity began to
decrease rapidly after 43 hours, as opposed to 44 hours in wort sample 3. The
conductivity of wort sample 2 began to increase more rapidly after 43 hours fermentation.
The conductivity of samples 1 and 3 also began to increase more rapidly, but after 45 and
46 hours respectively. After 52 hours fermentation, the decline of yeast cell permittivity
in sample 2 began to slow down, whereas the rapid decline of yeast permittivity in
samples I and 3 continued until 55 hours, whereby the permittivity of yeast cells showed
very little change until the end of fermentation (72 hours). However, the permittivity of
yeast cells in sample 2 showed a slow, continuous decline from 52 hours until the endpoint of fermentation. In terms of conductivity of the wort media, sample 2 began to
increase less rapidly after 51 hours, but continued to increase throughout the rest of the
fermentation. The conductivity of samples 1 and 3 began to show a less rapid increase
after 53 and 54 hours respectively and continued to increase slowly until the end of
fermentation. However, after 72 hours fermentation, the conductivity of wort sample 1
was the highest, followed by sample 3, then sample 2.

162

From analysis of the changes in yeast cell permittivity during fermentation of wort from
each distillery, it was clear that, not only were there gross differences observed during
fermentation of samples from different distilleries, but also in samples from the same
distillery. This suggested that the method of producing wort in the different distilleries
and the subtle variations therein could have a profound effect on the performance of yeast
during fermentation. This is discussed in greater detail in the Discussion section of this
thesis.

5.9.6. Comparison of Changes in Yeast Cell Permittivity and Wort Conductivity during
Fermentation

0/ Distillery WortSamples

In order to compare the changes in yeast cell permittivity and wort conductivity during
fermentation of distillery wort samples, one sample, deemed most representative, from
each distillery set was compared. Figure 5.38 shows clear differences in the dynamics of
fermentation of worts from different distilleries. During the initial 14 hours fermentation,
there was a great increase in yeast cell permittivity in all samples. Generally, however,
there were differences in the peak permittivity of yeast cells in different distillery samples
and, indeed, the timing of peak permittivity. The peak permittivity of yeast from
Distillery B and C wort fermentations was greater than from fermentations of Distillery A
and D worts. Most importantly, there were differences in the time and rate of yeast cell
decline in permittivity. The wort samples from Distilleries B and C showed a much
slower rate of decline in yeast cell permittivity compared to samples from Distilleries A
and D. The conductivity of the wort samples during fermentation also varied between
distilleries. In general, the conductivity of the sample from Distillery A was always
highest throughout fermentation. Most notably, however, was the sharp rise in
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conductivity of samples from Distilleries A and D after ca. 45 hours fermentation in
comparison to the samples from Distilleries B and C, which showed a relatively slow
increase in conductivity after ca. 50 hours fermentation.

In comparing the changes in permittivity of yeast cells during fermentation of the
different distillery worts, it was clear that the method of wort production had a profound
effect on the subsequent performance of yeast cells. As previously shown, there are clear
differences in the composition of wort from the different distilleries, as a direct result of
the different methods employed to produce those worts. The implications of these
findings are discussed in greater detail later in this thesis.

5.10. Analysis of Volatiles Present in Low Wines after Distillation

0/ Distillery

Wash

Samples
After fermentation of 5 L samples from each distillery, a primary distillation was carried
out to yield low wines (L W). Analysis of the concentration of certain volatiles present in
the LW samples was conducted using direct-injection gas chromatography, as detailed in
the Materials and Methods section (Section 2.4.6).

5.10.1. Concentration

0/ Acetate

and Fatty Acid Ethyl Esters in LWfrom Distillery Wort

Fermentations
The concentration of some acetate and fatty acid ethyl esters present in Distillery A LW
samples is shown in Figure 5.39. Ethyl acetate was found in the highest concentration of
the esters measured. However, there were some differences in the concentration of some
esters between different samples. Sample 2 contained less ethyl acetate (58.5 mg/L)
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than sample 1 (83.2 mgIL) or sample 3 (71.4 rng/L). There was a similar trend seen with
some fatty acid ethyl esters. The ethyl hexanoate concentration in sample 2 (22.3 mg/L)
was less than sample 1 (26.4 mg/L) or sample 3 (24.4 mg/L) and the same situation was
seen with ethyl dodecanoate, whereby sample 2 had a lesser concentration (22.2 mg/L)
than sample I (26.3 mgIL) or sample 3 (25.6 mg/L). However, these differences were
very small. The ester ethyl hexadecanoate was also more abundant in samples 1 (19.1
mg/L) and 3 (17.4 mgIL) than sample 2 (14.9 mgIL), as was ethyl hexadecenoate more
abundant in samples 1 (10.6 mgIL) and 3 (10.8 mg/L) than sample 2 (8.8 mgIL). In terms
of variation in concentration of esters between samples from the same distillery, there
was little with iso-amyl acetate (4.5 - 5.1 mgIL), ~-phenylethyl acetate (1.5 - 2.4 mg/L),
ethyl octanoate (4.8 - 5.7 mgIL), ethyl tetradecanoate (2.4 - 4.2 mg/L) or ethyl
octadecenoate (1.58 - 1.72 mgIL).
Figure 5.40 shows the concentration of some esters measured in LW after distillation of
Distillery B wort fermentations. As previously stated, the highest concentration of ester
found in all samples was ethyl acetate. However, sample 1 had a lower concentration
(39.2 mg/L) than sample 2 (46.8 mg/L) or sample 3 (47.7 mg/L). Of the other esters
measured (iso-amyl acetate, ~-phenylethyl acetate, ethyl-octanoate, -decanoate, dodecanoate, -tetradecanoate, -hexadecanoate, -hexadecenoate and -octadecenoate), there
was little variation in their concentration between samples.
The concentration of esters present in the LW of Distillery C fermentations is revealed in
Figure 5.41. Again, ethyl acetate was the most abundant ester found in each LW sample,
but there was a greater concentration found in samples 1 (36.7 mgIL) and 3 (38.1 mgIL)
than sample 2 (29.9 mgIL). In general, it was also noted that there were slightly elevated
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levels of p-phenylethyl acetate, ethyl-octanoate, -decanoate, -dodecanoate, tetradecanoate, -hexadecanoate, -hexadecenoate and -octadecenoate in sample 1
compared to sample 2 or 3.
From analysis of the LW from distillation of fermentations of Distillery D worts, figure
5.42 shows the concentration of some esters measured. Ethyl acetate was, again, the most
abundant ester in all samples, but was found in lower concentration in sample 2 (72.2
mg/L) than sample 1 (86.5 mg/L) or 3 (85.4 mg/L). This trend was also noted for ethyldecanoate, -dodecanoate and -hexadecenoate, where sample 2 contained slightly less than
samples 1 or 3. However, there was minimal variation between samples in the
concentration of iso-amyl acetate, p-phenylethyl acetate, ethyl-octanoate, -tetradecanoate,
-hexadecanoate or -octadecenoate. Although, in general, the differences in concentration
of some esters were small in LW from wash samples from the same distillery, it was clear
that differences could exist. This provided more evidence that subtle differences in the
production of wort, even within the same distillery, could result in observable differences
in the LW after primary distillation.

5.10.2. Concentration of Acids in LWfrom Distillery Wort Fermentations
The concentration of acids present in LW from distillation of Distillery A wort
fermentations is shown in figure 5.43. Acetic acid was found in higher concentrations per
sample than all other acids measured, but was in lower concentration in samples 1 (24.1
mg/L) and 2 (19.5 mg/L), than sample 3 (37.8 mg/L). Similar concentrations of
propanoic, iso-butanoic, iso-pentanoic and hexanoic acid were found in each LW sample,
but sample 2 appeared to have slightly less octanoic and decanoic acid than samples 1
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and 3 (Table 5.14). Additionally, sample 1 had a much higher concentration of
dodecanoic acid (24.4 mg/L) than sample 2 (12.9 mg/L) or sample 3 (14.2 mg/L).
Measurement of the acid content of LW sample from Distillery B wort fermentations
revealed that, again, acetic acid was the most abundant acid found in each sample, but
that sample 2 contained a higher concentration (37.9 mgIL) than sample 1 (24.8 mg/L) or
sample 3 (22.3 mg/L) (Figure 5.44). However, the concentration of propanoic, isobutanoic, iso-pentanoic and hexanoic, octanoic, decanoic and dodecanoic acid were
similar between samples.
Figure 5.45 shows the concentration of acids present in the L W from Distillery C wort
fermentations. Acetic acid was, again, found in the highest concentration in each sample,
but it was clear that sample 1 had a particularly high concentration (106 mgIL) in
comparison to sample 2 (22 mg/L) or sample 3 (27.7 mg/L). In terms of the concentration
of the other acids measured (propanoic, iso-butanoic, iso-pentanoic and hexanoic,
octanoic, decanoic and dodecanoic acid), there was little difference between samples.
The concentration of acids in the L W samples after distillation of Distillery D wort
fermentations is shown in Figure 5.46. Clearly, acetic acid was found in the highest
concentration in each sample, but there was significantly less acetic acid in sample 2 (68
mg/L) than sample 1 (106.4 mg/L) or sample 3 (105 mgIL). Otherwise, the concentration
of propanoic, iso-butanoic, iso-pentanoic and hexanoic, octanoic, decanoic and
dodecanoic acid were very similar between samples.

Previous research has shown that short-chain fatty acids (typically C6:0 to CI2:0) are
absent, or found in very low concentration in wort (Klopper et a/1975). Yeast cell
metabolism is responsible for increased concentrations of these acids at the end of
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fermentation and these results show that differences in the wort environment can result in
alterations of the final content of acids in LW. Acetic acid was variable in concentration
between samples from the same distillery, whereas the concentration of other acids
remained relatively stable. The implications of this are discussed later in this thesis.

5.10.3. Concentration of Aldehydes in LWfrom Distillery Wort Fermentations
The concentration of three aldehydic compounds (acetaldehyde, acetal and furfural) was
assayed from LW samples from distillation of Distillery A fermentations (Figure 5.47).
The concentration of acetaldehyde was variable between each sample, with sample 1
containing a greater concentration (30.5 mgIL) than sample 2 (19 mg/L) or sample 3
(18.1 mg/L), Sample 1 contained the most acetal (29 mgIL), with sample 2 containing
less (18.4 mg/L) and sample 3 containing slightly less (13.7 mg/L) than sample 2.
Furfural was not detected in any of the samples.
Figure 5.48 shows the concentration of aldehydes found in LW samples from distillation
of Distillery B worts. On this occasion, acetaldehyde was not detected in sample 2, but
was present in sample 1 (10.9 mg/L) in a lower concentration than sample 3 (16.1 mg/L),
Acetal was almost equally abundant in all three samples (11.5 - 13.4 mg/L), whereas
furfural was detected in small concentration in sample 2 only (0.8 mglL).
The concentration of aldehydes present in LW samples from distillation of Distillery C
fermentations is shown in figure 5.49. The concentration of acetaldehyde was slightly
decreased in sample 1 (11.3 mgIL) than sample 2 (14.2 mg/L) or sample 3 (15.2 mg/L).
Between samples, the concentration of acetal was similar (8.9 -10.1 mg/L), but furfural
was detected in small quantities in sample 1 (0.6 mg/L) and sample 2 (0.8 mg/L) only.
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Figure 5.50 shows the concentration of aldehydes present in LW after distillation of
Distillery D wort fermentations. There were minor differences in the concentration of
acetaldehyde in each sample, with sample 1 containing slightly more (15.4 mg/L) than
sample 2 (13.8 mgIL) or sample 3 (12.3 mglL). Indeed, sample 1 had marginally more
acetal (9.2 mg/L) than samples 2 or 3 (7.8 and 7.6 mg/L respectively), with only samples
I and 3 containing minor amounts of furfural (both 0.8 mg/L).

5.10.4. Concentration of Higher Alcohols in LW from Distillery Wort Fermentations
The concentrations of higher alcohols, present in LW samples after distillation of
distillery wort fermentations, were found in higher concentrations than other volatiles
measured. Figure 5.51 shows the concentration of propanol, iso-butanol, iso-amyl
alcohol, active amyl alcohol and p-phenylethanol present in LW samples after distillation
of Distillery A wort fermentations, Iso-amyl alcohol was the most abundant alcohol
found in each LW sample (> 290 mg/L), whereas the concentration of the other alcohols
ranged from 95 mgIL to 148 mgIL. There were slight variations in the concentration of
propanol between samples, in that sample 1 had a marginally higher concentration (Ill
mg/L) than sample 2 (105 mgIL) or sample 3 (95.7 mg/L), This trend continued with isobutanol, where sample 1 also contained a higher concentration (148 mg/L) than sample 2
(132 mgIL) or sample 3 (126 rng/L). However, sample 3 contained less iso-amyl alcohol
(292 mg/L) than samples 1 (309 mgIL) and 2 (312 mgIL) and the same case arose with
active amyl alcohol, whereby sample 3 contained 95.4 mgIL, which was slightly less than
samples 1 (104 mgIL) and 2 (103 mgIL). The concentration ofp-phenylethanol
similar between samples (109 - 116 mgIL).
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The same analysis carried out on LW samples from distillation of Distillery B wort
fermentations (Figure 5.52) revealed that iso-amyl alcohol was, again, found in the
highest concentration in each sample. There was also very little variation in the
concentration of propanol (93.5 - 99.6 mgIL), iso-butanol (184 -186 mg/L), iso-amyl
alcohol (371 - 382 mgIL), active amyl alcohol (153 - 162 mg/L) or ~-phenylethanol (141
- 150 mg/L) found between samples.
Figure 5.53 shows the concentration of higher alcohols measured in LW after distillation
of Distillery C wort fermentations. The most abundant higher alcohol in each sample was
iso-amyl alcohol. However, there were some differences detected in the concentration
between samples of some of the alcohols. The concentration of propanol was similar in
samples I (100 mg/L) and 3 (95.3 mg/L), but was decreased in sample 2 (82.8 mg/L).
This trend continued with iso-butanol, where sample 1 (217 mg/L) and 3 (206 mg/L) had
a higher concentration than sample 2 (180.4 mg/L), but reversed with iso-amyl alcohol,
where sample 2 (367 mgIL) contained more than samples 1 (345 mgIL) and 3 (333
mg/L). Active amyl alcohol was more abundant in sample 1 (166 mgIL) than sample 2
(143 mgIL) or sample 3 (150 mg!L), whereas the concentration of ~-phenylethanol was
broadly similar (160 -169 mg/L) in each LW sample.
The concentration of higher alcohols in the LW samples after distillation of Distillery D
wort fermentations is shown in Figure 5.54. Again, iso-amyl alcohol was the most
abundant higher alcohol found in each LW sample. There was little variation in the
concentration of propanol between samples (82.9 - 89.4 mg/L), but sample 2 appeared to
have slightly less iso-butanol (163 mgIL) than samples 1 (185 mgIL) or 3 (175 mg/L).
Indeed, sample 1 had a marginally higher concentration of iso-amyl alcohol (316 mg/L)
in comparison to sample 2 (303 mgIL) and sample 3 (308 mgIL). This was also seen with
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active amyl alcohol, where sample 1 contained 116 mg/L compared to 106 mg/L in
sample 2 and 105 mgIL in sample 3. However, the concentration of p-phenylethanol was
similar between samples (119 - 123 mg/L).
The concentration of two more higher alcohols, tetradecanol and hexadecanol, which
were found in much smaller concentrations than other higher alcohols, were also assayed
in LW samples. Figure 5.55 shows the concentration oftetradecanol

and hexadecanol in

LW samples after distillation of Distillery A wort fermentations. Hexadecanol was found
in slightly higher concentrations (9.02 - 11.76 mgIL) than tetradecanol (1.88 - 2.18
mg/L), but the concentrations between samples were quite similar.
The concentration of tetradecanol and hexadecanol found in LW samples after distillation
of Distillery B wort fermentations is shown in Figure 5.56. Again, hexadecanol was more
abundant (9.77 -10.55 mg/L) than tetradecanol (1.51 - 1.75 mg/L), but there was only
minor differences in the concentration of each between wort samples.
Figure 5.57 shows the concentration oftetradecanol

and hexadecanol in LW samples

after distillation of Distillery C wort fermentations. Hexadecanol (7.68 mg/L - 9.46
mg/L) was more abundant than tetradecanol (1.85 - 2.06 mg/L), but there was little
variation between samples, in terms of the concentration of each alcohol. The same trend
was seen with the LW samples from distillation of Distillery D wort samples to that of
the other distillery samples, in terms of the concentration of tetradecanol and hexadecanol
(Figure 5.58). Hexadecanol (9 - 9.45 mgIL) was found in higher concentration than
tetradecanol (1.85 - 2.25 mg/L), but there was great similarity, in terms of concentration,
between samples.
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Figure 5.55. Concentration of the higher alcohols tetradecanol and hexadecanol in low
wine (L W) after distillation of fermentations of Distillery A (Dist.A) wort samples (1, 2
and 3).
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Figure 5.56. Concentration of the higher alcohols tetradecanol and hexadecanol in low
wine (L W) after distillation of fermentations of Distillery B (Dist.B) wort samples (1, 2
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Figure 5.57. Concentration of the higher alcohols tetradecanol and hexadecanol in low
wine (L W) after distillation of fermentations of Distillery C (Dist. C) wort samples (1, 2
and 3).
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5.10.5. Comparison of the Concentration of Acetate and Short-Chain Ethyl Esters in LW
after Distillation of Distillery Wort Fermentations
A comparison of the average concentration of acetate and short-chain ethyl esters, present
in LW after distillation of Distillery A, B, C and D wort fermentations, is shown in Table
5.12. There appeared to be a general trend that LW samples after distillation of Distillery
B and C fermentations contained lower concentrations of each ester compared to
Distillery A and D LW samples. This was true of ethyl-octanoate, -decanoate and dodecanoate. Although samples from Distillery B and C had lower concentrations of
ethyl acetate and iso-amyl acetate than Distillery A and D LW samples, the highest
concentration of these esters was found in Distillery D LW samples. The average
concentration of ~-phenylethyl acetate was similar between samples from Distilleries A,
B and C, with a higher concentration present in LW from Distillery D fermentations.

5.10.6. Comparison of the Concentration of Long-Chain Ethyl Esters in LW after
Distillation of Distillery Wort Fermentations
The average concentrations of long-chain ethyl esters present in LW after distillation of
Distillery A, B, C and D wort samples is shown in Table 5.13. The trend, seen previously
with the concentration of most acetate and short-chain ethyl-esters, was also evident with
ethyl-tetradecanoate,

-hexadecanoate and -hexadecenoate,

whereby LW after distillation

of Distillery B and C wort fermentations had lower concentrations than Distillery A and
D samples. However, the inverse was true in consideration of ethyl-linoleate, where the
average concentration present in LW after distillation of Distillery B and C fermentations
was actually higher than in LW after distillation of Distillery A and D samples.
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Figure 5.58. Concentration of the higher alcohols tetradecanol and hexadecanol in low
wine (L W) after distillation of fermentations of Distillery D (Dist.D) wort samples (1, 2
and 3).
Distillery

Sample
No.

Ester concentration (mg/L)
Ethyl
acetate

Iso-amyl
acetate

~-phenylethyl
acetate

Ethyl
octanoate

Ethyl
decanoate

Ethyl
dodecanoate

2.2
5.7
26.4
5.1
26.3
83.2
2.4
4.8
22.3
4.5
22.2
58.5
1.5
5.3
24.4
4.8
25.6
71.4
2.0
5.3
24.4
4.8
24.7
71.0
Average (mglL)
1.6
3.3
13.4
11.7
1.9
39.2
B
1
14.7
1.8
3.6
2.1
13.4
46.8
2
2.1
3.6
14.2
13.1
1.9
47.7
3
3.5
1.8
14.1
12.7
Average (mg!L)
2.0
44.6
16.4
4.1
14.1
2.5
2.0
36.7
1
C
13.5
1.8
3.0
12.6
NID
2
29.9
14.4
3.2
11.7
1.6
1.9
38.1
3
14.8
1.9
3.4
12.8
Average (mg/L)
34.9
1.3
6.2
25.0
25.1
3.8
6.1
86.5
D
1
5.4
23.0
22.3
3.6
72.2
5.6
2
6.1
25.0
24.7
3.6
5.8
85.4
3
24.0
3.7
5.9
24.3
5.8
81.4
Average mg/L)
Table 5.12. Comparison of the concentranon of acetate and short-cham ethyl-esters
present in LW after distillation of Distillery A, B, C and D wort fermentations. Also
shown is the average concentration of each volatile for each distillery. NID = not
determined.

A

1
2
3
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5.10.7. Comparison of the Concentration 0/ Acids in LWafter Distillation a/Distillery
Wort Fermentations
Table 5.14 shows the average concentration ofa range of acids present in LW samples
after distillation of Distillery A, B, C and D wort fermentations. The average
concentration of propanoic (C3:0), hexanoic (C6:0), octanoic (C8:0), decanoic (ClO:0)
and dodecanoic (CI2:0) acids was higher in LW samples from Distillery A and D
fermentations compared to LW from Distillery B and C fermentations. There was
significant variation between LW samples within distilleries, in terms of the
concentration of acetic acid, although normally only one sample was significantly
different (LW sample 3 from Distillery A, sample 2 from Distillery B, sample 1 from
Distillery C and sample 2 from Distillery D fermentations). There was little variation in
the average concentration of iso-butanoic and iso-pentanoic acids in LW samples after
distillation of distillery fermentations.

5.10.B. Comparison of the Concentration of Higher Alcohols in LWafter Distillation of
Distillery Wort Fermentations
The average concentration of a range of higher alcohols, measured after distillation of
Distillery A, B, C and D wort fermentations, is shown in Table 5.15. It was found that the
average concentration of iso-amyl, active-amyl and J3-phenylethyl alcohol was higher in
LW from Distillery B and C fermentations, in comparison to LW from Distillery A and D
fermentations. Propanol was measured in similar average concentrations in each set of
LW samples from distillery fermentations, whereas iso-butanol was found in highest
concentration in Distillery C LW samples, followed by LW from Distillery B and D
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Distillery

Sample No.

A
Average
B

Average
C
Average
D
Average

Ethyl
tetradecanoate

1
2
3
(mgIL)
1
2
3
(mgIL)
1
2
3
(mWL)
1
2
3
(mgIL)

Ester concentration (me/L)
Ethyl
Ethyl
hexadecanoate
hexadecenoate

Ethyl
linoleate

4.2
2.8
3.6

19.1
14.9
17.4

10.6
8.8
10.8

1.60
1.58
1.72

3.5

17.1

10.1

1.63

1.8
2.1
2.0

14.5
11.7
12.9

9.3
8.7
8.7

6.76
5.19
5.41

2.0

13.0

8.9

5.79

2.1
1.6
1.8

14.7
12.7
13.0

9.4
6.5
7.1

7.35
5.48
5.80

1.9

13.5

7.7

6.21

3.9
3.3
3.6

18.9
19.0
19.8

15.7
11.3
15.8

2.18
1.61
1.66

3.6

19.2

14.3

1.82

Table 5.13. Comparison of the concentration of long-chain ethyl-esters present in LW
after distillation of Distillery A, B, C and D wort fermentations. Also shown is the
average ester concentration for each distillery.

Distillery

A
Average
8
Average
C
Average
0
Average

Sample
No.
1
2
3
(mgIL)
1
2
3
(mgIL)
1
2
3
(mgIL)
1
2
3
(mgIL)

Acid (carbon-chain length) concentration (mgIL)
C2:0

C3:0

IsoC4:0

IsoC5:0

C6:0

C8:0

CIO:O

C12:0

24.1
19.5
37.8

10.0
8.9
8.5

3.8
3.8
4.4

3.5
3.6
4.1

8.4
7.6
8.9

25.0
22.5
24.4

27.0
23.4
25.5

24.4
12.9
14.2

27.1

9.2

4.0

3.7

8.3

24.0

25.3

17.2

24.8
37.9
22.3

5.6
6.1
5.9

4.7
5.0
4.6

5.0
5.0
4.7

5.3
6.2
5.5

12.1
15.0
13.3

13.3
14.8
14.4

7.3
8.6
8.4

28.3

5.9

4.8

4.9

5.7

13.5

14.2

8.1

106.0
22.0
27.7

7.5
6.0
6.5

4.7
4.2
4.0

4.5
4.8
4.2

6.2
5.1
5.2

13.7
12.6
12.2

13.4
12.6
13.2

7.1
7.1
7.1

51.9

6.6

4.3

4.5

5.5

12.8

13.1

7.1

106.4
68.0
105.0

10.3
9.8
9.9

5.8
5.9

4.9
4.6
5.3

9.4
8.4
9.1

23.7
23.1
24.5

23.2
25.0
23.3

14.0
13.2
13.7

93.1

10.0

5.7

4.9

9.0

23.8

23.8

13.6

SA

Table 5.14. Comparison of the concentration of acids in LW after distillation of Distillery
A, B, C and D wort fermentations. Also shown is the average acid concentration for each
distillery.
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fermentations, with LW from Distillery A fermentations having the lowest average
concentration.

5.10.9. Comparison of the Concentration of Aldehydes in L W after Distillation of
Distillery Wort Fermentations
After distillation, the concentrations of three aldehyde compounds (acetaldehyde, acetal
and furfural) present in LW samples from Distillery A, B, C and D wort fermentations
were measured (Table 5.16) and the average concentration for 3 separate samples
calculated. It was evident that the concentration of acetaldehyde and acetal was highest in
LW samples from Distillery A fermentations, with lower, but similar, concentrations
found in LW samples from Distillery B, C and D wort fermentations. There was some
variability in the detection of furfural in LW samples from different distillery
fermentations, with no samples containing detectable concentrations from Distillery A
fermentations. It was notable that the average concentration of furfural in LW samples
from Distillery B, C and D fermentations was very low.

5.10.10. Comparison of the Concentration of Long-Chain Alcohols in LW after
Distillation of Distillery Wort Fermentations
Table 5.17 shows the concentration of very long-chain alcohols present in LW samples
after distillation of Distillery A, B, C and D wort fermentations. Although tetradecanol
was found in lower average concentration in LW samples than hexadecanol, the average
concentration of each alcohol was found to be very similar between LW samples after
distillation of each set of distillery wort fermentations.
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Distillery

Sample
No.

Alcohol concentration (mgIL)
Propyl

Iso-butyl

Iso-amyl

n-amyl

J3-

phenethyl
I
111.0
148.0
309.0
104.0
116.0
2
A
105.0
132.0
312.0
114.0
103.0
3
95.7
126.0
292.0
95.4
109.0
Average (mg/L)
103.9
135.3
304.3
100.8
113.0
1
99.6
186.0
382.0
162.0
150.0
B
1
93.5
184.0
380.0
153.0
150.0
3
96.0
185.0
371.0
154.0
141.0
Average (mg/L)
96.4
377.7
185.0
156.3
147.0
100.0
217.0
1
345.0
166.0
169.0
2
82.8
180.4
367.0
C
143.0
164.0
206.0
333.0
160.0
95.3
150.0
3
Average (mgIL)
92.7
201.1
348.3
153.0
164.3
89.4
185.0
316.0
1
116.0
123.0
163.0
82.9
303.0
1
106.0
123.0
D
87.0
175.0
308.0
3
105.0
119.0
174.3
86.4
309.0
Avera2e (mWL)
109.0
121.7
Table 5.15. Comparison of the concentration of higher alcohols present in LW after
distillation of Distillery A, B, C and D wort fermentations. Also shown is the average
higher alcohol concentration for each distillery.
Aldehvde concentration. me/L)
Acetaldehyde
Acetal
Furfural
30.5
I
29.0
N/D
19.0
18.4
1
NID
A
18.1
13.7
3
NID
22.5
20.4
Average (mgIL)
0
10.9
11.5
NID
1
NID
13.4
0.8
1
B
16.1
12.9
NID
3
9.0
12.6
0.3
Average (mgIL)
0.6
11.3
8.9
1
9.1
0.8
14.2
1
C
10.1
NID
15.2
3
9.4
0.4
13.6
Average (mgIL)
0.8
9.2
15.4
1
N/D
7.8
13.8
D
1
0.8
7.6
12.3
3
0.5
8.2
13.8
Average (mgIL)
..
Table 5.16. Comparison of the concentration of aldehydes present in LW after distillation
of Distillery A, B, C and D wort fermentations. Also shown is the average aldehyde
concentration for each distillery. Acetaldehyde was not measured in sample 2 from
Distillery B. NID = not detected.
Distillery

Sample No.
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Distillery

Alcohol concentration (nl2/i)
Tetradecanol
Hexadecanol

Sample No.

2.05
9.02
A
1.88
9.67
2.18
11.67
Average (mg/L)
2.04
10.12
1
1.51
9.87
B
2
1.74
9.77
3
1.75
10.55
Average mgIL)
1.67
10.06
1
2.01
7.68
2
C
l.85
8.11
3
2.06
9.46
Averaae (m2/L)
1.97
8.42
1
2.25
9.45
2
D
1.85
9.21
3
1.94
9.00
Avera2e mWL)
2.01
9.22
Table 5.17. Comparison of the concentration of the long-chain higher alcohols
tetradecanol and hexadecanol present in LW after distillation of Distillery A, B, C and D
wort fermentations. Also shown is the average alcohol concentration for each distillery.
1
2
3

To summarise, from the results observed during and after fermentation of wort samples
from different distilleries, it was evident that the method of wort production had a
profound influence on the way in which yeast cells subsequently metabolised the wort
constituents during fermentation. This had the result of affecting the final components
found in the LW after primary distillation, differences that would conceivably be
observed in the final product, i.e. mature whisky. These findings are discussed more fully
later in this thesis.
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Chapter

6. Analysis of Fermentation

of Worts Produced Experimentally

in the

I.C.B.D's Pilot Brewery
After the results from analysis of the fermentation of worts from four different
commercial Scotch malt-whisky distilleries, it was decided to produce different worts on
a smaller scale in the I.C.B.D.'s pilot brewery. It was relevant to see if using a similar
process, but a different technique of mashing, could reproduce the differences observed
between the four commercial distilleries. Five worts were produced in the I.C.B.D.' s 2
hectolitre-capacity pilot brewery using different mashing methods. Wort samples were
given a different designation and are summarised below:
SB 76

Mashing using a shallow bed with 76°C sparge temperature.

SB 90

Mashing using a shallow bed with 90°C sparge temperature.

DB 76

Mashing using a deep bed with 76 "C sparge temperature.

SB Dry 90

Mashing using a shallow bed, but allowing the top of the mash bed to dry
before sparging at 90°C.

MT

Mashing, using a shallow bed with no raking, effectively trying to
simulate a mash tun. Sparging was at 76°C.

6.1 Concentration of Solid Material Present in Pilot Brewery Worts
From five different worts produced in the I.C.B.D. pilot brewery, the concentration of
insoluble solid material present was determined. The results are shown in Table 6.1.
From the table, it is clear that wort produced employing a deep bed with 76°C sparge
(DB 76) gave the lowest concentration of solid material present in wort (0.157 g/L), In
comparison to deep-bed mashing, when shallow-bed mashing was employed the
concentration of insoluble material increased, irrespective of sparging temperature. When
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Wort Designation
DB 76
SB76
SB90
SB Dry 90

Concentration of Solid Material (gIL)
0.157
0.638
0.781
0.720
MT
0.414
Table 6.1. Concentration of Insoluble sohd matenal present In wort samples produced In
the I.C.B.D.'s pilot brewery. Individual samples were centrifuged at 2,500 x g for 30 min.
The pellet was then re-suspended and washed in distilled water, centrifuged at 10,000 x g
for 30 min and the pellet was dried before weighing.

mashing through a shallow mash bed and sparging at 76°C (SB 76), the concentration of
solids increased to 0.638 gIL. Increasing the sparging temperature (90°C) (SB 90)
resulted in an increase in the solids concentration present in the subsequent wort (0.781
g/L), However, if the mash bed was allowed to run dry before 90°C sparge water was
added (SB Dry 90), the wort produced contained slightly less solid material (0.72 g/L),
Finally, when a mash tun was simulated (i.e. no raking through mashing - MT), the
concentration of solids present in the wort was 0.414 g/L, which was a value between the
concentration of solid material in wort after deep-bed and shallow-bed mashing.

6.2 Concentration of Fatty Acids Present in Pilot Brewery Worts
The fatty acid content of wort samples produced in the I.C.B.D.'s pilot brewery was
estimated by direct-injection gas chromatography. The worts were analysed for
hexadecanoic (CI6:0), hexadecenoic (CI6:I), octadecanoic (CI8:0), octadecenoic
(CI8:I), octadecadienoic (CI8:2) and octadecatrienoic (CI8:3) acids.
Figures 6.1 and 6.2 show the concentration of each fatty acid in the five different worts.
The fatty acids CI6:0, C18:0 and C18:2 are shown in Figure 6.1 and, in view of the fact
they are in smaller concentrations, CI6:1, C18:1 and C18:3 are shown in Figure 6.2. In
general, C 16:0 was found in the highest concentration in each wort. However, there were
190

45

-- _-_- ----_._------_.-_--_

..._-_

._--------_ ..---_.------_._. __ .._---_-._--_

_-------------.

..

40
35

-

30

~

.s.c 25

.,o

..

~

20

u
C

o

o

16

10

5

C16:0

008·76

C18:0

.S8·76

oS8-90

C18:2
00ry90

.MT

Figure 6.1. Concentration of hexadecanoic (C16:0), octadecanoic (CI8:0) and
octadecadienoic (CI8:2) fatty acids in pilot brewery worts DB 76, SB 76, SB 90, SB Dry
90 and MT. Results shown are the average of triplicate GC injections.
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Figure 6.2. Concentration ofhexadecenoic (CI6:1), octadecenoic (CI8:I) and
octadecatrienoic (CI8:3) fatty acids in pilot brewery worts DB 76, SB 76, SB 90, SB Dry
90 and MT. Results shown are the average of triplicate GC injections.
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clear differences in fatty acid concentration between worts. Wort DB 76 contained the
lowest concentrations ofCI6:0

(11.95 mgIL), CI6:I (0.238 mg/L), C18:0 (4.82 mg/L),

C18:1 (1.02 mgIL), C18:2 (5.6 mgIL) and C18:3 (0.62 mgIL). The use ofa shallow
mashing bed, as opposed to a deeper mashing bed, resulted in a general increase in the
concentration of fatty acids present in the wort. The concentration ofC16:0 in wort SB 76
was 32.09 mg/L. However, the concentration of C 16:1 was 0.518 mg/L, which
represented an increase compared to DB 76. Increases in the concentration ofC18:0 (6.26
mg/L), CI8:I (2.3 mg/L), C18:2 (21.76 mg/l) and C18:3 (1.67 mg/L) were also seen in
wort SB 76. Wort SB 90 was produced after mashing using a shallow bed, but with an
increased sparge temperature (90°C). This resulted in a further increase in the fatty acid
content of the wort. Indeed, the highest concentration of most individual fatty acids was
seen in this wort. The concentration ofC16:0 reached 42.25 mg/L and further increases
were seen in the concentration ofC18:0 (7.19 mgIL), CI8:1 (3.24 mg/L), C18:2 (29.07
mg/L) and CI8:3 (2.31 mgIL). Only C16:1 showed no real difference in the fatty acid
concentration (0.489 mg/L). Another wort that was produced, designated SB Dry 90,
differed only from SB 90 in that the mash bed was allowed to dry before addition of 90
"C sparge water. This, however, had an effect on the fatty acid concentration of the
resulting wort. The concentration ofC16:0 was slightly decreased (39.78 mgIL),
compared to SB 90. Indeed, the concentration ofC18:0 (4.63 mg/L) was lower than in
both SB 76 and SB 90. Additionally, the C18:2 concentration (28.44 mg/L) was only
slightly lower than in SB 90, a similar case to CI8:I (2.66 mg/L) and C18:3 (2.12 mg/L),
Only C16:1 remained virtually unchanged (0.474 mg/L), When mashing was carried out
without raking (sparge temperature 76°C), simulating a shallow bed mash tun system
(MT), the effect was to generally reduce the fatty acid content of the wort. In all other
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respects, this wort was produced in a similar way to SB 76. However, the concentration
of C 16:0 was 28.68 mg/L, which was lower than SB 76. A similar situation was seen
with C16:1 (0.424 mg/L), C18:0 (4.45 rng/L), C18:2 (20.28 mg/L) and C18:3 (1.53
mg/L). Interestingly, the concentration ofC18:1 actually appeared to increase in wort MT

(2.63 mglL) compared to wort SB 76.

6.3 Concentration of Free-Amino Nitrogen (FAN) Present in Pilot Brewery Worts
The initial average concentration of free-amino nitrogen (FAN) was measured in the pilot
brewery worts and the results are shown in Table 6.2. Clearly, wort sample DB 76
contained the highest concentration of FAN before commencement of fermentation.
There was a reduction in the FAN concentration of worts, which were made with a
shallow bed mash system (SB 76 and SB 90) and, notably, the concentration of FAN was
slightly lower in SB 90 wort than SB 76 wort. However, the concentration of FAN
present in wort samples SB Dry 90 and MT were even lower.

6.4 Assessment of Total Yeast Cells in Suspension during Fermentation of Pilot Brewery
Worts
Static 1 L fermentations of each pilot brewery wort sample were carried out in triplicate.
During the early stage of fermentation (i.e. 24 hours), the number of yeast cells in
suspension was counted using an Improved Neubauer counting chamber. In Figure 6.3,
the number of yeast cells in suspension during the initial 24-hours fermentation of wort
DB 76 is shown. The number of yeast in suspension was first determined after 4 hours

fermentation and was found to be 4.36 x 107 cells/ml. Over the first 10 hours
fermentation period, the numbers of yeast cells in suspension increased significantly
193

Wort Designation
DB 76
8876
8890
SB Dry 90

Concentration of FAN (mgIL)

328.56
306.12
296.24
287.94
MT
281.57
Table 6.2. Average concentration of FAN In pilot brewery wort samples DB 76, SB 76,
SB 90, SB Dry 90 and MT before fermentation.
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Figure 6.3. The change in yeast cell number during fermentation of pilot brewery wort
DB 76. Results shown are the average of triplicate fermentations.

194

26

(1.41 x 108 cells/ml). However, between 10 and 12 hours fermentation, the number of
yeast cells increased less rapidly in wort DB 76 (1.49 x 108 cells/ml). After 24 hours
fermentation, the number of cells in suspension in DB 76 was 1.59 x 108•
A comparison of the numbers of yeast cells present in suspension during fermentation of
SB 76 and SB 90 is shown in Figure 6.4. After 4 hours fermentation, the number of yeast
cells in suspension were similar in both cases (4.21 - 4.36 x 107 cells/ml). Yeast cell
numbers increased significantly in both worts between 4 and 6 hours fermentation, but by
8 hours, there were differences seen in cell number in the fermentations. After 8 hours,
SB 76 contained 9.08 x 107 cells/ml as opposed to SB 90, which contained 1.03 x 108
cells/ml. This indicated that the number of yeast cells in suspension had increased more
quickly in wort SB 90 than SB 76 between 6 and 8 hours. In both worts, there was a large
increase in yeast cell numbers in suspension between 8 and 10 hours. However, SB 90
contained 1.55 x 108 cells/ml compared to SB 76, which had 1.44 x 108 cells/ml in
suspension after 10 hours fermentation. Between 10 and 12 hours fermentation, there was
a slower increase in yeast cell number in suspension in both worts, although SB 90 still
8

8

held greater yeast cell numbers in suspension (1.65 x 10 cells/ml) than SB 76 (1.51 x 10
cells/ml). After 24 hours fermentation, both worts contained a similar number of yeast
cells in suspension (1.53 - 1.63 x 108 cells/ml).
Figure 6.5 shows the number of yeast cells in suspension during the initial 24 hours
fermentation of wort SB Dry 90. After 4 hours fermentation the number of yeast cells
counted was 4.07 x 107 cells/ml. There was a rapid increase in yeast number in
suspension over the next 6 hours fermentation, by which time the number had increased
to 1.36 x 108 cells/ml. Between 10 and 12 hours fermentation, there was a slower increase
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in yeast cell numbers to 1.44 x 108 cells/ml, followed by a relatively slight increase to
1.59 x 108 cells/ml by 24 hours fermentation.
The increase in yeast cells in suspension during fermentation of wort MT over 24 hours is
shown in Figure 6.6. The number of yeast cells counted after 4 hours fermentation was
4.16 x 107 cells/ml. Again, there was a rapid increase in the number of yeast cells over
the following 6 hours, whereby there were 1.34 x 108 cells/ml in suspension after 10
hours. Between 10 and 12 hours there was a slowing down in the increase in cell
numbers, resulting in 1.49 x 108 cells/ml after 12 hours. By 24 hours fermentation, the
number of yeast counted in suspension had risen to 1.58 x 108 cells/ml.

6.4.1 Comparison of the Average Yeast Cell Numbers in Suspension during Fermentation
of Pilot Brewery Worts
A comparison of the average concentration of yeast cells in suspension during
fermentation of the pilot brewery worts DB 76, SB 76, SB 90, SB Dry 90 and MT is
shown in Table 6.3. The number of yeast cells in suspension was similar after 4,6 and 8
hours in all fermentations, but was higher in sample SB 90 after 10 hours fermentation. A
similar situation was seen after 12 and 24 hours fermentation, whereby the average yeast
cell number in suspension was slightly lower in DB 76, SB 76, SB Dry 90 and MT
compared to sample SB 90.

6.5 Assessment of Yeast Cell Viability during Fermentation of Pilot Brewery Worts
The viability of yeast cells (in suspension) was measured by counting yeast cells in the
presence of the viability stain methylene violet. Cells, which stained pink, were assumed
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Yeast (ell numbers in suspension x 107)/ ml
8h
6h
10 h
12 h
4h
24 h
9.89
14.1
6.68
14.9
4.36
15.9
9.08
6.65
14.4
15.1
4.21
15.6
10.3
15.5
6.68
16.5
16.8
4.36
10.1
6.44
13.6
14.4
15.9
4.07
10.1
13.4
14.9
6.51
15.8
MT
4.16
Table 6.3. Comparison of the number of yeast cells In suspension during fermentation of
pilot brewery worts DB 76, SB 76, SB 90, SB Dry 90 and Mr.
Wort
Designation
DB 76
SB76
SB90
SB Dry 90
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to be non-viable and an estimation of the % viability of yeast cells was assessed from the
total yeast cell counts.
The viability of yeast cells during fermentation of wort DB 76 is shown in Figure 6.7. At
the start of fermentation (0 hours), the viability was high (> 99 %). After 4 hours
fermentation, the viability of yeast cells was seen to drop slightly (98 %). However, this
level of viability was still high. Over the next 2 hours the viability appeared to increase
slightly (99.3 %). Until 12 hours fermentation, viability of yeast cells remained greater
than 99 %, after which time there was a decrease in the viability of
yeast cells in sample DB 76, although, after 24 hours fermentation, yeast viability was
still high (93.1 %).
Figure 6.8 shows a comparison of the viability of yeast cells during fermentation of worts
SB 76 and SB 90. The initial viability of yeast cells was high (>99 %). Viability of yeast
cells had declined slightly after 4 hours fermentation in both SB 76 (98 %) and SB 90
(98.2 %). Indeed, the viability of yeast cells in suspension decreased over the next 8
hours fermentation in both worts. By 12 hours, the viability of yeast in SB 76 was 95.6 %
and 95.7 % in SB 90. Over the following 12 hours, the viability of yeast in SB 90
remained similar (96.3 %) as opposed to SB 76, where the viability dropped to 92.9 %.
Therefore, the viability of yeast in SB 76 was slightly lower than the viability of yeast in
SB 90 after 24 hours fermentation.
The change in viability of yeast cells during fermentation of wort SB Dry 90 is shown in
Figure 6.9. At the start of fermentation, the viability of yeast cells was high (> 99%).
Over the initial 6 hours fermentation, the viability of yeast cells remained greater than
99%. Between 6 and 8 hours, however, the viability of yeast cells decreased slightly to
96.9 %. Viability had decreased again by 10 hours fermentation (95.9 %), but showed a
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slight increase after 12 hours (96.7 %). After 24 hours fermentation, the viability of yeast
cells in wort SB Dry 90 had decreased to 91.2 %.
Finally, Figure 6.1 0 shows the viability of yeast cells during fermentation of wort MT. As
before, the viability of yeast at the start of fermentation was high (> 99 %), and remained
so over the initial 6 hours fermentation. By 8 hours, there was a slight decline in the
viability of yeast (97.5 %). This decline continued through 10 hours (95.3 %), but the
viability remained steady until 12 hours fermentation (95 %). After 24 hours fermentation
of wort MT, the viability of yeast had dropped to 91 %. It was clear that, overall, the
viability of yeast cells during the early fermentation period of the pilot brewery wort
samples remained high. However, after 24 hours fermentation there were small
differences in the measured viability of yeast cells between samples. It was assumed that
these were due to differences in the composition of each sample, as a result of the
different methods used to produce them. This issue is discussed fully in the Discussion
section of this thesis.

6.6 Concentration olC02 in Pilot Brewery Worts after 5 Hours Fermentation
The concentration of C02 present in each of the five worts produced in the I.C.B.D.'s
pilot brewery after 5 hours fermentation was assessed using a Corning 965-0 C02analyser. The results are shown in Figure 6.11. The concentration of CO2 present in each
wort was consistently below 2 g/L. There was little difference in CO2 content between
the fermenting wort samples after 5 hours.
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6.7 Metabolism of Wort Carbohydrates during Fermentation of Pilot Brewery Worts
During static fermentation of worts produced in the I.C.B.D.'s pilot brewery, the actual
weight of fermentations was logged and, from the decrease in weight, which occurred
naturally during fermentations, a rate of weight decrease was calculated.
A comparison of the rate of weight decrease during the initial 24-hour fermentation of
wort DB 76 is shown in Figure 6.12. Between 0 and 4 hours, the rate of weight decrease
was relatively slow (0.43 gIh). Over the following 6 hours fermentation, the rate of
weight decrease from wort sample DB 76 increased rapidly and, within the 8 to 10 hour
fermentation period, the rate of decrease from sample DB 76 was 4.62 gIh. During the 10
to 12 hour fermentation period, the rate of weight decrease began to slow (3.55 gIh).
Over the next 12 hours, the total rate of weight decrease had slowed further (1.64 gIh).
Figure 6.13 shows a comparison of the rate of weight decrease during static fermentation
of the wort sample designated SB 76 and SB 90. The rate of weight decrease during the 0
to 4 hour fermentation period was slow (0.425 - 0.45 gIh), but there was almost no
variation between each sample. An increase in the rate of weight decrease was observed
over the next 6 hours and peaked during the 8 to 10 hour fermentation period. At this
point, the rate of weight decrease was marginally faster in SB 90 (4.82 gIh) than sample
SB 76 (4.73 gIh). The rate of weight decrease started to slow during the 10 to 12 hour
fermentation period (3.I - 3.15 gIh), which continued to slow over the following 12
hours fermentation (total rate was 1.7- 1.77 gIh).
The rate of weight decrease from wort sample SB Dry 90 during static fermentation is
shown in Figure 6.14. The rate of weight decrease was relatively slow during the initial 0
to 4 hour fermentation period (0.41 gIh) but rapidly increased over the next 6 hours,
peaking during the 8 to 10 hour fermentation period at 4.25 gIh. After this period, the rate
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Figure 6.14. The rate of weight decrease from pilot brewery wort sample SB Dry 90
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of weight decrease slowed to 2.95 g/h (l0 to 12 hour fermentation period) and continued
to slow during the 12 to 24 fermentation period (1.81 g/h).
The rate at which carbohydrate was consumed from wort MT during fermentation is
shown in Figure 6.15. As with the previous samples, the rate of weight decrease during
the 0 to 4 hour fermentation period was slow (0.38 gIh), but rapidly increased over the
next 6 hours. The rate of weight decrease peaked during the 8 to 10 hour fermentation
period (3.98 g/h) and began to slow thereafter. During the 10 to 12 hour fermentation
period, the rate had slowed down to 2.63 g/h and further slowed to 1.82 g/h during the 12
to 24 hour fermentation period.

6.7.1 Comparison of the Average Rate of Weight Decrease during Fermentation of Pilot
Brewery Worts
A comparison of the average rate of weight decrease during fermentations of pilot
brewery wort samples DB 76, SB 76, SB 90, SB Dry 90 and MT is shown in Table 6.4.
During the initial 0 to 4 hour fermentation period, the average rate of weight decrease
was similar from all 5 wort samples, but between 4 and 6 hours, the rate of weight
decrease was faster with wort samples DB 76, SB 76 and SB 90 compared to samples SB
Dry 90 and MT. Over the proceeding 2 hours, the rate of weight decrease was greatest
with wort samples SB 76 and SB 90, which was slightly faster than with sample DB 76
and, indeed, samples SB Dry 90 and MT. This situation was mirrored between 8 and 10
hours fermentation. However, during the 10 to 12 hour fermentation period, the average
rate of weight decrease was fastest from wort sample DB 76, followed by samples SB 76
and SB 90. The rate of weight decrease was, again, slower with samples SB Dry 90 and
MT. Finally, over the 12 to 24 hour fermentation period, the average rate of weight
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Wort
Designation

Rate ofweigbt decrease (gIb) during fermentation periods (b)
0-4b

4-6h

6-8h

DB 76
SB76
SB90
SB Dry 90

8-10 h

10 -12 h

4.617
0.433
3.550
3.783
2.067
0.425
4.817
3.150
4.000
2.033
4.733
0.450
3.100
3.983
2.067
0.408
4.250
2.950
1.917
3.633
3.983
2.633
MT
0.383
3.667
1.950
Table 6.4. Comparison of the average rate of weight decrease from fermentations
brewery samples DB 76, SB 76, SB 90, SB Dry 90 and MT.
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12 -24 h
1.641
1.697
1.769
1.813
1.817
of pilot

decrease was slightly greater from samples SB Dry 90 and MT compared to sample SB
90, SB 76 and DB 76.

6.8 Rate of FAN Consumption during Fermentation of Pilot Brewery Worts

The concentration of FAN was measured in each pilot brewery wort sample during static
fermentation. Figure 6.16 shows the rate of FAN consumption by yeast from wort sample
DB 76 during a 24-hour fermentation period. During the 0 to 4 hour fermentation period,
the rate of FAN consumption was relatively slow (9.96 mg/h), However, the rate of FAN
utilisation started to increase from this point.By the 6 to 8 hour fermentation period, the
rate of FAN consumption was 36.21 mg/h with wort DB 76. The rate of FAN
consumption from sample DB 76 began to slow during the 8 to 10 hour fermentation
period (30.28 mg/h) and, thereafter, decreased further during the 10 to 12 hour
fermentation period (10.26 mglh). Over the next 12 hours, the rate of FAN consumption
had decreased significantly to 1.17 mg/h,
A comparison of the rate at which FAN was consumed from worts SB 76 and SB 90 is
presented in Figure 6.17. Initially, there was a difference in the rate of FAN consumption
during the 0 to 4 hour period. Yeast appeared to consume FAN at a greater rate from wort
SB 76 (14.39 mg/h) than from wort SB 90 (9.16 mg/h). During the 4 to 6 hour
fermentation period, there was only a small increase in the rate of FAN uptake from wort
SB 76 (15.65 mg/h), whereas there was a more rapid increase from wort SB 90 (30.74
mglh). Over the proceeding 2 hours, there was a sharp increase in the rate of FAN uptake
from wort SB 76 (41.44 mg/h) compared to that from wort SB 90 (36.42 mglh). During
the fermentation period 8 to 10 hours, the rate of FAN consumption had slowed with both
worts, but the rate from SB 76 (29.02 mglh) was still slightly higher than from
208
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Figure 6.16. The rate of FAN consumption from pilot brewery wort sample DB 76 during
fermentation. Results shown are the average of triplicate fermentations.
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SB 90 (26.66 rng/h). Consumption of FAN decreased again during the 10 to 12 hour
fermentation period and there was little variation between SB 76 (7.37 mglh) and SB 90
(6.79 mg/h). Between 12 and 24 hours fermentation, the rate of FAN consumption
diminished almost completely, whereby less than 0.7 mg/h FAN was consumed from
either wort.
Figure 6.18 shows the rate of FAN consumption by yeast during fermentation of wort SB
Dry 90. The initial rate of FAN consumption, between 0 and 4 hours, was 12.8 mg/h. The
rate of FAN consumption increased rapidly after 4 hours fermentation, and peaked during
the 8 to 10 hour fermentation period at 36.4 mg/h. Thereafter, the rate at which FAN was
consumed slowed between 10 and 12 hours fermentation (6.79 mg/h) and slowed further
during the next 12 hours (2.97 mg/h),
The FAN consumption rate by yeast during fermentation of wort MT is shown in Figure
6.19. Over the first 4 hours of fermentation, the rate of FAN consumption was relatively
slow, being 12.85 mg/h, There was only a slight increase in the rate of FAN consumption
during the next two hours (17.24 mg/h). However, the rate increased significantly
thereafter, with the greatest FAN consumption rate between 6 and 8 hours fermentation
(36.44 mglh). After this point, the rate slowed to 26.61 mg/h during the 8 to 10 hour
fermentation period, then continued to decrease to 6.79 mg/h between 10 and 12 hours.
Over the next 12 hours, the overall rate of FAN consumption was 2.97 mg/h.

6.8.1 Comparison of the Average Rate of FAN Consumption during Fermentation of Pilot
Brewery Worts
Table 6.5 is a comparison of the average rate of FAN consumption by yeast during
fermentation of pilot brewery wort samples DB 76, SB 76, SB 90, SB Dry 90 and MT.
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Wort
Designation

Rate of FAN consumption (mg/h) during fermentation periods (h)
0-4h

4-6h

6-8h

8-10 h

10-12 h

12- 24 h

D876
S876
S890
S8 Dry 90

9.96
27.06
36.21
30.28
10.26
1.17
13.03
17.23
41.44
29.02
7.37
0.69
9.16
30.74
36.42
26.66
6.79
0.34
12.85
17.24
36.44
26.61
6.79
2.97
14.72
MT
15.73
33.64
25.34
6.36
2.81
Table 6.5. Companson of the rate of FAN consumption by yeast dunng fermentation of
pilot brewery wort samples DB 76, SB 76, SB 90, SB Dry 90 and MT.

Between 0 and 4 hours fermentation, the rate of FAN use from all wort samples was
similar. However, during 4 to 6 hours fermentation, the rate of FAN consumption by
yeast was greater in samples DB 76 and SB 90 than samples SB 76, SB Dry 90 and MT.
Over the next two hours, the rate of FAN consumption was slightly higher from sample
SB 90 than the other samples, which were similar. However, between 8 and 10 hours
fermentation, the average rate of FAN consumption from samples DB 76 and SB 76 was
higher than from samples

sa 90, SB Dry 90 and MT, which

also occurred during 10 to12

hours fermentation, although, from sample SB 76, the rate of FAN consumption was only
slightly faster. Over the next 12 hours, the average rate of FAN consumption was
fastest from samples SB Dry 90 and MI, followed by sample DB 76. During this timeperiod, the rate of FAN consumption was slowest from samples SB 76 and SB 90.

On the evidence of these results, it was clear that there were differences in the rates of
sugar and FAN consumption during fermentation of pilot brewery worts. Different
methods of production of these worts resulted in altered dynamics of fermentation by S.
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cerevisiae, as evidenced with FAN and sugar utilisation. The reasons and implications of
these findings are discussed later in this thesis.

6.9 Concentration of Some Volatiles Present after 50 Hours Fermentation of Pilot
Brewery Worts
The concentration of some higher alcohols and esters was measured after 50 hours
fermentation of worts produced in the l.e.B.D.'s

pilot brewery. The volatiles were

measured by headspace gas-chromatography.
Figures 6.20 and 6.21 show the concentration of volatiles present after 50 hours
fermentation. In general, the most abundant higher alcohol present in each of the
fermented worts was 3-methyl butanol and the most abundant ester was ethyl acetate.
However, there were quantitative differences in the concentration of some volatiles
between wort samples. In the wort sample produced using a deep mash-bed method (DB
76), there were lower concentrations of iso-butanol and 2 methyl-butanol present at the
end of fermentation than when wort produced using a shallow mash-bed method (SB 76,
SB 90, SB Dry 90 and MT) was fermented. Wort sample DB 76 contained 58.4 mg/L isobutanol, whereas worts SB 76 and SB 90 contained 81 mgIL and 85.6 mgIL respectively.
However, wort SB Dry 90 (69.3 mg/L) and MT (68.9 mgIL) contained less
iso-butanol than SB 76 and SB 90. A similar situation was seen with 2-methyl butanol,
where DB 76 (35.8 mgIL) had measurably less than SB 76 (49.2 mg/L) and SB 90 (52.2
mg/L). Worts

sa Dry 90 and MT had a lower concentration

of2-methyl butanol than SB

90, having 41.9 mgIL and 48.7 mg/L respectively. The concentration of3-methyl butanol
in wort

sa 76 (113 mg/L)

was higher than in DB 76 (97.9 mg/L), but also SB 90, which

contained 102.1 mgIL. However, wort SB Dry 90, after 50 hours fermentation, contained
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Figure 6.20. The concentration of ethyl acetate and higher alcohols after 50 hours
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Results shown are the average of triplicate fermentations.
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less 3-methyl butanol (95.1 rng/L), whereas MT had a greater concentration (102.6 mglL)
of this higher alcohol. Between worts DB 76, SB 76 and SB 90, there was only a small
variation seen in the concentration of propanol (40.5 - 41.1 mglL), but worts S8 Dry 90
and MT contained less propanol (36.4 and 35.1 mglL respectively).
After 50 hours fermentation, the ester content of the pilot brewery worts, although
showing variation between worts, appeared to follow a trend. In general, there was a
decreased concentration of esters in the worts that were produced using a shallow mashbed system, i.e. SB 76, SB 90, SB Dry 90 and MT. Another observation was that,
generally, a higher sparging temperature also resulted in a slight decrease in the ester
concentration present in the fermented wort. The most likely explanation for this was the
effect that these parameters had on the resultant concentration of fatty acids in the wort
(Figures 6.1 and 6.2). The effects of fatty acids on the formation of esters during
fermentation by S. cerevisiae have been known for some time (Ayrapaa and Lindstrom
1973), and, in terms of the results obtained in this study, this is discussed more fully later.
The greatest differences, in terms of absolute concentration, was seen with ethyl acetate,
where DB 76 (42.4 mgIL) contained considerably more ethyl acetate than SB 76 (25.3
mg/L), SB 90 (20.1 mg/L) or SB Dry 90 (19.3 mgIL). Wort MT (24.6 mgIL) still
contained less ethyl acetate than DB 76, but more than SB 76, SB 90 or SB Dry 90. The
iso-amyl acetate content of wort DB 76 (3.95 mgIL) was also considerably greater than
worts SB 76 (1.62 mgIL), SB 90 (0.93 mgIL) and SB Dry 90 (1.02 mg/L), However,
similar to ethyl acetate, wort MT had a higher concentration of iso-amyl acetate (1.75
mg/L) than SB 76, SB 90 and SB Dry 90. Four other esters were measured and these
esters were found in much lower concentration than ethyl acetate and iso-amyl acetate,
but they followed a similar trend to the concentrations of these esters found in wort
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samples after 50 hours fermentation. The concentration of iso-butyl acetate present in
wort DB 76 (0.289 mg/L) was higher than in worts SB 76 (0.2 mg/L), SB 90 (0.17 mg/L)
or SB Dry 90 (0.125 mg/L). Also, wort MT appeared to contain the lowest concentration
of iso-butyl acetate (0.116 mg/L). Ethyl butyrate appeared to follow a similar trend, with
wort DB 76 having a higher concentration (0.267mgIL) than worts SB 76 and SB 90
(0.19 and 0.144 mg/L respectively). However, with respect to this ester, wort SB Dry 90
appeared to contain a slightly greater concentration (0.165 mg/L) than wort SB 90. Wort
MT had an even greater concentration (0.213 mg/L). Wort DB 76 contained the highest
concentration of ethyl hexanoate (0.244 mg/L), which was consequently greater than in
worts SB 76 and SB 90 (0.146 and 0.116 mg/L). The concentration of ethyl hexanoate
found in wort SB Dry 90 was 0.143 mg/L, which was slightly higher than in wort SB 90,
whereas wort MT contained an even higher concentration (0.194 mg/L). Like ethyl
hexanoate, wort DB 76 contained the highest concentrations of ethyl octanoate (0.315
mg/L), which was greater than worts S8 76 and S8 90 (0.169 and 0.123 mg/L
respectively). However, on this occasion, the concentration of ethyl-octanoate in wort S8
Dry 90 (0.123 mg/L) was similar to S8 90 and wort MT contained a concentration that
was relatively high (0.288 mg/L).

6.10 Dielectric Monitoring of Pilot Brewery Worts
Larger volumes (5 L) of the wort samples produced in the I.e.B.D.'s pilot brewery were
fermented in a stirred fennenter over a 72-hour period. The fermentation temperature was
controlled throughout the fermentation period and the same temperature profile was
employed for each wort sample. At 30-minute intervals, the permittivity of yeast cells
and conductivity of the wort medium were measured. At 24-hour intervals the viability of
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yeast cel1s (using the methylene violet stain), pH of the wort medium and the specific
gravity were measured.

6.10.1 Changes in Wort pH. Yeast Cell Viability and Specific Gravity (SG) during
Fermentation of Pilot Brewery Worts
The change in viability of yeast cells during 72-hour fermentation of worts DB 76, SB
76, SB 90, SB dry 90 and MT is shown in Figure 6.22. The viability of yeast cel1s at the
start of fermentation of worts was high (> 98 %) and still remained high after 24 hours
fermentation of each sample (96.9 - 98.7 %). Over the proceeding 24 hours, however, the
viability of yeast in fermentations decreased. There were significant differences in the
level of yeast viability in each wort sample after 48 hours fermentation. Yeast fermenting
wort SB 90 showed the highest viability (83.3 %), fol1owed by yeast in wort SB 76 (82.2
%). The viability of yeast in wort SB Dry 90 (73.3 %) and wort MT (75.8 %) was lower
than both SB 76 and SB 90. But the largest decline in yeast cell viability was seen in
those fermenting wort DB 76 (52.8 %). By the end of the fermentation period (72 hours),
the viability of yeast cells in each fermentation was 0 %.
The pH of each wort sample was measured at 24-hour intervals during fermentations and
the results are shown in Figure 6.23. At the time of pitching, the pH of wort samples was
similar (PH 5.54 - 5.58). During the initial 24 hours fermentation, the pH of each wort
sample dropped significantly. After 24 hours fermentation, there were slight differences
in the pH of each wort sample. Wort DB 76 had the highest pH (PH 4.1). The pH of worts
SB 76, SB 90 (both pH 3.95), SB Dry 90 (PH 3.9) and MT (pH 3.93) were all slightly
lower. After this period, the pH of each sample began to increase over the proceeding 24
hours. However, after 48 hours fermentation, there were more differences in the pH of
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each sample. The pH of wort DB 76 was the highest (PH 4.5) followed by wort SB 76
(PH 4.37). Worts MT and SB Dry 90 had a similar pH (PH 4.25 and 4.3 respectively).
The lowest pH was in wort SB 90 (PH 4.17). This general increase in wort pH was
followed by another decrease in the each sample towards the end of fermentation (72
hours). At this time, the pH of worts SB 76 and SB 90 (PH 4.11 and 4.07 respectively)
was higher than worts DB 76 (pH3.9), SB Dry 90 (PH 3.91) and MT (3.84).
Figure 6.24 shows the results of the decrease in the specific gravity of the pilot brewery
wort samples. The initial specific gravity of each wort sample was between 1.0545 1.0553

0.

There was a rapid drop in the specific gravity of each wort sample during the

first 24 hours of fermentation. However, the specific gravity of wort samples SB 76 and
SB 90 (1.006 and 1.0063 ° respectively) were slightly lower at this time-point than
samples DB 76 (1.010 0), SB Dry 90 (1.0076°) and MT (1.0094 0). After 48 hours
fermentation, the specific gravity of each sample was below 0.999 ° (0.997 - 0.9986 0)
and remained at this level after 72 hours fermentation.

6.10.2 Changes in Yeast Cell Permittivity and Wort Conductivity during Fermentation of
Pilot Brewery Worts
The results of changes in permittivity of yeast cells and wort conductivity, during
fermentation of the pilot brewery samples, are shown in Figure 6.25. In general, there
was a similar trend in the change in yeast cell permittivity during fermentation of each
wort sample. Initially, there was a rapid increase in permittivity, followed by a less rapid
increase before a relatively stationary period. Following this, there was a slight decrease
in yeast cell permittivity, followed by a period of rapid decrease in the permittivity of
yeast cells in every wort sample, to a point where there was no further permittivity
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decrease. However, there were differences in the timing of certain events concerning
yeast cell permittivity during fermentation of different wort samples. During the initial
14-hour fermentation period of each wort sample, the permittivity of yeast in each wort
sample increased rapidly. This coincided with a slight decrease in the conductivity of
each wort sample. Conductivity, however, began to increase slightly after 18 hours
fermentation. The permittivity of yeast cells increased further in fermentations, but less
rapidly until ca. 29 hours. However, it was clear that the behaviour of yeast cells was
different in the five wort samples. Yeast cells fermenting samples SB 76 and SB 90
showed much higher permittivity values by 29 hours fermentation than samples DB 76,
SB Dry 90 and MT. However, the permittivity of yeast cells in sample SB Dry 90 was
also higher than DB 76 and MT. There was little change in yeast cell permittivity over
the proceeding 12 hours with each wort sample. Thereafter, there began a slight decrease
generally in the permittivity of yeast cells. The permittivity values for yeast cells in
sample DB 76 began to decrease rapidly after 44 hours fermentation. The conductivity of
samples SB 76, SB Dry 90 and MT showed more rapid increases after 47 hours, and after
49 hours in sample SB 90. There was also a rapid decrease in the permittivity of yeast in
samples SB Dry 90 and MT, but in comparison to sample DB 76, the onset was 4 hours
later, at 48 hours fermentation. Yeast fermenting sample SB 76 showed a rapid decrease
in permittivity after 48 hours also, but this decrease was further delayed in sample SB 90
until 52 hours fermentation. The time point at which the rapid decrease in yeast
permittivity ceased was different for each wort sample. The permittivity of yeast cells in
sample DB 76 remained relatively constant after 59 hours fermentation. The decrease in
permittivity of yeast cells in samples SB 76, SB Dry 90, MT ceased after 61 hours
fermentation and after 65 hours in sample SB 90.
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6.11 Concentration of Volatiles Present in Low Wines after Distillation of Wash Samples
from Pilot Brewery
After 72 hours fermentation of the wort samples produced in the I.C.B.D.'s pilot brewery,
wash was subjected to a primary distillation to low wines (LW). Individual samples were
tested for the presence (in mg/L) of a range of volatile compounds by direct-injection
gas-chromatography.

6.11.1 Concentration of Acetate and Short-Chain Fatty Acid Ethyl Esters in L Wafter
Distillation

0/ Pilot

Brewery Wort Fermentations

Figure 6.26 shows the concentration of some acetate and short-chain fatty acid ethyl
esters. It was clear that there was some variation in the concentration and, indeed,
presence of ethyl lactate, iso-amyl acetate and p-phenylethyl acetate. Ethyl lactate was
not detected in the LW from samples SB 76 and SB 90, but was present in DB 76 (0.6
mg/L), SB Dry 90 (3.3 mg/L) and MT (1.5 mg/L). Iso-amyl acetate was detected only in
LW samples from DB 76 (2 mg/L) and MT (1.3 mg/L) whereas p-phenylethyl acetate
was detected in samples DB 76 (1.1 mg/L), SB 76 (1.4 mg/L) and MT (1.1 mg/L).
Significantly higher concentrations of ethyl acetate were found in the LW's of each
sample. Sample DB 76 contained the lowest concentration of ethyl acetate (25 mgIL) and
there were only slight differences in the concentration found in the other samples (31.2 33.1 mgIL). Ethyl hexanoate was not detected in any of the LW samples and, although
ethyl octanoate was detected in all samples, there were only marginal differences found
in the concentration between each sample (2.8 - 4.3 mg/L), Clearer differences were
detected between samples in the concentration of ethyl decanoate. MT had the highest
concentration of this compound (17.3 mgIL), followed by SB 76 (15.8 mg/L). Sample SB
222

Dry 90 contained 14.7 mg/L ethyl decanoate, but samples DB 76 and SB 90 contained
the lowest concentrations (11.9 and 11.8 mg/L respectively). This trend was similar with
ethyl dodecanoate, where samples SB 76 and MT contained the highest concentrations
(14.2 and 16.2 mg/L respectively). Samples DB 76 and SB Dry 90 had similar
concentrations of ethyl dodecanoate (11.2 and 11.9 mg/L respectively), with sample SB
90 containing the lowest concentration (8.7 mg/L).

6.11.2 Concentration of Medium to Long-Chain Fatty Acid Ethyl Esters in LW after
Distillation of Pilot Brewery Wort Fermentations
The abundance of medium to long-chain fatty acid ethyl-esters (C14:0 - C18:2 ethyl
ester) in LW from each wash sample is shown in Figure 6.27. From the data, it can be
seen that the presence of ethyl tetradecanoate was not detected in LW from sample SB
90. There was also little variation found in the concentrations between the other samples
(2 - 2.6 mg/L). Some variation was seen in the concentration of ethyl hexadecanoate
detected in each sample. The highest concentration was found in sample MT (18.9 mg!L),
followed by sample SB 76 (15.4 mgIL). Sample SB Dry 90 contained even less ethyl
hexadecanoate (13.9 mg/L), but the ester was found in the lowest concentration in
samples DB 76 and SB 90 (9.2 and 10.4 mgIL respectively). This trend was similar in
terms of the concentration of ethyl hexadecenoate, whereby samples SB 76 and MT
contained the highest concentrations (11.5 and 13.6 mg/L respectively), with sample SB
Dry 90 containing 9.2 mg/L. Again, samples DB 76 and SB 90 had the lowest
concentration of ethyl hexadecenoate (6.7 and 7.9 mg/L respectively). The lowest
concentration of ethyl octadecenoate was found in sample DB 76 (3.03 mg!L), but
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samples SB 76 and SB 90 contained higher and similar concentrations (6.S and 6.7 mglL
respectively). However, the highest concentrations were found in samples SB Dry 90 (9
mg/L) and MT (8.9 mgIL).

6.11.3 Concentration of Organic Acids in LW after Distillation of Pilot Brewery Wort
Fermentations
A range of different acids was also detected in the L W' s of each wash sample and the

results are shown in Figure 6.28. Acetic acid (C2-acid) was found to be the most
abundant acid in each LW sample, but there were significant differences in concentration
between samples. The lowest concentration of acetic acid was found in sample DB 76
(60.1 mgIL). Sample SB 76 contained considerably more acetic acid (109 mg/L), but not
as much as samples SB 90 and MT (120 and 122 mglL respectively). Sample SB Dry 90
had the highest concentration of acetic acid (135 mglL). In contrast, the other acids
measured were found in much lower concentrations, typically less than 20 mgIL. Sample
DB 76 had the lowest concentration of propanoic acid (C3-acid) (3.4 mg/L), but samples
SB 76, SB 90, SB Dry 90 and MT contained similar concentrations (6.7 -7.9 mgIL). The
situation was similar with iso-butanoic acid (iso-C4-acid), whereby sample DB 76
contained less (2.7 mgIL) than the other samples (4.6 - 6.2 mg/L). Additionally, this
trend was seen with iso-pentanoic acid (iso-C5-acid), where sample DB 76 contained less
(3.3 mg/L) than the other wort samples (6.3 - 6.8 mg/L). The concentration of hexanoic
(C6-acid) acid found in each sample showed little variation, being in the range 4.8 - 7.1
mgIL. However, samples SB 76 and MT contained higher concentrations of octanoic acid
(CS-acid) (14.3 and 16.1 mgIL respectively) than samples DB 76, SB 90 and SB Dry 90
(11.4, 10.6 and 12.7 mgIL respectively). This trend was repeated with decanoic (CIO225

acid) and dodecanoic acid (C 12-acid). Samples SB 76 and MT contained higher
concentrations of decanoic acid (15.2 and 16.8 mgIL respectively) than samples DB 76,
SB 90 and SB Dry 90 (10.9, 11.3 and l3.6 mglL respectively) and also higher
concentrations of dodecanoic acid (8.3 and 9.6 mgIL respectively) than samples DB 76,
SB 90 and SB Dry 90 (6.5 mglL, 5 mgIL and 7 mglL respectively).

6.11.4 Concentration of Aldehydic Compounds in L Wafter Distillation of Pilot Brewery
Wort Fermentations
Figure 6.29 shows the concentration of three different aldehyde compounds
(acetaldehyde, acetal and furfural) present in the LW's from the wash from the pilot
brewery wash samples. Generally, these compounds were found in small concentrations

«

10 mgIL). The lowest concentration of acetaldehyde was in LW from sample DB 76

(4.9 mglL), but samples SB 76 and SB Dry 90 had higher concentrations (7.7 and 7.5
mgIL respectively). However, the highest acetaldehyde concentrations were in samples
SB 90 and MT (9 and 8.6 mgIL respectively). The concentration of acetal was lowest in
samples DB 76 (3.4 mgIL) and MT (3.7 mgIL), but higher in samples SB 76 (5.1 mglL)
and SB Dry 90 (6.4 mglL). Acetal was most abundant in the LW's from sample SB 90
(7.9 mglL). Samples DB 76, SB 76, SB 90 and SB Dry 90 had similar furfural
concentrations (0.9 - 1.4 mg/L), but sample MT appeared to have a much higher
concentration (3.3 mglL).
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6.11.5 Concentration of Higher Alcohols in LW after Distillation of Pilot Brewery Wort
Fermentations
The range of higher alcohols measured in the LW samples (propanol, butanol, iso- and
active-amyl alcohol and ~-phenylethyl alcohol) was generally found in high
concentrations, ranging from 36.2 to 320 mgIL (Figure 6.30). The concentration of
propanol in samples SB 76, SB 90, SB Dry 90 and MT was similar (104 - 110 mg/L), but
there was much less in sample DB 76 (53.9 mgIL). Butanol was found in much lower
concentration in sample DB 76 (51 mg/L) than samples SB 76 (173 mg/L), SB Dry 90
(182 mg/L) and MT (157 mg/L). The highest concentration of butanol was in sample
SB 90 (192 mg/L). Like propanol, the abundance of iso-amyl alcohol was comparable in
samples SB 76, SB 90, SB Dry 90 and MT (301 - 320 mg/L), but considerably less in
sample DB 76 (132 mg/L). Alternatively, the concentration of active-amyl alcohol
followed a similar trend to butanol, with sample DB 76 containing the least amount (36.2
mg/L) in comparison to SB 76 (120 mg/L), SB Dry 90 (127 mg/L) and MT (114 mg/L).
Sample SB 90 had the highest active-amyl alcohol concentration (135 mg/L). Finally, the
~-phenylethanol concentration of samples SB 76, SB 90, SB Dry 90 and MT showed
little variation (159 - 169 mg/L), but was significantly less in sample DB 76 (57 mg/L),

6.11.6 Concentration of Long Chain Higher Alcohols in LW after Distillation of Pilot
Brewery Wort Fermentations
The concentration of two long-chain higher alcohols, tetradecanol and hexadecanol, was
also measured in LW after distillation of fermented wort samples DB 76, SB 76, SB 90,
SB Dry 90 and MT (Figure 6.31). The concentration of hexadecanol was generally higher
than tetradecanol in all samples, but there were also differences found in the
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concentration of these alcohols between LW samples. The highest concentration of
tetradecanol was found in the LW derived from the fermentation of sample DB 76 (2.59
mg/L), followed by sample MT (1.91 mg/L). The concentration oftetradecanol

was

similar in LW from fermentations of samples SB 76 and SB Dry 90 (1.49 - 1.55 mglL),
but lowest in the LW from sample SB 90 (0.94 mg/L). The trend, in terms of the
concentration of tetradecanol between pilot brewery LW samples, was also seen with
hexadecanol. The highest concentration of this alcohol were found in LW from wort DB
76 and MT fermentations (7.87 - 8.59 mg/L), followed by LW from samples SB 76 and
SB Dry 90 (6.3 mg!L), with the lowest concentration found in LW from fermentation
sample SB 90 (452 mg!L).

Data obtained from dielectric monitoring of 5 L fermentations of pilot brewery worts and
the congeneric profiles of subsequent LW after distillation showed that there were many
differences in the fermentation dynamics of each wort. This, in turn, appeared to be
dependent on the method employed to produce these worts. These results have
implications for the determination of the quality of malt whisky spirit, in that differences
in mashing techniques can lead to differences in the concentration of vital congeneric
components, including esters and higher alcohols. These differences are a result of
alterations in the metabolism of yeast during fermentation. Therefore, great consideration
must be given to methods of malt mashing for wort production. The implications of these
findings are discussed in greater detail later in this thesis.
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Chapter 7. Discussion
7.1 Preliminary Investigations of the Role of Solids during Fermentation of All-Malt
Whisky Wort

In the brewing, distilling and enological industries, it has long been known that, during
the stage of sugar extraction (mashing or pressing), there is passage of insoluble material
into the fermentation vessels (Merritt 1967, Groat and Ough 1978, Schisler et al 1982). In
the brewing and enological industries, there are significant steps taken to clarify the
fermentable substrate before pitching of yeast (Groat and Ough 1978, Zangrando 1979,
Schisler et al 1982, 0' Connor-Cox et al 1996, Ayestaran et a11998) which is perceived
to result in a more stable product of higher quality. In the distilling industry, this is not
such a concern because there are thought to be no subsequent process problems (Merritt
1967). However, the nature of insoluble material present in beer and whisky wort is likely
to be dissimilar. For example, before fermentation is started in a brewery, the wort is
boiled to sterilise it. This results in the production of large aggregates of insoluble
precipitates upon cooling, which are normally removed (Zangrando 1979, Schisler et al
1982, Lentini et aI1994). Wort boiling is not carried out in a commercial distillery
setting and the process is therefore considered to be clean, but not sterile (Simpson 1968,
Berry and Watson 1987, Lyons 1995, Palmer 1997). Of most importance is the fact that,
although small particles from mashing pass through to the wash-backs and are present
during fermentation (Merritt 1967, Lyons 1995) the nature of this solid material is very
different to that present in brewery worts. The initial aim of this study was to discover the
role that insoluble solid material, which passes through from the mash into washbacks as
wort is filtered through the mash bed, has on the subsequent fermentation. One of the
ways in which this was carried out initially was to determine the effects caused by
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different concentrations of solid material in wort during fermentation with
Saccharomyces cerevisiae.

In order to obtain different concentrations of solids in the first instance, it was decided to
centrifuge cloudy wort at a range of relative centrifugal force (RCF) and determine the
amount of solid material, which could be harvested. It was hoped that this would lead to
progressively clearer worts. Figure 3.1 shows the effect of different centrifugation speeds
on the amount of solids obtained. It was clear that, as the ReF was increased, there was
an increase in the amount of solid material harvested from cloudy wort. At 100 x g, there
were very little solids harvested, but after centrifugation at 2,500 x g there was a
significant amount of solid material removed from wort, which was subsequently very
clear. With this knowledge, it was decided to assess the effect of centrifugation, i.e.
clarity of wort on small-scale fermentations (400 ml). After 68 hours fermentation of
cloudy wort and worts centrifuged at 100 x g, 1000 x g and 2,500 x g, there appeared to
be some differences in the viability of yeast cells (Figure 3.2). However, at this timepoint, there was significant error in the measured yeast cell viability from the
fermentations. The fermentation vessels used in this experiment did not possess a
sampling point and, therefore, samples were taken directly from fermentations. After 68
hours fermentation, there was a layer of dead yeast cells covering the fermentation
samples and it was likely that contamination of samples with these cells may have led to
considerable error in measuring yeast viability. Nevertheless, great care was taken to try
to avoid this from happening. The pH of wort samples decreased significantly over the
first 22 hours fermentation, but the pH of the wort sample centrifuged at 2,500 x g was
slightly higher than those centrifuged at a lower RCF. At the same time, there was
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measurable differences in the specific gravity (SG) and free-amino nitrogen (FAN)
content of each wort (Figs. 3.4 and 3.5). In the wort sample which had not been
centrifuged (cloudy wort), the SO was lowest, as was the concentration of FAN. Indeed,
there was a positive correlation between the RCF employed to clarify each wort and the
the wort SG and FAN concentration during fermentation. Therefore, it was concluded
that, during the first 24 hours fermentation, the yeast fermenting these wort samples was
consuming FAN and sugars at different rates, depending on the clarity of the wort. The
pH of wort centrifuged at 2,500 x g may have been highest because less acidic
compounds would have been released into the wort due to decreased yeast metabolism, as
evidenced by the decreased consumption of sugars and FAN.

Acidity in the fermenting medium is caused by three main mechanisms (Sigler and Hofer
1991). These are extrusion of highly soluble C02 into the wort, expulsion of organic
acids from yeast cells and the action of H+-translocating ATPase. If there was a greater
rate of fermentation during the first 24 hours of fermentation, it seems reasonable to
assume that the effects of wort acidification would be greater. Differences were also
observed in the SG and FAN concentration between samples after 22 hours fermentation,
which appeared to be related to the force with which different samples were centrifuged.
Increasing force of centrifugation resulted in a higher SG and FAN concentration.
Previous research has shown that increased concentrations of C02 during wort
fermentation have an inhibitory effect on yeast cell metabolism (Kumada et a11975, Rice
et a/1976, Jones and Greenfield 1982, Arcay-Ledezma and Slaughter 1984, Knatchbull
1987, Dixon and Kell 1989, Kruger et a/1992, Renger et a/1992, Matsuura et a/1994,
Hodgson et a/1995). Kumada et al (1975) reported a decrease in the uptake of FAN by
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yeast fermenting under a counter-pressure of 1.0 atm C02, whilst Knatchbull (1987)
reported a difference in the pattern of yeast amino acid uptake. Further research showed
that yeast cells fermenting under CO2 counter-pressure consumed less FAN from the
surrounding medium and cells contained less protein, but higher amounts of FAN
(Slaughter et alI987). An increased C02 concentration during fermentation of the
progressively clearer worts could explain why more FAN was present after 22 hours
fermentation. Increased C02 concentration in wort has also been shown to affect
carbohydrate utilisation by yeast, as well as amino acid uptake (Kruger et al1992). It was
evident that, after 22 hours fermentation, progressively clearer worts (centrifuged at
greater RCF) contained higher sugar concentrations (Figure 3.4). However, by the end of
the fermentation period, the SG of the different wort samples were very similar. It
appeared that the rate of sugar consumption by yeast fermenting clearer worts was slower
over the entire fermentation period. This was in contrast to the concentrations of FAN in
the different wort samples during the rest of the fermentation period (Figure 3.5). The
reason for the FAN increase may have been a result of excretion of amino acids by yeast
cells and from yeast cell death after vigorous fermentation (Lyons 1995). Interestingly,
Slaughter et a/ (1987) showed that yeast cells fermenting under CO2 counter-pressure
initially consumed amino acids from the surrounding medium, but after 4 to 8 hours
began to excrete amino acids. In the experiments described here, the concentration of
FAN decreased at least until 22 hours fermentation (Figure 3.5), showing that yeast was
consuming amino acids. This period was much longer than that reported by Slaughter et
a/ (1987). However, the reason for this may have been that in this work, the
fermentations were not carried out under an initial C02 counter-pressure. Any increase in
C02 concentration of wort was likely to have gradually increased and possibly to a
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different degree, depending on wort clarity. Another contributing factor to the differences
observed in FAN concentration during fermentation may have been a result of yeast
proteolytic activity. It is known that, as yeast cells autolyse, they expel proteolytic
enzymes into the surrounding medium. However, they also excrete these enzymes during
normal fermentation (Maddox and Hough 1970, Perpete et a11997, Alexandre et al
2001). Alexandre et al reported that the nitrogen content of the fermentation medium
increased towards the end of fermentation as a result of yeast proteolytic activity. In a
recent review, it was suggested that the level of proteolytic enxymes found in wort was
dependent on the level of stress encountered by yeast cells during fermentation (PrattMarshall et al 2002). As the yeast cells fermenting progressively clearer worts may have
been more stressed due to excess C02, increased proteolytic enzymes could have been
excreted and contributed to the higher concentrations of FAN. At a time-point between
22 and 44 hours fermentation, the pH of the wort samples began to increase (Figure 3.3).
This may have occurred at the point where most of the sugars had been consumed by
yeast in each wort sample. After this, there would arguably be less energy from sugar
metabolism for the activity of the plasma membrane H+-translocating ATPase, thus
allowing the passive re-entry of protons back into yeast cells and reducing the external
pH (Sigler and Hofer 1991). By the end of fermentation, the pH and SO of each sample
were similar, but there remained large differences in the FAN concentration between
samples.

After 60 hours fermentation, the concentration of a range of volatile compounds was
measured using headspace gas-chromatography (Figure 3.6). In the case of propanol, isoamyl acetate, 2- and 3-methyl butanol, the concentration of these volatiles diminished as
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the RCF employed to produce each wort sample increased. These results conform well to
previous research regarding the final concentration of volatiles after fermentation of
cloudy and clear worts. In one of the limited examples of research directly considering
the initial solids concentration of wort and malt whisky fermentation, Merritt (1967)
showed that an increased solids concentration in the wort resulted in a higher
concentration of higher alcohols at the end of fermentation. In the brewing industry, there
has been some research carried out regarding the effect of solid material on the
subsequent volatile profile of fermented wort. Schisler et a/ (1982) revealed that elevated
levels of solid material resulted in an increase in the concentration of higher alcohols.
However, this research also showed that ester levels were higher in the clarified wort, a
finding that was different to the results shown here. In the present work, the concentration
of ethyl acetate was similar between samples and the iso-amyl acetate concentration
diminished in progressively clearer worts (Figure 3.6). Research by Kruger et a/ (1992)
showed that increased C02 concentrations appeared to have a larger effect on iso-amyl
acetate synthesis than that of ethyl acetate (Kruger et aI1992). Enological research
revealed that increasing the concentration of solid material in must increased the volatile
compounds in the final product (Groat and Ough 1978). The role of insoluble solid
material in wort, as a means of abrogating an increased CO2 concentration during
fermentation, had previously been proposed by Siebert et al (1986). This work revealed
that clarified wort maintained a higher concentration of C02 and that, in the presence of
an insoluble material such as activated carbon or trub, the CO2 concentration was lower
(Siebert et aI1986). This was also suggested by O'Connor-Cox

et al (1996). The ability

of increased concentrations of C02 to decrease the concentration of volatiles in fermented
wort has been well-documented, as discussed previously. The results of the initial
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experiments appeared to be a result of increasing concentrations of C02 during
fermentation, which occurred as the wort samples became progressively clearer upon
centrifugation, containing less solid material (Figure 3.1). From this point, it appeared
that solids present in malt whisky wort were potentially acting to abrogate increased CO2
concentrations during fermentation.

Centrifugation of cloudy wort was a very effective way of clarifying it for subsequent
fermentation and important differences were observed when considering different
fermentation parameters. One assumption about cloudy wort was that the cloudiness of
wort would be the result of many different sizes of solid particles. Therefore,
centrifugation at different RCF may have resulted in wort samples with different size
populations of solids. The ability of different sizes of solid particles to alter the higher
alcohol content of wine has been shown previously (Klingshim et al 1987). In this work,
increased higher alcohol concentrations were found after fermentation of must containing
the largest size of insoluble particles. Also, the concentration of solid material was found
to be important. To determine whether this would be a factor in the case of a typical
whisky fermentation, experiments were carried out where clarified wort had different
amounts of re-suspended solid material added. Clarified wort with 12.5 %, 25 % and 50
% of solid material (harvested after centrifugation) was fermented in comparison to

cloudy wort. In doing this, the rationale was that a comparison of fermentation with
progressively cloudy worts would be carried out, but the profile of different wort particle
sizes would be similar. During the initial 18 hours fermentation, the pH, SO and FAN
concentration of each sample decreased significantly (Figs. 3.7, 3.8 and 3.9 respectively).
However, the pH and SO of samples with re-suspended solids were similar, whereas the
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pH and SG of cloudy wort was much lower. A larger contrast was observed between
cloudy wort and clear wort with re-suspended solids, in terms of FAN concentration,
where cloudy wort had a much lower content of FAN. Clearly, the overall metabolism of
yeast was greater in yeast fermenting cloudy wort, as opposed to yeast fermenting clear
wort with re-suspended solids. The pH of cloudy wort was lower than the other samples
and this was likely to have been a result of extrusion of more acids by yeast fermenting
this wort, for the reasons discussed previously. Clearly, more FAN and sugars were
consumed by yeast fermenting cloudy wort. By 44 hours fermentation, the pH and FAN
concentration of each sample increased, whereas the SG continued to decrease. However,
there were still clear differences between samples, with the pH, SG and FAN content of
cloudy wort still being lower. By the end of the fermentation, the pH of clear wort with
12.5 % and 25 % solids added had decreased, whereas the pH of cloudy wort and wort
with 50 % solids increased. The SG of each sample decreased only slightly after 44 hours
towards the end of fermentation and the residual FAN concentration of cloudy wort was
still much lower than the other samples, which were similar. Measurement of a range of
volatiles (ethyl acetate, iso-amyl acetate, propanol, iso-butanol, 2- and 3-methyl butanol)
present in the wash following fermentation of samples revealed that the concentration of
volatiles was highest in cloudy wort after 68 hours. However, the concentration of these
volatiles was lower, but similar, in clear wort with re-suspension of different amounts of
solids (Figure 3.10). After analysis of these fermentation parameters, it was evident that
cloudy wort had fermented to a greater degree, and at a faster rate, than clear worts with
less amounts of solid material. This resulted in a much different volatile profile of cloudy
wort at the end of fermentation.
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The differences observed in the experiments where fermentation of worts with different
solids concentrations were similar to the previous experiment (using centrifugation for
wort clarification) in that yeast fermenting cloudy wort appeared to have a greater
metabolic activity. However, the most interesting difference was that, irrespective of the
amount of solid material added back to clarified wort, the inhibition of sugar and FAN
consumption by yeast was similar. Previously, the degree of inhibition depended on the
force of centrifugation used to clarify the wort. This suggested that there might have been
an important role for wort particle size, as well as actual numbers of wort particles, on the
outcome of the whisky fermentation. Centrifugation at the lowest RCF employed in these
experiments would have excluded the largest particles from the wort first and this
resulted in a slight inhibition of yeast activity during fermentation (Figs. 3.3, 3.4 and 3.5).
Increased RCF for wort clarification resulted in greater yeast inhibition during
fermentation. This would have coincided with smaller particles being present in the wort.
However, effectively depleting the wort of 50 % of the solid particles resulted in an
almost blanket inhibitory effect on yeast metabolism during fermentation (Figs. 3.7, 3.8
and 3.9), suggesting the numbers of wort particles present were also of great importance.
The work of Klingshirn et al (1987). on wine must fermentations, provides further
evidence for this, revealing that the profile of solid particle sizes in wine must was related
to the final concentration of higher alcohols after fermentation. Must with larger
insoluble particles present contained increased concentrations of higher alcohols.
However, the fundamental cause of these differences still had to be elucidated. The factor
most likely to be of greatest importance is the C02 concentration during fermentation of
these worts. As discussed previously. solid particles present during fermentation are
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thought to act as efficient agents in abrogating C02 over-saturation during fermentation
and this has been observed experimentally.

The results from the above experiments provided strong evidence that the reason for the
inhibition of yeast activity during fermentation of clear, as opposed to cloudy worts, was
an increased concentration of CO2. To try to confirm this, experiments were carried out
where cloudy and clear worts were fermented with constant shaking. It was hypothesised
that the shaking effect would release increased concentrations of C02 from solution. This
would mean that yeast would ferment both cloudy and clear wort under similar C02
concentrations. Rice et al (1976) showed experimentally that sufficient agitation during
fermentation would result in no C02 supersaturation. The pH of both cloudy and clear
wort decreased over the initial 21 hours fermentation and did so at the same rate (Figure
3.11). The same trend was seen with the decrease in SO (Figure 3.12). Towards the end
of fermentation, the change in pH and SO were similar for both worts. The data for the
decrease in FAN content during shaking fermentation of cloudy and clear wort revealed
that the decrease in FAN from both worts was significant during the first 9 hours
fermentation (Figure 3.13). However, more FAN was consumed by yeast fermenting
cloudy wort than yeast fermenting clear wort. Following a further decrease in FAN
content of both worts by 21 hours, the FAN concentration was similar and remained so
until the end of fermentation. Of the range of volatiles measured after 45 hours shaking
fermentation (Figure 3.14), it was evident that the concentrations found in both cloudy
and clear wort were similar, but slightly lower in clear wort than cloudy wort. It was clear
that shaking during fermentation allowed yeast to ferment clear wort in a similar fashion
to cloudy wort. This provided further evidence that the concentration of C02 could be a
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very important factor in determining the outcome of fermentation, because of the solid
material present in the wort. Interestingly, there were still some differences observed
between cloudy and clear wort during shaking fermentations. There was still a difference
in the amount of FAN consumed during the early stages of fermentation of clear and
cloudy wort and, subsequently, in the concentration of volatiles at the end of
fermentation. Although there may still have been an elevated CO2 concentration in clear
wort, this seemed unlikely because, for the rest of the fermentation, both worts fermented
in a similar fashion. A further explanation could have been differences within cloudy and
clear wort, which would be associated with the solid material in cloudy wort.

The concentration of CO2, present during fermentation, is an extremely important factor
to consider. The results of the previous experiments provided strong evidence that
differences in the CO;Z content of worts during fermentation would have an important
bearing on the outcome. It has been shown previously that the concentration of C02
present during fermentation is critical for optimal yeast performance (Groat and Ough
1978, Siebert et a/ 1986, Thomas et a/ 1994, 0' Connor-Cox et al 1996). Due to the pH
values typically encountered during an alcoholic fermentation, the majority of dissolved
C02 present will be the aqueous species, C02(aq.) (Jones and Greenfield 1982). The
inhibitory effects of CO2 include effects on biological membranes and cytoplasmic
enzymes, particularly those of the TCA cycle (Jones and Greenfield 1982, Dixon and
Kell 1989). Brewing research has shown that increased concentrations of C02 resulted in
decreased production of flavour-active volatiles, related to decreases in yeast cell growth
and biomass production (Rice et a11976, Arcay-Ledezma and Slaughter 1984, Renger et
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aI1992). Further, it was shown that increased C02 pressures had an effect on the uptake
of certain amino acids (Knatchbull 1987, Slaughter et a11987, Kruger et aI1992).

In the present work, the concentration of C02 during the early stage of an all-malt wort
fermentation was determined (Figure 3.15). After 5 hours fermentation, it was found that
there was a much greater concentration of CO2 in clear wort than cloudy wort. However,
it was found that by adding 0.2 g/L DE to clarified wort, the concentration of C02 could
be decreased to that of cloudy wort. The findings were the same after 8 hours. This
concurs with the findings of previous researchers that solid particles present during
fermentation could abrogate the increased C02 content found in clear worts by acting as
nucleation agents to release C02 from solution (Siebert et al 1986, Kruger et a11992,
Thomas et al 1994, 0' Connor-Cox et aI1996).

Although DE was very efficient at

relieving the increased C02 concentration, the same could not be said for bentonite
(Figure 3.16). Upon addition of 0.2 gIL bentonite to clear wort, the CO2 concentration
after 5 hours fermentation was similar to clear wort. Increasing the concentration of
bentonite to clear wort only had a very small effect on decreasing C02 concentration,
whereas only very small concentrations of DE were needed (Figure 3.17). Therefore, it
was assumed that the nature of the solid particles was very important in determining its
ability to act as an efficient gas nucleator.

A range of silica particles of known size and surface area (Table 3.1) were added to
clarified wort and fermented. These particles were known to have a very porous surface
and were therefore assumed to be good gas nucleators. However, Figure 3.18 shows that
the concentration of C02 was still very high in these worts after 5 hours fermentation.
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Obviously, porosity of particle surface was not sufficient to nucleate CO2• It may have
been that these particles were so small that when CO2 bubbles were evolved, the particles
were raised to the surface of the fermentation with the CO2 and simply stayed there, out
of suspension. Previous experiments also provided evidence for this, where worts
centrifuged at progressively higher RCF fermented more slowly (Figs 3.3,3.4 and 3.5
respectively). During centrifugation, the largest particles in wort would centrifuge out of
suspension initially, leaving smaller particles in the wort. This could have resulted in
higher C02 concentrations during fermentation. Further evidence for this was revealed by
Delente and colleagues (Delente et

at

1968), who showed that most nucleation in a

fermenter occurred from particles which sediment to the bottom. This would mean the
C02 concentration would be allowed to increase to levels seen in clear worts. Worts
centrifuged at higher ReF, i.e. with smaller particles left, fermented more slowly. Particle
size analysis revealed that, in terms of volume, there were some relatively large particles
present in cloudy wort, DE and bentonite (Figs. 3.20, 3.21 and 3.22 respectively). In
terms of numbers, particles of small diameter were predominant. Cloudy wort and DE
had a wide distribution of surface area and volume of particle diameters, whereas for
bentonite the distributions were narrower. This suggested bentonite was a more
homogenous compound in terms of particle structure than cloudy wort particles and DE.
Also, it appeared likely that cloudy wort and DE contained a range oflarger particles than
bentonite due to the discovery that a percentage of the total particle volume occurred in
particles with diameters greater than 80 um, This exceeded the largest volume particle in
bentonite. Also, the surface area distribution of particles in bentonite revealed the largest
particle to be 20 urn, whereas cloudy wort and DE had a percentage of particles of greater
surface area.
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The above results suggested that particle size is a likely determinant in the ability of a
particle to be an effective gas nucleator. Environmental Scanning Electron Microscopy
(ESEM) was carried out on cloudy wort particles, DE and bentonite to determine any
differences in surface characteristics (Figs. 3.23, 3.24 and 3.25 respectively).
Environmental Scanning Electron Microscopy (ESEM) allows biological samples to be
analysed without the need for treatments, such as fixing. which result in destruction of the
sample. Because the samples are scanned, it is possible to analyse the surface topography
of the material being analysed. Clearly, there were differences in the surface
characteristics of each particle type. DE had a very diverse mix of particles and very
porous nature, as did wort particles. Bentonite particles appeared to have a much
smoother surface. The type of gas-nucleation event, which occurs with porous particulate
material, has been classified as type III pseudo-classical, according to Jones et al (1999).
Nucleation of this type refers to the existence of pre-existing gas cavities at the surface of
suspended particles, which, under low supersaturation conditions, can form bubbles of
gas. The energy required to form the initial gas bubble is less because of the existence of
such gas cavities. Due to the surface characteristics of DE, it is evident there will be
many gas cavities present and the situation is the same with wort solids. Bentonite does
not possess the same porous nature as DE and therefore, CO2 is less likely to nucleate
under the same supersaturation conditions. Addition of DE, which was pre-soaked in
distilled water, to clear wort showed an increased concentration of C02 after 5 hours
fermentation (Fig. 3.19). In this case, distilled water probably filled any pre-existing gas
cavities in DE and made it more difficult to nucleate C02. This finding may be of some
relevance to the distilling industry. It is normal practice in distilleries to collect the third
mashing water and use it as the first water for the next mash. If there are differences in
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the sugar concentration of the third water, it is theoretically possible it could affect the
nucleation capabilities of the resultant wort particles.

7.2 The Effects of Addition of Nutritional Compounds to Clear Wort in the Absence of
Elevated Carbon Dioxide Concentrations during Fermentation
The results from the previous section provided clear evidence that the concentration of
CO2 present during fermentation had a large bearing on the outcome of clear wort
fermentation, in comparison to cloudy wort. Interestingly, there was still a difference
observed, in terms of amount of FAN consumed by yeast, during fermentation of clear
wort in the absence of C02 super-saturation compared to cloudy wort. This immediately
suggested that there were other factors to be considered, which were important in
determining the outcome of cloudy whisky wort fermentations. In order to carry out
further investigations on the influence of nutritional compounds on fermentation, it was
necessary to develop a model in which to study any differences after their addition to
clear wort. Another interesting finding from this study was that addition of a small
concentration of diatomaceous earth (DE) to clear wort resulted in comparable
concentrations of CO2 during fermentation compared to cloudy wort. Of equal
importance is the fact that DE offers no nutritional value to yeast. With abrogation of the
excess C02 concentration and the concomitant inhibitory effects on yeast metabolism,
this was clearly a method to assess the effects of addition of nutritional compounds to
clear wort. With the knowledge that DE could negate the increased C02 concentration
seen in clear wort, it was decided to see if there were any differences in fermentation
performance between clear wort, clear wort with 0.2 g/L DE and cloudy wort. Previously,
fermentations were carried out on a small scale (i.e. 400 ml), but it was now decided to
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conduct fermentations using this model on a slightly larger scale (1 L fermentations).
Additionally, fermentations on the small scale were carried out for up to 70 hours, which
is the minimum time required for a commercial whisky fermentation (Simpson 1968,
Lyons 1995, Palmer 1997). However, when considering certain fermentation parameters,
such as FAN use and, to a lesser degree sugar consumption, most of the consumption by
S. cerevisiae is during the early stages of fermentation of malt-whisky wort (Ramsay and
Berry 1983). Therefore, for this part of the study, assessments of the effects of solid
material were considered for approximately 24 hours fermentation.

One of the most important aspects of any fermentation for alcohol production is the
metabolism of sugars by yeast (in this case, S. cerevisiae 'M' strain). In these
experiments, two methods were used to assess the consumption of wort sugars by yeast
initially. The first method was a direct one, involving measurement of the sugars glucose
and maltose by high-pressure liquid-chromatography

(HPLC) and their decline during

fermentation. The second method was indirect, in that the total weight of each
fermentation was measured during fermentation and the decrease in weight was taken as
an approximation of the amount of sugar metabolised by yeast. It was evident that the
uptake of glucose and maltose was minimal during the first 2 hours of fermentation (Figs.
4.1 and 4.2 respectively). However, the dynamics of metabolism of these sugars was
quite different, with glucose being consumed rapidly after 2 hours fermentation and
maltose after 6 hours fermentation. Because yeast consumes wort sugars in a specific
order (Russell and Stewart 1995), this result was expected, since it is known that maltose
is consumed only after an appreciable amount of glucose disappears from the wort
(Spencer-Martins et a/1999). Although there were clear differences in the amount of
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maltose consumed by yeast fermenting each wort type, there was little difference in terms
of glucose utilisation. Arguably, this could have been a manifestation of the concentration
of C02 during fermentation. It is likely that most of the glucose could have been
consumed by yeast before C02 reached an inhibitory concentration (Jones and Greenfield

1982, Ison and Gutteridge 1987). This could also account for the much slower depletion
of maltose by yeast from clear wort.

Using a more indirect method, the rate of consumption of total wort sugars by yeast
during early fermentation of clear wort, clear wort with 0.2 g/L DE and cloudy wort is
shown in Figure 4.3. It was evident that, using this method, consumption of sugars was
slower from clear wort than wort that contained solid material. These findings agree with
previous research (Schisler et a11982, Lentini et a11994, Thomas et a11994, Ancin

1996,0' Connor-Cox et aI1996). Both of the methods used appeared to give similar
information regarding the utilisation of wort sugars by yeast. The rate of decrease of the
weight of fermentations was relatively slow during the initial stages of fermentation, at a
time when only glucose was being metabolised (Figure 4.1). Between 6 and 8 hours
fermentation, the rate of weight decrease was highest in all three wort types,
corresponding to a time when both glucose and maltose were being consumed by yeast.
Thereafter, the rate of weight decrease slowed, probably as a result of the consumption of
maltose alone (Figure 4.2). Most interestingly, the differences observed in the
consumption of specific sugars, mainly maltose, were also observed in the rate of weight
decrease. Subsequently, the relatively simple method of measuring the rate of decrease in
fermentation weight was adopted to determine the rate of sugar consumption by yeast in
further experiments. Although the rate of sugar consumption from wort samples
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containing solid material was similar for most of the early part of fermentation, after 6
hours it was slightly slower from clear wort with DE than cloudy wort (Figure 4.3). This
trend was evident when considering the rate of FAN consumption from these same
samples. Overall, the rate of FAN consumption was much less in clear wort fermentation
than cloudy wort (Figure 4.4). This agrees with the findings of previous researchers
(Kumada et a11975, 0' Connor-Cox et al 1996). However, it was evident that the rate of
FAN consumption was similar between cloudy wort and clear wort with DE until the
period between 6 and 8 hours fermentation, when FAN was consumed by yeast at a
decreased rate. With the knowledge that the concentration of CO2 was similar in clear
wort with DE and cloudy wort, there had to be some other factor present in cloudy wort,
which caused this increased FAN consumption.

Most of the lipid material present in wort is derived from the barley malt and is usually
associated with endogenous starch granules (Morrison 1988). Klopper et al (1975)
showed that the concentration of fatty acids was much higher in the mash than that
present in the final wort, which reflected the effective filtering effect of the mash. In the
brewing industry, the association oftrub with yeast nutritional components, such as lipids
and metal ions, has long been recognised (Schisler et al 1982, Lentini et al 1994, Kado et

a/ 1999). Reduction of fatty acid content in vacuum-filtered wine must has also been
observed (Ayestaran et a/ 1998). The effects of lipids, particularly fatty acids, on beer
fermentations have been well researched (AyrApaa and Lindstrom 1973, Taylor et a/
1979, Thurston et a11982, Siebert et aI1986). It was decided to investigate whether there
were large differences in the concentration of certain fatty acids found in cloudy and clear
all-malt whisky wort. There were small concentrations of short to medium chain fatty
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acids present in cloudy wort [octanoic (C8:0), decanoic (CIO:O), dodecanoic (CI2:0) and
tetradecanoic (CI4:0)], with relatively larger concentrations oflong-chain

fatty acids

[hexadecanoic (CI6:0), octadecanoic (CI8:0), octadecenoic (CI8:1), octadecadienoic
(CI8:2) and octadectrienoic (CI8:3)] (Figure 4.5). The most abundant fatty acids in
cloudy wort were C16:0 and CI8:2. In the case oflong-chain

fatty acids, there were

always lower concentrations in clear wort than cloudy wort, providing indirect evidence
for the association of fatty acids with wort solids. These findings agree with the results
published in a review on beer flavour stability by N arziss (1986) and other researchers
(Klopper et alI975,

Schisler et a1I982, Lentini et aI1994). However, it must be noted

that the concentration of fatty acids found in cloudy whisky wort in this study (Figure
4.5) and the concentrations found in the trub-rich wort during the research of Lentini et al
(1994) were significantly lower.

To determine the role of nutritional compounds on the fermentation of all-malt wort,
different concentrations of fatty acids were added to clear wort with 0.2 g/L DE. In the
cases ofCI6:0

and CI8:2, they were added in the concentration equivalent to the

differences found between cloudy and clear wort (5.43 mglL and 2.25 mglL respectively)
(Figure 4.5). However, CI8:1 and CI8:3 were added in slight excess (0.91 mg/L and 0.89
mgIL respectively). Because, on this occasion, CI6:1 was not measured by GC, it was
decided to add this fatty acid in a similar concentration to CI8:1 and CI8:3 (l mg/L). The
aim of these experiments was to see if the differences observed in Figures 4.3 and 4.4,
between cloudy wort and clear wort with DE, could be recovered upon addition of the
deficit of a particular fatty acid. In terms of the number of yeast cells in suspension
during fermentation, there was little difference seen during fermentation of cloudy wort
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and clear wort with C 16:0 and DE added (Figure 4.6). This was in contrast to the number
of yeast cells in suspension during fermentation of clear wort alone. By 22 hours
fermentation, there were more yeast cells in cloudy wort than clear wort with DE and
C 16:0. The rate of sugar consumption by yeast was also similar between cloudy wort and
clear wort with DE and C16:0 added until 8 hours, whereby the rate of weight decrease
from cloudy wort (i.e. sugar consumption) was greater. Again, the rate of weight decrease
from clear wort was significantly reduced (Figure 4.7). These results were reflected in the
data for FAN consumption by yeast, revealing that the rate was similar between cloudy
wort and clear wort with DE and C16:0 until 6 hours fermentation (Figure 4.8). After this
point, there was a slower rate of FAN consumption from clear wort with DE and CI6:0.
Over the course of the fermentation FAN was consumed at a slower rate from clear wort.
Overall, yeast fermenting clear wort was under inhibitory conditions caused by an
increased concentration of C02, as discussed previously. However, clear wort with DE
would have had a similar concentration of CO2 during fermentation by yeast and addition
ofC16:0 (to give a similar concentration to cloudy wort) did not stimulate yeast to
ferment in a similar fashion to yeast fermenting cloudy wort.
After 56 hours fermentation, the results of heads pace GC analysis showed that there was
a higher concentration of some volatiles (ethyl acetate, iso-amyl acetate, propanol and
iso-butanol) present in cloudy wort than clear wort with DE and CI6 (Figure 4.9), with
the lowest being found in clear wort. Similar results were found on the amount of yeast
growth, rate of sugar consumption and rate of FAN use after addition ofC18:2 (Figs.
4.10,4.11 and 4.12 respectively) and CI8:3 (Figs. 4.14,4.15 and 4.16 respectively) to
clear wort with DE. Notably, after addition ofC18:3 to clear wort with DE, the rate of
sugar consumption by yeast remained very similar to the rate of consumption from
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cloudy wort (Figure 4.15) in addition to yeast cell numbers during fermentation (Figure
4.14). In all cases, yeast metabolism whilst fermenting cloudy wort was greater at some
point during fermentation compared to clear wort with DE and addition of either C 16:0,
C18:2 or CI8:3. Volatile analysis showed that clear wort contained lesser concentrations
than cloudy wort of most compounds measured, even in the presence ofC16:0 and C18:2
(Figs. 4.9 and 4.13). Interestingly, clear wort fermented in the presence of DE and C18:3
contained concentrations of volatiles similar to cloudy wort (Figure 4.17). This could
have been a result of the effect of C 18:3 on rate of sugar utilisation by yeast. In contrast
to these results, when C18:1 was added to clear wort, in the presence of DE, the resulting
effects were stimulatory, resulting in rates of sugar consumption and FAN use (until 8
hours fermentation) by yeast greater than in cloudy wort (Figs. 4.19 and 4.20
respectively). This was also reflected in the increased amount of yeast growth throughout
the fermentation period analysed (Figure 4.18). When C18:1 was added to clear wort
with DE, increased FAN was consumed over the first few hours fermentation, whereas
addition of C 16: 1 revealed a stimulatory effect over a longer period (Figure 4.24).
Consequently, the rate of sugar consumption by yeast was also increased over the same
time period, in addition to the yeast cell numbers counted over the entire fermentation
period (Figs. 4.23 and 4.22 respectively).

Estimation of the numbers of yeast cells in suspension during fermentation consistently
showed that there was less yeast present in clear wort compared to cloudy wort and wort
with DE added in these experiments. This was a consequence of the inhibitory effects of
C02 on yeast cell growth and metabolism, agreeing with previous findings (Kumada et al
1975, Rice et al1976, Jones and Greenfield 1982, Ison and Gutteridge 1987, Knatchbull
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1987, Slaughter et a11987, Dixon and Kell 1989, Kruger et a11992, Renger et a/ 1992,
Matsuura et al 1994). In these experiments, C 18: 1 and C 18:3 were added to clarified wort
in slight excess of the differences found between clear wort and cloudy wort used in these
experiments (Figure 4.5). On this occasion, no attempt was made to quantify C 16: 1
concentrations because it is normally found in such small concentrations in all-malt wort
(Klopper et a/ 1975).

A number of interesting findings were observed from this research. For example, it was
clear that supplementation of clear wort with C 16:0, C 18:2 or, to a lesser degree, C 18:3
did not stimulate yeast to metabolise in a similar fashion to yeast fermenting cloudy wort.
In contrast, there was a stimulatory effect observed on yeast growth and metabolism upon
addition ofC16:1 and C18:1 to clear wort with DE, further evidenced by the increased
concentration of some volatiles after 56 hours fermentation (Figures 4.21 and 4.25
respectively). The ability of unsaturated fatty acids to suppress ester production is now
well known (Ayritprui and Lindstrom 1973, Taylor et a11979, Yoshioka and Hashimoto
1981, Thurston et a11982, Dufour and Ma1corps 1995, Fujii et a11997, Fujiwara et al
1998). This is thought to be a result of increased yeast cell growth in the presence of UFA
or, like the effect of increased wort aeration (Anderson and Kirsop 1974, Taylor et al
1979, Schisler et a11982, review by Peddie 1990, Lentini et aI1994). Therefore, it
seemed natural that addition of UFA to clear wort would decrease the final ester content
of clear wort with DE after addition of the UFA CI6:1, CI8:1, C18:2 and CI8:3. In the
case of addition of C 16: 1, C 18: 1 and C 18:3, this clearly did not hold, whereby increases
in the ester and, in some cases, the higher alcohol content were observed. However, in the
experiments presented at this stage of the research, the aim was to determine whether
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individual nutritional components could affect the fermentation of clear wort in such a
way as to account for the differences seen in comparison to the fermentation of naturally
cloudy wort. The analysis of the effects of UFA on ester formation in brewing research
has usually involved adding large amounts of UF A to wort and analysing the ester
content of the final beer (Thurston et a11982, Siebert et al 1986, Lentini et al 1994, 0'
Connor-Cox et aI1996). The amounts of fatty acid added to clear wort with DE were
much lower in these experiments.

It was interesting to note that the unsaturated fatty acids which had no obvious effect, or
at least minimal effect, in stimulating clear wort fermentation (C 18:2 and C 18:3) were
those which could not be synthesised by S. cerevisiae (Fujiwara et al 1998, Huang et al
1999). The mechanisms of ester synthesis by S. cerevisiae have been well researched,
particularly in a brewing context (Nordstrom 1964, Yoshioka and Hashimoto 1981,
Malcorps and Dufour 1992, Dufour and Malcorps 1995). An interesting finding from the
work of Calderbank and Hammond (1994) was that fatty acyl-CoA compounds were
effective at decreasing the activity of an enzyme responsible for acetate ester synthesis,
alcohol acetyltransferase (AAT) (Calderbank and Hammond 1994). This research showed
that palmitoyl-CoA was most effective at inhibiting this enzyme. Fatty acyl-CoA
compounds are also intermediate compounds necessary for de novo fatty acid synthesis in

S. cerevisiae (Wakil et a/1983). If there is an exogenous supply of fatty acids available,
yeast have the ability to utilise them but, in their absence, they have to be produced de

novo. When clear wort with DE was fermented by yeast in the presence ofCI6:0, there
would still have been a relative lack ofUFA. Therefore, it could be assumed that yeast
would potentially have to produce more UFA than yeast fermenting cloudy wort. If this
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were the case, there may have been an increased intracellular concentration of palmitoylCoA in yeast fermenting clear wort with C 16:0, as this compound is an intermediate for
long-chain fatty acid synthesis. Accordingly, this could explain the decreased
concentration of acetate esters measured after fermentation of clear wort with DE and
CI6:0.

The production of higher alcohols by yeast has been linked previously with the amount of
yeast growth during fermentation (Quain and Duffield 1985). After fermentation of clear
wort with DE and C16, the concentration of propanol and iso-butanol were lower than in
cloudy wort and this was likely to have been a consequence of the lower growth of yeast
cells (Figure 4.6). Addition of the UFA's C16:1 and C18:1 had the opposite effect on
fermentation of clear wort with DE in that the concentration of acetate esters were
slightly higher than in cloudy wort. Growth of yeast was also stimulated in these worts.
Because these fatty acids were available for uptake by yeast, it may have been the case
that yeast would have required less cellular palmitoyl-CoA for long-chain fatty acid
production. Consequently, there would have been less inhibition of AA T and thus an
increase in the concentration of acetate esters. Research by Rosi and Bertuccioli (1992)
has also revealed that yeast fermenting in the presence ofC16:1 (which was subsequently
consumed) resulted in wines with a higher concentration of acetate and ethyl esters.
Findings from Ayestaran et 01 (1998) showed that filtration of wine must caused a
reduction of fatty acid content. This was interesting, in view of the fact that Groat et al
(1978) found that upon addition of grape solids to must, there was an increase in the total
volatile ester content of the wine. However, fermentation after addition ofC18:2 to clear
wort with DE resulted in a decreased concentration of acetate esters compared to cloudy
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wort. This suggests a very important role for C16:1 and C18:1 as UFA components of
yeast cell membranes compared to CI8:2. Interestingly, Mauricio et al (1997) found that,
after addition of a relatively high concentration ofC18: 1 to wine must, there was a higher
final concentration of ethyl acetate in the final product. This was attributed to a higher
rate of growth of yeast in the presence of C 18: 1. During assessment of wort preparation
on the stability of beer, Kaneda et at (1992) showed that there were no significant
differences in the concentration of volatiles, including acetate esters, after clarification of
wort. After clarification, there were lower concentrations of fatty acids, particularly
UFA's.

During the course of this series of experiments, it became clear that there was a large
amount of variation between fermentations, in terms of the concentration of certain
volatiles at the end of fermentation of cloudy wort (Figs 4.9, 4.13, 4.17, 4.21, 4.25 and
4.29). The reasons why there should be such experimental differences could be manifold.
One of the main reasons may have been concerned with the storage of yeast. The 'M'
strain of S. cerevisiae employed for these experiments was obtained in a pressed form
and stored at 4 "C for no more than 3 weeks after receipt from the supplier. The starting
viability of yeast cells was always high (> 95 % by the methylene violet stain). However,
Maemura et at (1999) showed that the intracellular concentration of storage
carbohydrates (such as glycogen), important for yeast metabolism during the lag phase of
growth, decreased with time during storage. Notably, the subsequent fermentation
performance of yeast was impaired if there was a sufficient loss of intracellular
carbohydrate. This could be one reason for the variation observed between fermentations,
dependent on the length of time of yeast storage. However, since yeast was never used
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after three weeks storage at 4°C, it was unlikely that there would have been significant
degradation of intracellular carbohydrates. Nevertheless, the differences observed
between fermentations of cloudy wort made it difficult to interpret the results obtained
after addition of individual fatty acids to clear wort with 0.2 giL DE. Therefore, the
results have to be carefully interpreted and taken with caution, since the differences
between cloudy and clear wort could arguably have been a result of experimental error.
Individual experiments were carried out in duplicate and wort for each experiment came
from the same batch, whilst pitching the same yeast into each sample.

The zinc content in all-malt wort used during the research presented was found to be 0.22
mg/L. However, a limitation of the method used to quantify zinc in wort (atomic
absorption spectrometry) was that solid particles had to be removed before quantitation
could take place. It is known that trub/solid particles in wort can act to chelate metals
from wort (Schisler et a/ 1982). Therefore, the total zinc concentration in cloudy wort
may have been higher than 0.22 mg/L. Concentrations of 0.44 and 0.66 mgIL zinc were
added to clear wort in the presence of DE and fermented. Zinc is an important nutritional
component for yeast cells to function properly and it has a central role in many necessary
metabolic functions (Jones and Greenfield 1984, Walker 1998b). Previous research has
suggested that zinc is found in limiting concentrations in many worts (Donhauser 1986,
Rees and Stewart 1998, McLaren et a/ 2001) and experiments revealed increased
metabolic function at relatively high zinc concentrations. The reason that zinc was of
interest in these experiments was because it is an extremely important metal for yeast
growth and it is also possible to manipulate its concentration in wort using natural
methods (Donhauser 1986, McLaren et a/ 2001), albeit within narrow limits. Additions of
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2 and 3 times the basal concentration of zinc to clear wort and DE resulted in a slight
stimulatory effect, in terms of yeast cell numbers, sugar consumption, FAN use, and
volatile profile compared to clear wort with DE alone (Figs. 4.26, 4.27, 4.28 and 4.29).
However, the effect of zinc addition to clear wort and DE was not enough to augment
fermentation to the level of fermentation from cloudy wort. Interestingly, in this
particular experiment, the concentrations of ethyl acetate and iso-amyl acetate appeared
marginally higher in clear wort with DE than cloudy wort. Since clear wort was shown to
contain less fatty acid than cloudy wort (Figure 4.5), and in the absence of CO2
inhibition, this was most probably a result of the suppresive effect of unsaturated fatty
acids on acetate ester synthesis (previously discussed). However, it would appear that
zinc was limiting in the worts used in these experiments and only by adding greatly
increased concentrations of zinc would fermentation rates be augmented significantly.

Understanding the role of nutritional components present in cloudy worts compared to
clear worts should assist in the control of production, leading to a more consistent
product. Scotch malt whisky production is governed by legally binding procedures
which, for example, do not allow for addition of exogenous substances during any part of
the process (Scotch Whisky Act 1988). Therefore, any attempts to modify the nutritional
components of all-malt wort would have to be completely natural and result from some
change in the actual process conditions. The aims of future work should be to determine
the factors important in mashing which contribute to differences in the composition of the
final worts for fermentation.
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7.3 Effect of Mashing Regimes on the Fermentation of Commercial Whisky Wort
Malt mashing is an important stage in the production of any alcoholic beverage. It is
during this stage of the process that the sugars, nitrogenous and other nutritional
compounds are released from the malt grain into hot water to produce wort (Palmer
1997). Mashing for wort production can be carried out in a variety of mashing vessels,
which have their own advantages and disadvantages (Wilkin 1983). However, what
would be of great importance is the clarity of the final wort, particularly for the brewing
industry. Data in a review paper by Narziss (1986) revealed the differences in clarity of
wort obtained after mashing in a mash-tun, lauter-tun or with a Strainmaster. Because
turbidity of wort has been correlated with the subsequent fatty acid content (Narziss
1986, Lentini et a/1994), this is very important. Lauter tuns differ from mash tuns in that
lauter tuns generally have shallower mash beds and also have a different design of rakes
for turning and loosening the mash bed (Paterson and Piggott 1989). Traditionally,
Scotch malt whisky distilleries utilised a mash-tun for mashing purposes (Simpson 1968).
However, through the increased efficiencies and decreased process time possible with a
lauter-tun (Wilkin 1989, Dodt 1994, Whitby 1995), there has been a move towards using
lauter-tun mash vessels (Dolan 1991).

After collection of wort from 4 separate commercial Scotch whisky distilleries
(Distilleries A, B, C and D). different types of analysis and fermentations were carried
out to obtain important information regarding fermentation dynamics of each wort type
and the subsequent reasons for differences. Each distillery was chosen for the
fundamentally different methods used in mashing to produce wort for the subsequent
whisky fermentation. Initially, the concentration of solid material present in each sample
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was measured, followed by the initial concentration of FAN. Small-scale (400 ml)
fermentations were carried out to analyse the concentration of CO2 present in each wort
and 1 L scale fermentations were performed to gain information about rates of sugar and
FAN consumption from each set of wort samples. Information was also obtained about
the viability and number of yeast cells in suspension during the early stages of
fermentation, as well as the concentration of flavour volatiles after 50 hours fermentation.
Finally,S L stirred fermentations were carried out in order to assess the changes in yeast
cell behaviour during 72 hours fermentation of each wort sample. Yeast cell permittivity
and wort conductance were measured at 30 minute intervals and measurements of yeast
cell viability, wort pH and wort specific gravity (SG) were made at 24 hour intervals.
With all the information from each type of fermentation gathered together, there was a
clear picture of the differences in terms of fermentation dynamics of worts from different
commercial whisky distilleries.

Before any fermentations of the distillery wort samples were carried out, the
concentration of solid material present in each sample was assessed. Table 5.1 shows that
there were considerable differences in the average concentration of solids in worts from
each distillery. This was very interesting since the mashing procedure utilised to produce
the worts were fundamentally different (Appendix A). Worts from Distillery A and D
contained considerably less solids than worts from Distillery Band C. Notably, the
mashing procedure for Distillery A and D involved using 76°C sparging water, as
opposed to 90°C for Distillery B and C. Further, worts from Distillery A, which used a
lauter tun system, contained an increased amount of solid material than Distillery D
worts, which were produced in a mash-tun system. It certainly appeared that the
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temperature of sparging water had a determining effect on the final concentration of solid
material in wort. It is interesting to hypothesise that, with an increase in sparging
temperature and the subsequently less viscous mash (Briggs et al 1981), this may have
promoted the passage of an increased number of solid particles through the mash-bed and
into the wort. Although the mash-bed was much shallower during production of Distillery
B worts than Distillery C worts, this had no apparent effect on the concentration of solids
in the final wort. It was notable that the use of the lauter rake-gear was continuous
throughout mashing and wort separation in Distillery C (Appendix A) and was kept in the
lowest position, i.e. close to the mash bottom. It has been said that a few centimetres of
undisturbed mash bed has the capability to hold back a significant proportion of wort
solids (Whitby 1995). The constant disruption and lack of settling during mashing in
Distillery C was likely to have resulted in the increased concentration of solid material
passing into the wort. When a lauter-tun was used to produce Distillery A worts, there
was less concentration of solid material than in worts produced using a mash-tun
(Distillery D worts). It was probable that the lack of pumping action to drain off worts
from Distillery D mashes produced less pressure on the mash-bed, which may account for
the decreased passage of mash solid particles into the wort (Lewis and Young 1995).
There were also considerable differences in the initial average concentration of fatty acids
in worts from Distillery A, B, C and D (Table 5.3). Only measurement of longer chain
fatty acids (saturated and unsaturated) was performed since short to medium chain fatty
acids are found in small concentrations in wort (Table 4.3) (Lentini et alI994). In
general, there was a much higher concentration of all fatty acids measured
[(hexadecanoic (CI6:0), hexadecenoic (C16:1), octadecanoic (CI8:0), octadecenoic
(ClS:1), octadecadienoic (C1S:2)and octadecatrienoic (CI8:3)] in worts from Distillery B
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and C than in worts from Distillery A and D. This coincided with the increased
concentration of wort solid material that passed into the worts (Table 5.1).

The appearance of lipids in wort has long been associated with the presence of insoluble
material (Zangrando 1979, Schisler et a/1982, Narziss 1986, Lentini et a/1994,
Ayestaran et a/1998) and some of the work shown earlier in this thesis show further
indirect evidence of this (Figure 4.3). However, there was also some differences in the
average concentration of fatty acids between worts from Distillery B and C, meaning that
the increased sparge temperature was not the only factor responsible for increasing the
fatty acid content of wort (particularly C16:0 and CI8:2). Although there was a slightly
higher average concentration of wort solids present in Distillery C worts than Distillery B
worts, it seemed unlikely that this could account for the differences in fatty acid content,
particularly C 18:2. One of the major differences in production of Distillery C worts,
compared to Distillery B worts, was in the mode of raking during mashing (Appendix A).
In Distillery C, the practice was to commence raking after collection of only 200 L of
wort, whereas in Distillery B, raking commenced after collection of 14,000 L of wort. In
both distilleries, the rake gear was positioned just above the filter plates. It is conceivable
that, in Distillery C, the mash was not allowed to settle as well as in Distillery Band,
therefore, there was increased potential for solid material to pass into the wort in the
washbacks (Whitby 1995). Although worts from Distillery A and D had quite different
average concentrations of wort solids, they contained comparable average concentrations
of long chain fatty acids. This was very interesting, since it meant that concentration of
solids in wort was not the only determining factor in the subsequent concentration of fatty
acids. Additionally, it did not appear to matter that Distillery A utilised a lauter-tun for
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mashing, as opposed to a mash-tun in Distillery D. In this instance, it would appear that
sparge temperature was the most important determinant. Using 76°C sparge water, and
the concomitant viscous nature of the fatty acids in the mash, it may have been that a
maximum concentration of fatty acids would have passed through to wort, irrespective of
the method of mashing. However, when 90°C sparge water was used (Distillery B and
C), the fatty acids would have been more fluid in these conditions and, perhaps, more
likely to pass through the mash into the wort as a free form. The increased temperature of
the sparge water would also have promoted increased transfer of components associated
with solid material in the mash vessel into the final wort (Lewis and Young 1995).

The initial average FAN concentration of commercial distillery worts is shown in Table
5.2. There were considerable differences in the initial average FAN concentration of
worts between distilleries. Whereas Distillery B and C worts contained the highest
concentrations of solid material and fatty acids, they conversely contained the lowest
concentrations of FAN. Although the majority of protein hydrolysis occurs during
malting (Morimoto et a/1988), there is still some proteolytic activity during the mashing
stage for whisky production «Bamforth and Quain 1989, Palmer 1997). This is primarily
due to the action of carboxypeptidases, since endopeptidases are more heat labile (Mikola

et al 1972). Production of Distillery B and C worts required less time in the distillery due
to the relatively higher wort flow rates during passage from tun to washbacks (Appendix
A). This would have resulted in less time for carboxypeptidases to convert more peptides
to amino acids (Bamforth and Quain 1989) during mashing. However, the second reason
is likely to have been the most important factor. A high sparging temperature (such as
90°C) was likely to have rapidly denatured most active enzymes left in the mash and,
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most importantly in this case, carboxypeptidases. This would have resulted in much less
conversion of malt proteins to amino acids during mashing and, therefore, less amino
acids in the resulting wort. Research by Morimoto and co-workers revealed that increased
saccharification temperature during mashing resulted in a general decrease in the amino
acid content of wort (Morimoto et alI988).

Worts produced in Distillery A and D had

measurably higher average concentrations of FAN than worts from Distillery B and C,
although Distillery A worts still contained the highest FAN concentration (Table 5.2).
This was surprising since mashing for production of Distillery D wort took considerably
longer than mashing for Distillery A wort production, allowing more time for conversion
of malt proteins to peptides and amino-acids. One hypothesis is that raking during
mashing, as was the case during mashing in Distillery A, led to more efficient and even
conversion of proteins to amino acids. If a large volume of water passed through the
mash in the mash-tun in channels, as may have happened in Distillery D, then there may
not have been efficient effiux of amino acids from the mash into the washbacks.

Measurements of the concentration of C02 present after 5 hours fermentation of wort
samples from different distilleries revealed that there was little difference between the
four distilleries (Figure 5.9). Although there were distinct differences in the concentration
of solid material in wort samples, this had no effect on the concomitant C02
concentration after 5 hours. This is in accordance with the previous research discussed in
this thesis, whereby increasing concentrations of diatomaceous earth (DE) added to clear
wort did not result in a lowering of the subsequent C02 concentration during
fermentation (Figure 3.17). The effects of variable and elevated C02 concentrations on
yeast during fermentation, as discussed previously, have been well researched and
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documented, particularly in a brewery environment. A lack of variation in the
concentration of C02 during fermentation of distillery worts was a very interesting
finding, which showed that the differences seen during fermentation was not a
consequence of differences in the concentration of C02 found. This meant that, if
significant differences were found during fermentation of distillery worts, there had to be
other important factors responsible for any differences seen.

The estimation of yeast cell number during fermentation of distillery wort samples
revealed differences in the average yeast cells in suspension at different time-points
(Table 5.4). After 4 hours fermentation, the average yeast cell count was similar in worts
from each of the four different distilleries. However, by 8 hours fermentation there was
significantly more yeast in suspension in the worts from Distillery B, C and D compared
to Distillery A. This may have been due to the increased concentrations ofUFA's

(CIS:l,

C 18:2 and C 18:3) found in these worts compared to Distillery A worts, resulting in faster
yeast growth. During the initial stages of fermentation, oxygen is rapidly consumed by
metabolising yeast (Quain et a11981, Peddie 1990). However, for endogenous production
of UF A by yeast, there is a requirement for oxygen (Bloomfield and Bloch 1960,
Ratledge and Evans 1989, Fujiwara et aI1998), and if this cannot be met, yeast can use
exogenous sources to satisfy their requirements (Taylor et a11979, Rosi and Bertuccioli
1992, Schweizer 1999). This may have given yeast fermenting worts from Distillery B, C
and D an early advantage, in terms of availability of additional UF A to maintain rapid
cell growth, to show an increased initial growth rate than yeast fermenting Distillery A
worts. These results are similar to those obtained for the average rates of sugar (estimated
as rate of weight decrease of fermentations) and FAN consumption by yeast fermenting
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distillery wort samples. The rates of sugar and FAN consumption by yeast were relatively
slow from each set of distillery worts between 0 and 4 hours (although the average rate of
FAN consumption was slightly higher from Distillery B worts). However, between 4 and
6 hours fermentation, the average rate of FAN consumption was higher from worts form
Distillery B, C and D than from Distillery A (Table 5.6). A similar trend was seen with
sugar consumption (Table 5.5). This was, most likely, a result of the increased
concentrations of unsaturated fatty acids available to the yeast culture fermenting
Distillery B, C and D worts (Taylor et a11979, Schisler et a11982, 0' Connor-Cox et al
1996).

There are two main mechanisms by which S. cerevisiae can consume amino acids from
its surrounding medium. The organism possesses several specific permeases for specific
amino acids, but also a general amino-acid permease (GAP), the expression of which is
inhibited by the presence of ammonium ions (Grenson et a11970, Rose and Keenan
1981). Evidence shows that the GAP expression in S. cerevisiae cells is influenced by the
level of un saturation of fatty acid residues in membrane phospholipids (Calderbank et al
1985). Yeast cells with membrane phospholipids enriched with C 18:2 residues as
opposed to C18:1 residues were shown to be capable of accumulating some amino-acids
at a greater rate (Rose and Keenan 1981, Calderbank et a11984, Calderbank et aI1985).
This could provide an explanation for the increased rate of FAN consumption during
early fermentation of Distillery B, C and D worts, since these worts contained a higher
initial concentration ofC18:2 (Table 5.3). During the next two hours fermentation (6 to 8
hours), the situation became more complicated. Whereas the rate of sugar consumption
by yeast was still faster from Distillery B, C and D worts, the rate of FAN consumption
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was faster from Distillery C and D worts than Distillery A worts, but the rate of
consumption by yeast was slowest from Distillery B worts. Indeed, between 6 and 8
hours, the rate of FAN consumption from Distillery C worts was fastest, corresponding to
the highest average initial concentration of C 18:2 between the distillery wort samples.

In terms of the number of yeast cells in suspension during fermentation, there was a large
average increase in the yeast cell numbers in Distillery A worts after 10 hours
fermentation, compared to cell numbers in Distillery B, C and D worts, showing
moderate increases in cell numbers between 8 and 10 hours. The initial FAN
concentration of Distillery B and C worts was much lower than in Distillery D worts and,
in particular, Distillery A worts (Table 5.2). The comparatively rapid decrease in the rate
of FAN consumption from Distillery B and C worts between 8 and 10 hours fermentation
was a consequence of the rapid depletion of the usable FAN early in the fermentation.
With Distillery A and D worts having a higher initial FAN concentration, there was more
FAN to consume and, consequently, yeast consumed FAN for a longer period. However,
without assimilable FAN as the source of vital amino acids to continue cell growth
(Ramsay and Berry 1983), this was the probable reason why cell numbers increased more
slowly after 8 hours fermentation in Distillery B, C and D worts, compared to Distillery
A worts. After consumption of the assimilable FAN in wort by yeast, there follows a
decrease in the rate of fermentation (Kirsop and Brown 1972). The lack of FAN for yeast
growth would also have caused the decrease in rate of sugar consumption by yeast in
Distillery B and C worts. This finding was similar to that reported by Ramsay and Berry
(1983) during a laboratory-scale whisky fermentation. The average number of yeast cells
in suspension continued to increase in Distillery A wort samples after 10 hours
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fermentation, whereas the yeast cell numbers increased more slowly in Distillery samples
B, C and D. Although the rate of FAN consumption was higher from Distillery 0 worts
compared to Distillery B and C worts between 10 and 12 hours, the yeast cell numbers in
suspension were similar. One hypothesis was that there was a limit to the number of yeast
cells in suspension in Distillery D worts because of the significantly less average solids
concentration. There are different roles that wort solids play during fermentation, and one
of those is thought to be a circulatory effect (Delente et al 1968). Evolution of C02 by
yeast provides a way for solids particles to circulate in wort. Additionally, it has been
hypothesised that yeast cells attach to solid particles and thus remain in suspension
during fermentation (Merritt 1967). Theoretically, if there were more solid particles
present, there is a greater possibility for more attachment of yeast cells. Although
Distillery B and C worts contained much more solids, the further growth of yeast would
have been curtailed by the lack of FAN.

After 50 hours fermentation of wort samples from Distillery A, B, C and D,
measurements of the concentration of heads pace volatiles were carried out. Table 5.7 and
5.8 revealed that there were differences in the average concentration of a range of higher
alcohols and esters between distillery wort fermentations. With the exception of
propanol, wash (fermented whisky wort) from Distillery Band C contained higher
concentrations of higher alcohols than wash from Distillery A and D. Propanol was found
in similar average concentrations in Distillery A, B and C wash samples, but slightly
lower in Distillery D wash samples. The production of higher alcohols is thought to be
closely associated with the rate of yeast growth during the initial stages of fermentation
(Quain and Duffield 1985). The rate of yeast growth, in terms of yeast cell numbers in
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suspension, appeared to be higher in fermentations of Distillery B and C worts than in
Distillery A and D worts over the first 8 hours fermentation (Table 5.4). It is during this
time, namely active yeast growth, that the majority of higher alcohols would have been
produced (Gent and Slaughter 1995). Indeed, the average number of yeast cells by this
time was highest in Distillery C wort fermentations, which also contained the highest
concentrations of iso-butanol, 2- and 3-methyl butanol. Between 8 and 10 hours
fermentation, the yeast cell numbers increased to a greater degree in Distillery A wort
fermentations compared to Distillery D fermentations, which would have resulted in the
increased concentrations of higher alcohols (including propanol) in Distillery A wash
samples compared to Distillery B. These results were also interesting from the viewpoint
that, although Distillery A and D worts contained a higher initial concentration of FAN,
they contained less higher alcohols at the end of fermentation. Ramsay (1982) found that
the final concentration of higher alcohols present after fermentation was dependent on the
initial FAN concentration (Ramsay 1982). The final higher alcohol concentration was
relatively stable when the initial concentration of FAN was between 168 and 224 mg/L.
However, when this concentration was increased, there was a concomitant decrease in the
higher alcohol content of the wash. This result agreed with the findings of this research.
However, it should be noted that the experiments by Ramsay (1982) involved artificially
modifying the assimilable nitrogen content of wort by adding ammonium sulphate.
Grenson et al (1970) revealed that expression of the GAP system for amino acid uptake
was repressed by the presence of ammonium ions (Grenson et aI1970). Subsequently,
decreased uptake of amino acids may have caused the decreased higher alcohol
production. It was most likely that the cause of increased higher alcohol production in
Distillery B and C worts was a result of increased yeast cell growth.
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Whereas Distillery B and C wash samples generally contained higher concentrations of
higher alcohols than Distillery A and D wash samples, there was a converse relationship
when considering the ester concentration of wash after 50 hours fermentation (Table 5.8).
An important determining factor in the final concentration of ester at the end of
fermentation is the initial concentration of UFAs. The inverse relationship between wort
UFA content and final ester concentration is well documented and has been researched
extensively in brewing (Ayrapaa and Lindstrom 1973, Taylor et a/1979, Schisler et al
1982, Thurston et al 1982, Yoshioka and Hashimoto 1983, Peddie 1990, Lentini et al
1994). This appears to have been the largest determinant in the decreased ester
concentration of wash samples from Distillery B and C (containing much higher initial
concentrations of UF A) compared to wash from Distillery A and D fermentations.
However, although worts from Distillery C contained a higher average concentration of
UF A than Distillery B worts, the wash from Distillery C fermentations contained a higher
average concentration of ethyl acetate. This result was not expected, in view of the
previous research showing the negative effect of elevated wort UF A concentrations on
ethyl acetate concentration of beer.

Further information regarding the differences in fermentation characteristics of worts
produced using different mashing procedures was gained after dielectric monitoring of 72
hour stirred fermentations of 5 L wort samples from Distillery A, B, C and D. Classically,
the fermentation stage of most alcoholic beverages has been divided into 3 distinct phases
(Kirsop and Brown 1972, Ramsay and Berry 1983). These are the acceleration phase with
active yeast growth, linear phase with limited yeast growth and a final decline, or death
phase. Using the dielectric monitoring technique, Yonezawa et al (1999) were able to
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distinguish four distinct phases of yeast metabolism, demonstrated by different yeast cell
morphologies. Dielectric monitoring is a non-invasive, non-destructive technique, which
provides information on the concentration of yeast cells during fermentation, the
conductivity of the wort medium and yeast cell cytoplasmic conductivity (Asami and
Yonezawa 1995). The rationale with this technique is that when a yeast cell suspension is
subjected to an electric field, the yeast cells polarise (expressed as relative permittivity)
depending on their size and whether they are alive or not (Yonezawa et al 1999). During
fermentation, the temperature was controlled in order to emulate the typical increase in
temperature seen during fermentation of commercial distillery wort (see Methods).
During dielectric monitoring, yeast cell permittivity and wort conductance were
measured at 30 minute intervals, which gave a very detailed picture of changes in yeast
cell behaviour during that time period.

A significant amount of research regarding changes in yeast cell behaviour during the
whisky fermentation has been carried out and a lot of information on the effects of
different parameters is now available (Yonezawa, T., personal communication).
However, the effect of different concentrations of fatty acids (saturated and unsaturated)
on yeast cell behaviour during the whisky fermentation has not been well researched.
Therefore, the research carried out in this thesis gave invaluable information regarding
natural differences in fatty acid content of whisky wort and the subsequent effect on yeast
cells during fermentation and low wine quality after a primary distillation. During the
course of the fermentations, the viability of yeast cells, pH and specific gravity (SG) of
the wort were assessed at 24 hour intervals. It was clear that the average viability of yeast
cells in each set of distillery fermentations was very high at the start of fermentation and
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remained high after 24 hours (Table 5.9). However, there were clear differences in yeast
cell viability after 48 and 72 hours. The average viability of yeast cells after 48 hours
fermentation of Distillery B and C worts was much higher than that of yeast cells
fermenting Distillery A and D worts. After 72 hours fermentation, the average viability
was still higher in yeast cells fermenting Distillery B and C worts. During fermentation of
wort in commercial whisky distilleries, normally there is no attempt made to control the
fermentation temperature (Simpson 1968, Korhola et a11989, Lyons 1995, Palmer 1997).
Indeed, fermentation temperatures can reach up to 33 - 34°C very quickly. In
conjunction with the increase in ethanol concentration, there are different major stresses
that yeast cells have to encounter (D'Amore and Stewart 1987). During these
experiments, the incubation temperature of the fermentations was increased incrementally
to try to mimic the situation in a commercial distillery.

One mechanism by which S. cerevisiae cells respond to elevated ethanol concentrations
is to preferentially incorporate UFA's into the phospholipid moieties in the cell
membranes (Beaven et a11982, Mishra and Prasad 1989, Chi and Ameborg 1999). By
doing this, the yeast cell membranes are rendered more fluid. This could explain the
increased viability of yeast cells after 48 hours fermentation of Distillery B and C worts,
which contained higher initial concentrations of UFA. S. cerevisiae requires oxygen to
desaturate C16:0 and C18:0 to C16:1 and C18:1 respectively (Bloomfield and Bloch
1960, Ratledge and Evans 1989, Fujiwara et aI1998). As the fermentations became
rapidly anaerobic (Quain et a11981, Peddie 1990), yeast fermenting Distillery B and C
worts would have an advantage since there was more readily available UFA for uptake
and integration into cellular phospholipids. However, some researchers have also shown
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that saturated fatty acids are important for yeast's tolerance to increasing ethanol
concentrations. For example, Mizoguchi and Hara (1997) revealed that when sake yeast
was allowed to ferment in the presence of increased C 16:0 concentrations, the ethanol
tolerance and viability of yeast cells increased. Del Castillo Agudo (1992) showed a more
pertinent role for C12:0 fatty acids in the tolerance to ethanol concentration,
hypothesising that they would also render the yeast cell membranes fluid. In this case, it
was possibly a mechanism employed by S. cerevisiae to maintain the fluidity of the
cellular membranes in the absence ofUFA's.

Yeast fermenting whisky wort also have to

deal with the increasing temperature. S. cerevisiae reacts to decreasing temperature by
altering the fatty acid type it incorporates into its membranes, preferentially producing
shorter chain fatty acids at lower temperatures (Okuyama et al 1979). After a decrease in
temperature, the ratio ofC16:0 to C18:0 in cell membranes greatly increases. This is
obviously a cellular response to temperature, and it seems normal that the converse would
occur during a temperature increase. Increasing temperature during fermentation is also
known to render yeast cells more susceptible to the effects of ethanol (Leao and van
Uden 1982).

The dynamics of pH change during the fermentation of the commercial distillery wort
samples (Table 5.10) was typical of most Scotch whisky fermentations (Dolan 1976).
However, after 72 hours fermentation, the pH of wort samples from Distillery A, B and C
continued to increase, whereas the average pH of wort samples from Distillery D
decreased. Since it is not a sterile process, as the fermentation of whisky wort comes to
an end and yeast cells begin to autolyse (van de Meersche et aI1979), the lactobacilli and
other lactic acid bacteria begin to grow, metabolising the liberated yeast cell contents
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(Ramsay 1982). Therefore, the pH of whisky fermentations tends to decrease again as
acids are produced by metabolism of lactic acid bacteria. However, in the fermentations
of different distillery worts, the pH only began to decrease in Distillery D worts. After 72
hours, it was observed that the average viability of yeast cells fermenting Distillery D
worts was extremely low, in comparison to the viability of yeast cells fermenting
Distillery A, B and C worts. Contaminating lactobacilli and other lactic bacteria may be
prevented from metabolising wort constituents at the start of fermentation, provided they
are in low numbers, by the competition provided by superior numbers of pitching yeast.
When yeast can no longer be supported in the conditions presented in the wash, they die
and autolyse. For many years it has been known that yeast autolysate is a suitable source
of nutrients for many bacterial types (Kligler 1919). As viable yeast cells decrease in
numbers, eventually there will be less competition for remaining nutrients. Coupled with
the yeast cell nutrients available, lactobacilli can metabolise and begin to increase in
numbers (Simpson and Priest 1999), thus lowering the wash pH (Dolan 1976). However,
if there is still a small percentage of yeast cells viable, as in the case of yeast cells after 72
hours fermentation of Distillery A, B and C worts, there may still be too much
competition for lactic-acid bacteria to grow. In the case of Distillery D worts, the average
viability of yeast cells was much lower and in this case there would have been minimal
competition presented to lactic-acid bacteria. Had the fermentation proceeded beyond 72
hours, it may have been likely that the pH of wash samples from Distillery A, B and C
would have decreased again.

Comparison of the changes in yeast cell permittivity and wort conductance is shown in
Figure 5.38. There were differences at critical stages of the whisky fermentation between

273

worts from Distillery A, B, C and D. Yonezawa et 01 (1999) described four distinct stages
of the whisky fermentation, stages where the behaviour and metabolism of yeast cells
were different, which was related to yeast cell permittivity. During the first stage of the
whisky fermentation (between 0 and 12 hours), there was almost no difference in yeast
cell permittivity between the different worts. However, after this stage, differences
between the worts during fermentation became evident. The maximum permittivity of
yeast cells fermenting Distillery B and C worts was higher than yeast fermenting
Distillery A and D worts. The reason for this increased permittivity of yeast cells may
have been a result of increased yeast cell growth, through the provision of increased
unsaturated fatty acids available to yeast. Another important factor to consider was that
yeast cell permittivity can also change as a result of increased yeast cell size (Asami and
Yonezawa 1995). The increased concentration of unsaturated fatty acids available for
metabolism by yeast and incorporation into membranes may have resulted in larger yeast
cells. The major difference between fermentation of the distillery wort samples was seen
during the fourth stage of the whisky fermentation, this being the decline, or death phase
of yeast cells (Yonezawa et a/1999). This stage occurred later during fermentation of
Distillery B and C worts compared to Distillery A and D worts.

There are two considerations regarding the above findings. Firstly, the fact that the
decline into death phase was delayed and, secondly, that the rate of decline through death
phase was much quicker in Distillery A and D worts. During any fermentation for
alcoholic beverage production, the surrounding milieu in which yeast find themselves
will be constantly changing. Initially, the wort becomes rapidly more acidic and ethanol
accumulates, both a result of yeast metabolism. Notably, in industrial whisky
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fermentations

and in these experiments, the temperature of the wort also increased

(Simpson 1968, Korhola et a11989, Lyons 1995, Palmer 1997). These changes in wort
conditions represent individual stresses for yeast cells. The structure of the yeast cell
membrane will be influenced by many variables, including heat, ethanol, osmotic and
ionic stresses (Suutari and Laakso 1994). However, S. cerevisiae has evolved many
different mechanisms to deal with these stresses. For example, in response to increasing
ethanol concentrations, yeast can modulate the type of fatty acids present in their
membrane phospholipids (Beaven et a11982, D'Amore and Stewart 1987, del Castillo
Agudo 1992, Alexandre et al 1993, Chi and Arneborg 1999) and even the degree of
unsaturation of fatty acids (Keenan et aI1982), as discussed previously. There are also
inherent mechanisms to deal with heat stresses, which could be the situation in these
experiments, such as accumulation of the disaccharide trehalose and production of heat
shock proteins (Attfield 1987, de Virgilio et a11994, Hottiger et a11994, Swan and
Watson 1998). Research has shown that increasing temperature renders yeast cells more
susceptible to the toxic effects of a range of alkanol compounds (Leao and van Uden
1982), but it is also known that there are shared responses to combined ethanol and heat
stresses. Odumera et al (1993) reported that brewing strains of yeast responded to
increased heat and alcohol stress by increasing the intracellular concentration of trehalose
and membrane content of unsaturated fatty acids. Generally, the effect of both heat and
ethanol stress on yeast is to render their cellular membranes more permeable (Piper
1995). This could lead to problems maintaining the proton-motive force, which has to be
maintained in order to enable uptake of various compounds important to S. cerevisiae
(Serrano 1983, Serrano et aI1986). As a result of ethanol or heat-induced membrane
permeabilisation, the membrane

W -ATPase

is stimulated to actively extrude more
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protons to maintain the intracellular pH, which is an energy-expensive process
(Alexandre et a11993, Piper 1995).

As previously discussed, there are mechanisms by which yeast cells can overcome
stresses such as high ethanol concentration and increased temperature. Research has also
been conducted which demonstrates that yeast cells can consume fatty acids from their
environment and incorporate them into membrane phospholipids (Mishra and Prasad

1989, Mizoguchi and Hara 1997). S. cerevisiae is a dynamic organism, which has the
ability to sense its environment and act appropriately when it is required for selfpreservation (Dickson et al 1997). It has been said that the fatty acid composition of
cellular lipids is aimed at maintaining optimal cell viability, which is dependent on a
multitude of complex environmental factors (Suutari and Laakso 1994). This is a very
interesting statement and seems pertinent for consideration of yeast fermenting Distillery
A, B, C and D wort samples. The wort samples provided yeast cells with different
environments, from which they could consume nutrients in response to the common
stresses that they had to endure, e.g. increasing acidity, ethanol and temperature. As
discussed previously, yeast cells have the ability to consume fatty acids and incorporate
them into cellular phospholipids. However, there has been conflicting research into
whether phospholipids enriched with saturated or unsaturated fatty acids confer the
greatest ethanol tolerance (Beaven et a11982, Keenan et al 1982, del Castillo Agudo

1992, Mizoguchi and Hara 1997). This could be a manifestation of yeast cells responding
to the stress of ethanol by utilising the nutrient factors it has available.
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In these experiments, Distillery B and C worts clearly had enhanced concentrations of
long-chain fatty acids, both saturated and unsaturated (Table 5.3). At the start of
fermentation, yeast cells fermenting the distillery wort samples would have rapidly
consumed exogenous fatty acids when nutrients became limiting (Ratledge and Evans
1989), but there would have been more scope for this in yeast fermenting Distillery B and
C worts. Any excess fatty acids, which were not utilised directly by the fermenting yeast,
would have been stored as triacylglycerol molecules (Ratledge and Evans 1989,
Schweizer 1999). Triacylglycerol is one of the major components of lipid particles found
in S. cerevisiae cells and these accumulate upon entry into the stationary phase of cell
metabolism (Taylor and Parks 1979). One of the functions of lipid particles is thought to
be for storage of lipid components until they are needed for membrane formation under
restrictive growth conditions (Zweytick et al 2000). It is also known that long-chain fatty
acids can be esterified with sterols and stored in lipid particles, being hydrolysed to yield
free sterols when cell membrane production is required (Leber et aI1995). It may be
reasonably assumed that S. cerevisiae cells fermenting Distillery B and C worts would
have had a larger intracellular store of lipids. As the fermentation proceeded, it was likely
that yeast in Distillery B and C worts would have the ability to grow faster and probably
larger due to increased incorporation of fatty acids into membrane phospholipids. This
could explain why the yeast cell permittivity data was greater for yeast cells fermenting
Distillery Band C worts. Since the maximum permittivity values occurred when yeast
cells were in stationary phase, the increased permittivity of yeast cells fermenting
Distillery B and C worts had to be a manifestation of larger cells. During this early
fermentation stage, ethanol concentrations would have rapidly increased and the
temperature would have started to rise, providing environmental stresses to which the
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yeast would have to respond. Being able to draw upon a wider range of fatty acids from
their environment would have given yeast in Distillery B and C worts greater scope to
deal with these stresses for the reasons mentioned previously.

However, as the ethanol concentration and, particularly, the temperature increased, yeast
fermenting Distillery A and D wort samples would have eventually had fewer resources
(i.e. fatty acids) with which to withstand these stresses. Without a further source of
exogenous fatty acids to maintain membrane integrity, the plasma membrane may have
become more permeable of yeast cells in Distillery A and D worts. This could have
resulted in these yeast cells having to increase pumping of protons out of the cell to
maintain the intracellular pH and the proton motive force (Piper 1995). Because this is an
energy-intensive process, it may have resulted in less energy available for continued cell
maintenance, and may have resulted in smaller yeast cells. As the phospholipid content of
the yeast cells decreased later in the fermentation (Slaughter and Minabe 1994), yeast in
Distillery A and D worts may have had no more fatty acids for phospholipid
incorporation with which to maintain their membrane integrity. Taylor and Parks (1979)
provided compelling evidence that triacylglycerol molecules (storage lipids) are very
important in the synthesis of phospholipids by S. cerevisiae in the exponential phase of
growth. Since Distillery A and D worts contained less fatty acids for yeast to consume
and store, this could have explained why the permittivity of yeast in Distillery A and D
worts was maintained for a shorter time before the rapid decrease in cell permittivity
occured (Figure 5.38). Less triacylglycerol may have been stored with which to maintain
the cellular phospholipid content. Because of these probable conditions, it seems
acceptable that yeast fermenting Distillery A and D worts would be more limited in being
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able to maintain the cellular membrane integrity and would thus begin to die earlier. The
rapid drop in permittivity would have been a result of yeast cells no longer being able to
maintain the proton motive force and thus becoming non-viable. Asami et al (1996)
provided evidence that further suggested the drop in yeast cell relative permittivity was a
manifestation of dead yeast cells in the sample. By having a more leaky plasma
membrane this would have resulted in a lower permittivity (Asami et aI1996). An
additional reason for the decrease in permittivity values was likely to have been a result
of the yeast cells becoming progressively smaller.

After 72 hours stirred fermentation, each wash sample from Distillery A, B, C and D wort
fermentations was distilled to yield low wines (L W). In virtually all Scotch malt whisky
distilleries, a further distillation would be carried out to yield new-make spirit, (Simpson
1968, Nicol 1989, Paterson and Piggott 1989, Lyons 1995, Palmer 1997), but for the
purposes of this study, only one distillation was carried out. The purpose of this was to
assess the quality of the LW produced after distillation of wash from fermentations of the
commercial distillery worts and what effects on LW were evident after using different
mashing methods. Analysis of different groups of compounds was carried out on each
LW sample, these being esters, higher alcohols, organic acids and aldehydes. A
comparison of the average concentration of esters present in LW after distillation of
Distillery A, B, C and D wash samples are shown in Tables 5.12 (acetate and short to
medium chain esters) and 5.13 (long chain ethyl esters).
Esters are extremely important compounds in new make spirit and, indeed, the final
product, but, with the exception of ethyl acetate, are found in relatively low
concentrations (Nordstrom 1964, Nicol 1989). Short to medium chain acetate and fatty
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acid esters impart the floral and, generally, pleasant notes associated with whisky, such as
roses (p-phenylethyl acetate) and pear drop (iso-amyl acetate) (Meilgaard 1975a,
Meilgaard 1975b, Dufour and Malcorps 1995, Fukuyo and Stewart 1999). Long chain
ethyl esters, more associated with whisky than beer, are liberated from yeast cells during
distillation, and impart soapy flavour notes to the spirit (Meilgaard 1975b). These long
chain esters are too complex to be able to simply diffuse from yeast cells and are thus
retained (Nykanen et aI1977). The trend, which was evident in consideration of the ester
concentration of the wash samples after 50 hours static fermentation (IL) (Table 5.8),
was also seen after analysis of LW samples from each set of distillery samples. However,
more ester compounds were analysed from LW samples. Again, the average
concentration of esters was higher in LW from wash samples from Distillery A and D
compared to Distillery B and C. Because of the relatively higher concentrations ofUFA's
present in wort samples from Distillery B and C, this would have resulted in less esters
being produced during fermentation (AyriipiUiand Lindstrom 1973, Taylor et a11979,
Schisler et a/1982, Thurston et a/1982, Yoshioka and Hashimoto 1983, Peddie 1990,
Lentini et a/1994) and, consequently, less esters being present in LW. There was one
exception to this, being ethyl octadecadienoate, which was present in higher
concentrations in LW after distillation of Distillery B and C wash than in LW after
distillation of Distillery A and D wash. This coincided with the observation that
octadecadienoic acid (CI8:2) was found in much higher initial concentrations in
Distillery B and C worts (Table 5.3). Malcorps and Dufour (1992) previously resolved
protein fractions from S. cerevisiae, in which was contained the activity for production of
iso-amyl acetate and ethyl acetate. Another fraction contained enzymic activity for
production of ethyl acetate and ethyl hexanoate. The conclusion was that there might be
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different enzyme systems for the production of different types of ethyl esters. However,
most of the research regarding factors affecting the concentration of esters after
fermentation has considered only acetate esters and short-chain fatty acid ethyl esters.
This may reflect the fact that most of the research has been conducted in the brewing
industry, where long chain fatty acid ethyl esters, such as ethyl hexadecadienoate, are of
less concern. This is due to the fact that they are not usually seen in the final beer, since
ethyl esters of fatty acids longer in chain length than dodecanoic acid are generally held
inside yeast cells and not released (Nykanen et a/1977). The ability ofC18:2 to suppress
ester synthesis has been discussed previously, but there appears to be no evidence of
factors that affect the concentration of long-chain ethyl esters in whisky. Based on these
results, it appeared that production of ethyl hexadecadienoate was not subjected to the
same regulation to which short chain esters were subject. Indeed, it seems feasible that
C 18:2 was the UF A responsible for most of the repression of ester synthesis and,
therefore, not able to repress esterification of itself with ethanol. The concentration of
ethyl hexadecadienoate present in the L W samples from the commercial distillery wash
samples appeared to correlate with the initial concentration ofC18:2 in the original wort
samples.

Higher alcohols are another very important constituent of whisky and are found in
relatively higher concentrations than esters. Quantitatively, they constitute the most
abundant flavour volatiles in whisky (Suomalainen and Lehtonen 1979, Oebourg 1999).
In terms of the average concentration of higher alcohols present in L W after distillation
of Distillery A, B, C and D wash samples, there was a similar trend to that seen with the
higher alcohol concentration of wort samples after 50-hour, 1 L static fermentations
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(Table 5.7). The average concentration of propanol was slightly lower in LW after
distillation of Distillery D wash samples than the other LW samples, which were of
similar concentration. However, the average concentration of iso-butanol, iso-amyl,
active amyl and J3-phenylethyl alcohol was higher in LW after distillation of Distillery B
and C wash samples. As highlighted previously, the role ofUFA is important in
determining the concentration of higher alcohols in wash and, subsequently, in LW
samples after distillation. At the start of fermentation, the increased concentration of UF A
in Distillery B and C wort apparently stimulated the growth of yeast in these worts. This
would have resulted in a concomitantly higher concentration of higher alcohols being
produced (Quain and Duffield 1985, Lie and Haukeli 1998). Analysis of two further
higher alcohols was carried out on LW samples, these being the long chain alcohols
tetradecanol and hexadecanol. These were found in much lower concentration than other
higher alcohols. The fact that hexadecanol was found generally in higher concentration
than tetradecanol agrees with the findings of White et al (1987). When analysed in LW
samples after distillation of all the wash samples from Distillery A, B, C and D, there
were no significant differences in the average concentration of either higher alcohol in
the LW samples (Table 5.17). It was observed that the fatty-acyl chain-length profile of
the triacylglycerols found in yeast closely resembled that of the long-chain alcohols
produced (White et al 1987). This prompted the suggestion that long-chain alcohols came
from reduction of CoA esters of long-chain acids, which might otherwise have been
channelled into triacylglycerol production. Clearly, the factors important for production
of long-chain alcohols during fermentation by S. cerevisiae were similar in each wort
sample.
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The production of organic acids during fermentation is very important, as they are
components necessary for esterification with ethanol to produce the pleasant estery notes
of whisky (Suomalainen and Lehtonen 1979). A range of acids was measured after
distillation of Distillery A, B, C and D wash samples to LW (Table 5.14). The first acid
to consider is acetic acid. Recent research has concluded that the presence of acetic acid
can be a consequence of the action of lactic-acid bacteria, which can survive mashing
temperatures and metabolise residual sugars during late fermentation (van Beek and
Priest 2002). At this point, they produce lactic acid, but also concentrations of acetic acid
and it is likely that this is one of the sources of acetic acid found in wash. Therefore, the
concentration of acetic acid found in LW, in this research, was probably an indication of
the presence of contaminating lactic-acid bacteria in the original mash. Indeed, it was
notable that there was considerable variation in the concentration of acetic acid between
some LW samples from the same distillery. The reason for this may have been due to
differences in the initial level of contaminating lactic-acid bacteria, as the commensal
flora, of the batch of barley malt used for mashing at a particular time (Dolan 1976,
Makanjuola and Springham 1984, Bathgate and Cook 1989). However, on average, the
concentration of acetic acid was highest in LW samples after distillation of wash samples
from Distillery D. The reasons for such relatively higher acetic acid concentrations are
unclear, but unlikely to be due solely to the commensal lactic acid bacterial flora of the
malt. There may have been a bacterial flora associated with the washbacks in the
distillery, which further contaminated the wort after transfer from the mash-tun (Simpson
and Priest 1999).
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Of the other acids analysed, iso-butanoic and iso-pentanoic were found in roughly similar
average concentrations in LW samples after distillation of wash samples. The
concentrations of propanoic, hexanoic, octanoic, decanoic and dodecanoic acid were
generally higher in LW after distillation of Distillery A and D wash samples. Reports
have been published which show that there is a decrease in the concentration of mediumchain fatty acids (MCF A) after fermentation which included increased UFA
concentrations in the wort (Taylor et a11979, Berry and Watson 1987, Letters 1995).
Endogenous production of fatty acids in S. cerevisiae requires the enzyme acetyl-CoA
carboxylase to convert acetyl-CoA to malonyl-CoA at a primary stage (Wakil et a/1983).
However, it has been shown that the presence oflong-chain

fatty acids (CI6:0, CI6:1,

CI8:1, C18:2 and CI8:3) in the culture medium resulted in a decrease in the cellular
content of acetyl-CoA carboxylase, with a concomitant decrease in cellular fatty acid
synthesis (Kamiryo and Numa 1973). The most probable explanation for the decreased
concentration of MCF A in Distillery B and C L W samples was through the presence of
C16:0 and UFA's in wort during fermentation, negating the requirement for cellular fatty
acid synthesis. There may have been a requirement for increased de novo fatty acid
synthesis during fermentation by yeast of Distillery A and D worts, resulting in increased
MCF A production. It was interesting to note that the concentrations of ethyl octanoate,
ethyl decanoate and ethyl dodecanoate were lower in Distillery B and C L W samples
(Table 5.12), and the concentrations of octanoic, decanoic and dodecanoic acids were
also lower (Table 5.14). One hypothesis could be that the reason for the decreased MCF A
ethyl-ester content in Distillery Band C LW samples may have been a result of decreased
acid substrate for esterification. For example, it is known that esters levels in beer can be
dependent on the availability of the parent higher alcohol (Calderbank and Hammond

284

1994), although there is also a dependence on the absolute amount of the estersynthesising enzyme responsible for esterification.

The final group of compounds that were analysed in LW after distillation of Distillery A,
B, C and D wash samples were the aldehydes (acetaldehyde, acetal and furfural) (Table
5.16). These compounds are found in low concentrations in whisky and are generally
associated more with off-flavours and aromas (Meilgaard 1975b). An example of these
compounds is furfural, which was found randomly in L W samples and in low
concentration. Furfural is produced during kilning of green malt (Paterson and Piggott
1989). Acetaldehyde is a by-product of yeast fermentation and is one of the intermediate
compounds of alcohol production (lngledew 1995). It was found in slightly higher
average concentration in L W after distillation of Distillery A wash samples compared to
the other L W samples. This probably was not a significant finding since one of the L W
samples from Distillery A wash had a higher concentration of acetaldehyde than the other
two samples. The same L W sample also contained a higher concentration of acetal than
the other two samples from Distillery A. Acetal was found in slightly higher average
concentration in LW samples from distillation of Distillery A and B wash samples.

A summary of some of the main differences observed with the different distillery worts

(as discussed above) is shown in Table 7.1. It is clear that the method of wort production
can playa significant part in the outcome of fermentation and, indeed, on the quality of
the final spirit. How the method of production affects the quantity of important
compounds, such as fatty acids and FAN, has a large bearing on the metabolism of yeast
cells during fermentation as shown below. Knowledge of how these factors affect yeast
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Distillery
Designation

Average
Solids
Concentration
(giL)

Average FAN
concentration
(mg/L)

Average
Fatty Acid
Concentration
(mg/L)

Fermentation characteristics (from
dielectric monitoring data and LW
analysis)

•
•
A

0.376

318.81

•
•

21.41

•
•
•

•

B

0.557

246.7

40.12

•

•
•

•

•
•

C

0.572

254.59

55.08

•

•
•

•

•
•
0

0.207

287.81

22.52

•
•

•

•

Smaller yeast cells during
fermentation
Relatively rapid entry into yeast cell
decline phase
Rapid cell death stage
Viability of yeast cells low at end of
fermentation
Higher concentration of esters
present in LW samples
Lower amount of higher alcohols
Largest yeast cells during
fermentation
Delay into yeast cell decline phase
Less rapid cell death stage
Viability of yeast cells higher at end
of fermentation
Less esters present in LW samples
Increased amount of higher alcohols
Larger yeast cells during
fermentation
Delay into yeast cell decline phase
Less rapid cell death stage
Viability of yeast cells higher at end
of fermentation
Less esters present in LW samples
Increased amount of higher alcohols
Smaller yeast cells during
fermentation
Relatively rapid entry into yeast cell
decline phase
Most rapid cell death stage
Viability of yeast cells lowest at end
of fermentation
Higher concentration of esters
present in LW samples
Lower amount of higher alcohols

Table 7.1. Summary of differences in the concentration of solids, FAN, fatty acids and
fermentation characteristics between four commercial distillery worts (Distillery A, B, C
and D). Three samples from each distillery were obtained.
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cell metabolism should permit greater control over the fermentation stage of whisky
production and help provide a greater degree of process control.

7.3.1 Differences in Fermentation Characteristics of Wort Samples from the Same
Distillery
Collection of wort from each of the four distilleries was carried out on three occasions so
that, for each distillery, three samples were used for fermentation purposes. Careful notes
were also taken on how each wort sample from each distillery was actually produced, i.e.
how mashing was performed. These notes are tabulated in Appendix A.

It was clear from taking notes on the mashing performance for individual wort sample
production from each distillery that there were, on occasion, differences in the mashing
procedure. The differences in mashing procedure during production of wort samples from
Distillery A were most obvious. A technique involving rapid reversal of the lauter gear to
break up the mash bed to allow increased wort flow was employed. However, this
technique was used at different times and stages of mashing for each wort sample.
Analysis of the resultant worts revealed differences in the fatty acid content of each
sample (Table 5.3), particularly hexadecanoic (C16:0) acid. In terms of the dynamics of
fermentation, it was notable that there were differences observed in certain aspects of
fermentations between samples from Distillery A. Of particular importance were the
differences in the rate of FAN consumption (from static 1 L fermentations) (Table 5.6)
between samples and the viability of yeast cells after 48 hours stirred fermentation (5 L)
(Table 5.9). Yeast fermenting sample 2 from Distillery A showed much higher viability
after 48 hours fermentation than yeast fermenting sample 1 or 3. This was interesting
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because the behaviour of yeast cells, in terms of measured yeast cell permittivity, was
also different. The time taken for yeast cells to enter death phase was longer in sample 2
than sample 1 or 3 (Figure 5.34). Production of wort samples from Distillery B, C and D
was relatively constant and this was particularly true of Distillery B, where the entire
process is computer-controlled

(Appendix A). However, there was still variation in the

concentration of some fatty acids between samples from the same distillery. There
appeared to be a correlation between fatty acid concentration of worts and the timing of
entry into death phase for yeast fermenting samples from Distillery B and C. Sample 2
from Distillery B contained a lower overall concentration of fatty acids and the yeast
fermenting this wort entered death phase more quickly, in terms of yeast cell permittivity
(Figure 5.35). There was a slightly lower concentration of fatty acids in sample 1 from
Distillery C compared to samples 2 and 3. On this occasion, there was a large difference
in the concentration of the UFA octadecadienoic acid (C18:2), which was much lower in
sample 1. Interestingly, not only did yeast cells show lower permittivity after 72 hours
fermentation in sample 1, but the maximum yeast cell permittivity was also slightly
lower, compared to sample 2 and 3 (Figure 5.36). Of the four distilleries from which
samples were obtained, the most variation between samples, in terms of fermentation
dynamics and initial wort analysis, was in samples from Distillery D. From the initial
wort analysis, it was clear that the pH of sample 2 was lower than the pH of samples 1
and 3. The pH of sample 2 was lower than that of normal distillery worts (Dolan 1976,
Ramsay and Berry 1983), which are generally above pH 5. Also, there were differences
in the initial fatty acid concentration of each wort sample (Table 5.3). Subsequently, there
were differences observed in terms of the rate of FAN consumption, by yeast, during
fermentation of Distillery D wort samples (Table 5.6) and, indeed, in the concentration of
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volatiles after 50 hours static fermentation (Table 5.24 and 5.25). Most importantly, there
were observable differences in yeast cell behaviour during dielectric monitoring of
samples 1,2 and 3 from Distillery D (Figure 5.37).

These observations revealed, in some cases, significant variation in the quality of worts
produced after mashing within the same distillery setting. The use of vessels such as
mash tuns and lauter tuns involves some operational variation in the commercial distillery
setting (Wilkin 1983). The differences between wort samples were mostly in the
concentration of fatty acids and, importantly, in yeast cell behaviour during fermentation,
as evidenced in the dielectric monitoring data. In the case of Distillery A, the differences
were likely to have been caused by slight alterations in the way mashing was performed
to produce each sample (Appendix A). To increase the volume of extract from a mash,
the technique of back-stirring of the mash may be carried out. This involves simply
rotating the lauter rake gear in reverse. However, this technique may result in increased
disruption of the mash bed. Therefore, it was conceivable that back-stirring of the mash
may have resulted in promoting increased solid material (Whitby 1995) and thus
increased fatty acids passing through to the wort. In the case of Distillery B and C, the
differences in fatty acid content of wort samples cannot be so easily explained since the
mashing procedures remained fairly constant between mashing times. A fundamental
difference between samples from Distillery D was the initial wort pH, which was lower
in sample 2. At some point before sampling of worts from Distillery D, there had been a
problem with production of acidic worts, thought to be a result of bacterial or fungal
growth in weak worts left in transfer pipes after wort transfer to the washbacks. This may
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have been the reason for the slightly acidic nature of sample 2, which may have been
made with the first mashing water itself being quite acidic (Dolan 1976).

These findings underline the importance of mash handling for the production of worts for
distillery fermentations. With the differences observed, particularly in yeast cell
behaviour during fermentation, the quality of the final spirit is likely to be affected. This
was also shown to a certain degree in the measurable differences observed in volatile
concentrations ofLW after distillation of wash samples from the same distillery.

7.4 Effect of Different Mashing Methods on the Fermentation of Experimental Pilot Plant
Worts
It was clear from the results obtained from fermentation of commercial wort from four
different Scotch whisky distilleries that, when worts were produced using fundamentally
different mashing methods, there were differences in fermentation dynamics. It was
decided to mimic commercial wort production using a variety of different mashing
methods, but carried out using the same equipment. To accomplish this, mashing was
carried out in the 2 hectolitre-capacity pilot brewery in the I.C.B.D. This allowed greater
control over the conditions used for mashing, in that the same equipment was used, as
well as the same mashing water, malt variety, etc. Five different types of mashing were
carried out to give rise to five different worts (see introduction to Chapter 6), which were
subsequently analysed and fermented. Because the dimensions of the lauter tun used for
mashing in the pilot brewery were set, modification of the amount of malt was required to
simulate a shallow mash bed. However, the malt to liquor ratio was kept constant,
irrespective of the mashing procedure. In the Scotch whisky industry, the use of the lauter
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tun for mashing purposes has superseded the traditional mash tun, which is now used in
only a small number of commercial distilleries in Scotland (Dolan 1976). For the
purposes of this study, the mash tun was simulated using a shallow mashing bed with 90
DCsparge water, but without any raking of the mash bed (MT). Analysis of different
fermentation parameters was carried out, in a similar fashion to wort samples collected
from the four commercial distilleries.

The results in Table 6.1 revealed that there was considerable variation observed in the
concentration of insoluble solids present in each wort sample. In the first instance, it was
clear that the mash bed depth had an effect on the subsequent solids concentration of wort
samples. From the results, it was evident that mashing with a deep bed system resulted in
lower concentrations of solid material in the wort. This was very interesting, since this
difference was also observed between commercial distillery worts produced using deep
mash beds as opposed to shallow mash beds (Table 5.1). Again, this observation was
most likely a result of the greater ease with which solid material from the shallow mash
bed could pass into the wort. In a deep bed mash, there was probably much better
retention of small solid particles. The reason for this may have been due to the
relationship, which states that the rate of wort filtration from the mash is inversely
proportional to the bed depth (Dixon 1977). However, the difference in solids
concentration was particularly large, much larger than that observed between commercial
worts. This may have been a consequence of the dimensions of the lauter tun used in the
l.e.B.D. pilot brewery. In the commercial distilleries, a shallow mashing bed was the
result of the use ofa wide-based lauter tun, as in the case of Distillery B (Appendix A).
However, in the I.C.B.D., the diameter of the lauter tun was fixed and shallow bed mash
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simulations were carried out by decreasing the amount of malt used for wort production,
in comparison to the deep bed mash. Therefore, this finding may have been an artefact of
the system being used for wort production.

The sparge temperature also had a determining effect on the solids content of wort
samples. In comparison to wort SB 76, an increase in the sparge temperature, as in
production of wort SB 90, resulted in an increase in the concentration of solids in the
subsequent wort. As a result of the increased sparge temperature, the viscosity of the
mash would have been decreased (Briggs et aI1981),

probably resulting in easier passage

of solid material from the mash into the wort. Allowing the top of the mash bed to dry out
slightly during mashing had the effect of slightly decreasing the solids content of wort SB
Dry 90. Since mashing for production of wort in some Scotch malt whisky distilleries
results in significant drying of mash beds before sparging (personal observations), this
was an interesting finding. Why this should happen was unclear, but the effect of drying
the top of the mash may have been to bind together larger aggregates of solid particles
and thus render the mash bed more efficient at filtering wort before it entered the
washback. It is known that, during mashing, there is sometimes a layer of proteinaceous
material (called teig or overtieg) which can form at the surface of mashes before addition
of sparge water (Lewis and Young 1995). It is likely that, if this is allowed to dry slightly
in the absence of water, then it could impair passage of water through the mash. This
could have affected the subsequent passage of solid material out of the mash and into the
washbacks. When mashing was carried out to simulate a mash-tun system (producing
wort MT), the concentration of solids present in the wort was significantly decreased.
Since no raking was used during mashing to produce this wort, there may have been
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formation of channels in the mash bed, which resulted in wort passing directly into
washback without filtration through the mash bed. As a result, less solid particles would
have had the opportunity to pass into the washback.

The results from this study conclude that the type of mashing system used played a large
part in determining the amount of fatty acids present in the wort. There appeared to be a
good correlation between the concentration of fatty acids in pilot brewery wort samples
and the concentration of insoluble solid material present (Figures 6.1 and 6.2). As noted
previously, there has been much research conducted relating the cloudiness of wort (i.e.
concentration of solid particles in suspension) to the overall fatty acid content (Narziss
1986, Lentini et aI1994). However, it was noticed that the concentration of C 18:0, albeit
highest in wort samples SB 76 and SB 90, was of a similar concentration in samples DB
76, SB Dry 90 and MT (Figure 6.1). This was a surprise because the concentration of all
other fatty acids was higher in worts made from shallow bed mashing processes than in
the wort filtered through a deep mash bed. Therefore, certainly in the case ofCI8:0,

it

was evident that factors other than mash bed depth and sparge temperature were
important in determining the final fatty acid content of wort.

Although there has been no reported prior research, one hypothesis could be that certain
fatty acids are associated with certain types of solid particles, such as those of a certain
size or topography. Drying of the mash bed, as in the case of wort SB Dry 90 production,
may have resulted in retention of solid particles associated with CI8:0. Retention of such
solids during the mash tun simulation could also have resulted in this sample containing a
similar C18:0 concentration as DB 76 and SB Dry 90. In this instance, there was no
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raking during mashing and if channels formed in the mash bed, there would have been
less efficient transfer of solid particles into the wort. It may have been the case that solids
associated primarily with C18:0 were retained in the mash. The concentration ofC16:1
was higher in the worts made from shallow bed mashing as opposed to the wort sample
made using deep bed mashing. However, unlike other fatty acids measured, there was no
real difference in the concentration ofC16:1 between worts made using a shallow mash
bed. Previous research has revealed that C16:1 and other unsaturated fatty acids are found
in relatively high concentrations in the top part of the mash bed during lautering,
particularly in the overteig layer which may form before sparging (Yonezawa, T.,
personal communication). It was hypothesised that, by letting the mash bed dry slightly
before sparging, there would be a higher C 16: 1 concentration found in subsequent wort,
mainly as a result of no overteig layer formed. However, this appeared not to be the case
from the results obtained and use of a shallow mash bed, in general, promoted an increase
in the C16:1 content of wort samples (Figure 6.2).

The use of different mashing systems to produce worts in the I.C.B.D. pilot brewery had
an influence on the initial concentration of FAN present in each wort sample (Table 6.2).
One factor that appeared to be important was the time taken to complete mashing. The
less time taken to complete mashing would mean less time for proteolytic enzymes
present in the mash to convert malt proteins and peptides into amino acids and very small
peptides (Bamforth and Quain 1989). In the case of the deep bed mash simulation,
mashing time was longer and the concentration of FAN was highest. Additionally, it has
been shown that thicker mash beds offer greater thermoprotection to enzymes during
mashing (Muller 1991, O'Rourke 1999). The concentration of FAN was further reduced
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when a shallow mash bed with 90°C sparge water was used to produce wort (SB 90).
This result showed that the increase in sparge temperature also had a significant effect on
the subsequent FAN concentration of wort. In this instance, it was likely that the
increased sparge temperature denatured sensitive enzymes responsible for proteolysis,
with the outcome that less proteins and peptides could be converted to amino acids and
simple peptides (Mikola et aI1972, Morimoto et al 1988). However, it was notable that
there was a further slight reduction in the FAN content of the wort sample produced
using a shallow mashing bed, but allowing the mash bed to dry before adding 90°C
sparge water (SB Dry 90). In production of wort SB 90, the addition of such hot sparge
water would have raised the actual temperature of the mash, but this was likely to have
been gradual (Dixon 1977). However, in the case of wort SB Dry 90, the top layers of the
mash were devoid of most mash water and when sparge was added, the increase in mash
temperature was likely to have been more immmediate. This may have resulted in
quicker denaturation of proteolytic enzymes and, subsequently, slightly less initial FAN
in the wort. Finally, the initial FAN concentration of wort MT was lowest of all the pilot
brewery wort samples. Since there was no raking during mashing for production of this
wort, the decreased FAN concentration may have been a result of inefficient transfer of
amino acids into the wort as a possible result of significant channels forming in the mash.
Channeling does not occur to the same degree in lauter tuns due to the use of rakes,
resulting in less leaching (Letters 1995). If this were so in the mash tun simulation
employed here, wort could have passed more easily through these channels and not be
filtered entirely through the mash, perhaps leaving more amino acids in the mash.
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It was observed that the concentration of yeast cells during fermentation was different
between the pilot brewery worts, particularly after 8 hours (Figs. 6.3, 6.4, 6.5 and 6.6;
Table 6.3). Of the fatty acids measured in wort samples, CI8:1 was found in the highest
concentration in SB 90 (which had a higher yeast cell concentration), whereas this UF A
was found in either very low or similar concentrations in other samples. Anderson and
Kirsop (1974) found that increasing concentrations of C18: 1 in wort resulted in higher
yeast cell growth and decreased ester synthesis during fermentation. In this study, a
higher concentration found in wort would have given yeast the opportunity for higher
levels of growth. As well as having the highest concentration of yeast cells in suspension,
the viability of the yeast cells fermenting wort SB 90 was also slightly higher than in
other samples (Figs. 6.7, 6.8, 6.9 and 6.10). This finding may have been a consequence of
the generally higher concentration of fatty acids in this sample. As previously discussed,
the consequence of yeast cells grown in the presence of higher fatty acid concentrations
may be to render them more robust to deal with the stresses encountered during
fermentation. Different researchers have indicated various mechanisms by which S.

cerevisiae can cope with different stresses [reviews by (D'Amore and Stewart 1987,
Suutari and Laakso 1994, Piper 1995)]. It is likely that having more resources, such as
fatty acids, present in their environment will permit yeast cells to resist stress more
efficiently and maintain viability for a longer period (Suutari and Laakso 1994).
However, it is important to note that the viability of yeast cells in each sample was still
very high (> 90 %).

Measurements of C02 present after 5 hours fermentation of wort samples from the pilot
brewery revealed similar concentrations between samples (Figure 6.11). In spite of the
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fact that there were very different concentrations of solid material, acting as nucleation
agents for C02, in each sample, there was similar CO2 content in different wort samples.
This finding was similar to that seen for commercial distillery samples, which also had
different concentrations of solid material, but similar C02 content after 5 hours
fermentation (Figure 5.9). It is clear from both commercial distillery fermentations and
fermentations carried out with experimental worts that the ability to efficiently abrogate
CO2 over-saturation is most likely conferred by the surface nature of wort solid particles,
and not sheer numbers of particles. Further evidence of this comes from research showing
that substances with rough surfaces in a solution with excess C02 were more efficient at
relieving C02 super-saturation [review by (Jones et aII999)].

The dynamics of the rate of weight decrease (Figs. 6.12, 6.13, 6.14 and 6.15; Table 6.4)
and consumption of FAN by yeast (Figs. 6.16, 6.17, 6.18 and 6.19; Table 6.5) during
fermentation were likely to have been affected by differences in the fatty acid content and
initial FAN concentration of the wort. Oxygen would have been rapidly consumed by
yeast fermenting samples (Quain and Duffield 1985, Peddie 1990) to enable them to
produce mono-unsaturated fatty acids (CI6:1 and CI8:1) (Bloomfield and Bloch 1960)
and sterol compounds required for cellular membranes. As the ethanol concentration of
the wort samples increased there would have been increased stress on the yeast cells,
whereby some mechanisms of tolerance would have been employed. These include
increasing degrees of unsaturation of fatty acids present in cell membrane phospholipids,
which has been shown to increase yeast cell ethanol tolerance (Beaven et al 1982, Mishra
and Prasad 1989, Kajiwara et a11996, Chi and Ameborg 1999). After the consumption of
oxygen, which is required for UFA production (Bloomfield and Bloch 1960) the
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fermentations would have been rendered anaerobic and the yeast cell requirement would
have had to be met by exogenous sources. Arguably, yeast cells fennenting samples SB
76 and SB 90 would have been able to resist stress better because of their increased
content of UF As available. This could help to explain why the rate of sugar consumption
was higher from worts SB 76 and SB 90 between 6 and 10 hours, at a time when the
concentration of ethanol would have been elevated. This could also account for the
greater level of yeast growth during fermentation of sample SB 90, which was reflected
in the higher rate of weight decrease and FAN consumption during the early stages of

fermentation. A similar situation was seen with sample SB 76, but there was disparity in
that the rate of FAN consumption by yeast was lower from sample SB 76 than from DB
76 between 4 and 6 hours fermentation. However, this may have been the result of a
greater initial FAN concentration in wort DB 76 than in all other pilot brewery samples.
This would also explain why the rate of FAN consumption continued to be higher from
DB 76 towards 12 hours after initial yeast pitching.

One significant variation in the findings from fermentation of pilot brewery samples was
that the increased amount of FAN at the start of fermentation did not result in higher
yeast cell numbers beyond 20 hours fermentation. This was different to the situation
observed with the commercial distillery worts (Table 5.4). In the case of the distillery
wort samples, there were also large differences in the concentration of fatty acids
between wort samples, but it was notable that there were smaller differences in the
concentrations ofCI6:I

and CI8:I (Table 5.3). The difference in the concentration of

C 16: 1 and C 18: 1 between the sample DB 76 and the other pilot brewery samples
appeared to be larger (Figure 6.2). It may be possible that the concentrations of these
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particular fatty acids were important in determining the amount of yeast cell growth
possible during fermentation. Although there were other significant differences between
fermentations of the distillery samples, the amount of yeast cell growth was highest in
Distillery A samples which contained sufficient amounts ofCI6:I

and CIS:I and a

higher initial concentration of FAN. A conceivable situation in the case of fermentation
of sample DB 76 was that, although containing a greater FAN concentration, the lower
concentrations ofUFA (particularly C16:1 and CI8:1) meant that increased endogenous
production ofUFA was required to maintain cellular viability. Therefore, much of the
cellular energy expenditure may have been required for this purpose, at the expense of
increased cell growth. Kirsop and Brown (1972) showed experimentally that increased
C 18: 1 concentrations resulted in enhanced yeast cell growth during fermentation. The
concentration of yeast cells at the end of the measured fermentation period in samples SB
Dry 90 and MT were similar to SB 76, which all contained similar initial concentrations
ofC16:1 and CI8:!.

After 50 hours fermentation of all pilot brewery wort samples, a variety of volatile
compounds were measured. The results showed that there were differences in the
concentration of different higher alcohols and esters between samples (Figure 6.20 and
6.21). The production of higher alcohols has been linked to the rate of yeast cell growth
during early fermentation (Quain and Duffield 1985, Lie and Haukeli 1998), although,
with the exception of fermentation of sample SB 90, this was not clear with the other
shallow mash-bed worts, in terms of the yeast cell numbers during early fermentation
(Table 6.1). In the case of propanol and 3-methyl butanol, the concentrations of these
volatiles were broadly similar between samples. More obvious differences were observed
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with ester analysis after 50 hours fermentation. With the exception of ethyl octanoate, the
concentration of esters was highest in the wash from sample DB 76. Wort sample DB 76
contained the least concentration ofUFAs and, with the knowledge of the role ofUFA's
in promoting increased yeast growth and the suppression of ester synthesis during
fermentation by S. cerevisiae (Ayrapaa and Lindstrom 1973, Taylor et a/ 1979, Schisler
et a11982, Thurston et a11982, Yoshioka and Hashimoto 1983, Peddie 1990, Lentini et
aI1994), this result was not unexpected. The lowest concentrations of iso-amyl acetate
and ethyl acetate were found in samples SB 90 and SB Dry 90, which also contained the
highest initial concentrations of UF A (Figure 6.1 and 6.2).

Dielectric monitoring of 5 L pilot brewery wort samples over 72 hours fermentation
provided some interesting results regarding yeast cell behaviour. In conjunction with
dielectric monitoring, yeast cell viability, wort pH and wort specific gravity (SO) was
also measured at 24 hour intervals (Figs. 6.22, 6.23 and 6.24 respectively). The
differences observed between samples of the viability of yeast cells was likely to have
been a manifestation of the differences in initial fatty acid content. As previously
discussed, the much higher concentrations of fatty acids, particularly C16:0, found in the
shallow mash-bed worts, once taken up by S. cerevisiae may have rendered the yeast
more resistant to stresses (Mizoguchi and Hara 1997). However, uptake of C 16:0 and
subsequent incorporation into cell membranes would not explain solely why yeast
fermenting SB 76 wort would be more viable than yeast fermenting SB 90 Dry and MT,
since both these worts contained a similar or higher initial concentration ofC16:0 (Figure
6.1). Interestingly, worts SB 76 and SB 90 contained higher initial concentrations of the
saturated fatty acid C18:0 than worts DB 76, SB Dry 90 and MT. It may be the case that
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C 18:0 has a large role to play in the resistance to stress that yeast cells may gain by use of
exogenous long chain saturated fatty acids. There is a body of experimental data, which
shows that this situation is possible in S. cerevisiae. Sphingolipids are lipid molecules
found in very low concentrations in S. cerevisiae, but have several very important
functions during the life of cells [review by (Dickson 1998)]. One of these is thought to
be an active role in the response to heat stresses, possibly through involvement in
trehalose accumulation (Dickson et aI1997). Interestingly, it was shown that with
increasing temperatures, the intracellular concentration of intermediate compounds
containing C18:0 residues increased, while there was a massive increase in the
concentration of C20:0-containing intermediates. These intermediates are called
dihydrosphingosine

and it is these compounds that are thought to be important in the heat

stress response, as well as ceramide. Increased temperatures have been shown to lead to
an alteration in the chain length of fatty acid produced by S. cerevisiae de novo, from
mainly C 16:0- to C 18:0-length fatty acids (Okuyama et a/1979). As the fermentation of
the pilot brewery samples proceeded, the temperature was increased incrementally (see
Section 2.4.4). It could be hypothesised that yeast fermenting samples SB 76 and SB 90
may have had an advantage in resisting the initial stress of increased temperature by
having a greater availability ofC18:0 from the wort. The initial stage of de novo
sphingolipid synthesis in S. cerevisiae is the enzymatic condensation of L-serine and
C 16:0-CoA by serine palmitoyltransferase,

yielding 3-ketodihydrosphingosine

(Dickson

1998). However, research by Pinto et al revealed that this enzyme can also use C 18:0CoA as a substrate (Pinto et 011992). This may have led to the increased viability of
yeast cells fermenting these worts at 48 hours. Yeast cells fermenting worts SB 76 and
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SB 90 could have been rendered more resistant to the increasing temperature stress at the
early fermentation stage by having a larger source ofC18:0 to utilise.

The observations regarding the differences in pH between samples during fermentation
were probably linked to the differences in viability of yeast cells. As yeast cells lyse, they
would release their cell contents into the wort milieu, some of which may have been of a
basic nature, making the wort less acidic. Additionally, as the fermentation proceeded,
yeast cells in the wort samples may have been rendered more permeable due to the
stresses to which they would have been subjected. This may have allowed passive reentry of acids and protons into yeast cells, decreasing the extracellular pH (Sigler and
Hofer 1991). This could explain why wort sample DB 76 had the highest pH of all the
samples, because the greatest degree of yeast cell lysis and cell permeablisation may have
taken place in this sample. After 72 hours fermentation, the pH of the wort had decreased
once again in all pilot brewery samples. At this point, the pH of samples SB 76 and SB
90 were higher than samples DB 76, SB Dry 90 and MT. The viability of yeast cells in all
samples, after 72 hours, was 0 %, i.e. all yeast cells had died. Therefore, this would have
probably resulted in increased growth of contaminating lactic acid bacteria, free of the
previous competition provided by actively-metabolising yeast cells. The production of
acidic compounds by lactic bacteria would have the resultant effect of lowering the pH of
each wort sample (Dolan 1976). The death and lysis of yeast cells fermenting samples SB
76 and SB 90 later than that which occurred in the other samples may have caused the
difference in the pH between samples, since, theoretically, the growth of lactic-acid
bacteria would have been later.
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Differences in yeast cell behaviour (Figure 6.25) were evident during the course of
fermentation. During the initial 14 hours fermentation of all samples, the permittivity data
for yeast cells were very similar. This period was likely to have corresponded to the
exponential phase of yeast cell growth (Yonezawa et al 1999). For the same reasons as
discussed regarding the fermentation dynamics of the commercial distillery worts, the
outcome of fermentation of the pilot brewery wort samples was likely to have been a
manifestation of the ability of yeast cells to use the compounds in their specific
environments. By having the ability to use these compounds to their advantage, it seems
plausible that yeast cells with increased resources would be best able to resist stress (such
as the increasing temperature after 6 hours fermentation). This would have been the case
with yeast fermenting samples SB 76 and SB 90, which showed the highest level of cell
permittivity. However, in the case of the pilot brewery samples, it may be possible to
correlate some of the effects of being able to resist stresses with particular fatty acids.
The concentrations ofCI6:0,

C18:2 and CI8:3 were higher in wort sample SB Dry 90

than in samples MT and DB 76. However, it was interesting that sample SB 76 contained
lower concentrations of these fatty acids than sample SB Dry 90, but the permittivity of
yeast cells was greater during fermentation of sample SB 76. This finding suggests that,
as previously discussed, the role ofC18:0 and subsequent uptake and activation by yeast
fermenting sample SB 76 could have been very important.

Another important observation regarding the permittivity data was the point where the
permittivity of yeast cells began to decrease. The permittivity of yeast cells fermenting
wort DB 76 began to decrease earliest in the fermentation period. This wort contained the
lowest overall concentration of fatty acids originally. Therefore, it was probable that
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yeast cells fermenting this wort had to expend a lot of energy maintaining their cellular
integrity by producing fatty acids de novo. This would have occurred during the
concomitant stresses of fermentation at the expense of other cell processes. The
fermentation would have become rapidly anaerobic and therefore there would have been
no scope to desaturate existing fatty acids or produce more UFA (Bloomfield and Bloch
1960), which have been implicated in the resistance to ethanol stress (Beaven et al 1982,
Mishra and Prasad 1989, Chi and Ameborg 1999). Overall, yeast fermenting DB 76 wort
would have had to expend much of their available energy in maintaining cell membranes
towards the end of fermentation. For these reasons, yeast would have been disadvantaged
and it seems probable that these were the reasons for the rapid entry into cell death. Yeast
fermenting wort samples SB 76, SB Dry 90 and MT would have been able to consume
and store greater concentrations of C 16:0, C 18:0 and UF A and subsequently utilise them
when necessary to maintain the phospholipid content of their membranes to remain
viable. There would also have been greater scope to selectively use any type of fatty acid
necessary to incorporate into phospholipids. An interesting observation was that,
although the permittivity of yeast cells fermenting SB 76 was higher than yeast
fermenting samples SB Dry 90 and MT, the point of significant decline into death phase
occurred at almost the same time. This contrasted with yeast in sample SB 90, whereby
the decrease in permittivity was later in the fermentation. In the case of SB 76, it
appeared that the concentration ofC18:0 in wort was important in determining the
permittivity of yeast cells, but the overall compliment of fatty acids was important for
determining how long yeast cells could remain viable. In this respect, sample SB 76
contained no greater concentration of fatty acids compared to sample MT, apart from
C18:0.
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At the end of the fermentation period, a primary distillation of each wash sample of pilot
brewery samples was carried out to yield LW. The concentration of a range of esters,
higher alcohols, aldehydes and acids was measured in each LW sample. As noted in the
results section of this thesis, there were several differences in the concentration of esters
in LW samples after primary distillation of pilot brewery wash samples (Figs. 6.26 and
6.27). As discussed previously, the most likely explanation for these differences was the
initial concentration of UFA's present in the wort samples before pitching. The samples
produced using a shallow mashing bed system (SB 76, SB 90, SB Dry 90) generally
contained the lowest concentrations of these volatiles, to the point where the sensitivity of
the GC method was insufficient for detection of these important volatiles. The
concentration of ethyl acetate was found to be considerably lower in LW from distillation
of DB 76 wash samples compared to the other samples. This result was surprising since it
was expected that LW yielded from DB 76 wash would contain the highest concentration
of esters, including the entire range of esters measured, but this clearly was not the case.
The reason for this may have been concerned with the overall lack of assimilable fatty
acids present in wort DB 76. Because of this, yeast fermenting DB 76 wort would not
have had such a ready-made source of fatty acids for incorporation into membrane
phospholipids. The possibility exists that yeast, in this case, would have to direct cellular
metabolism towards production of fatty acids, which requires acetyl-CoA (Peddie 1990,
Dufour and Malcorps 1995, Schweizer 1999). This compound is also a vital component
of acetate esters and a lack of this compound may have resulted in decreased ester
production by yeast. Thurston et al (1982) hypothesised that the production of acetate
esters could be increased after lipid synthesis ceased during fermentation due to the need
to recycle acetyl-CoA to obtain free CoA. In the case of yeast fermenting sample DB 76,
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the need for increased de novo fatty acid production may have resulted in a continued
production of free CoA and precluding the need for acetate ester synthesis.

In terms of the concentration of ethyl-esters (ethyl-C8:0, -CI0:0, -CI2:0, -CI4:0, -CI6:0
and -C16:1) in LW from wash samples ofSB 76, SB 90, SB Dry 90 and MT, a similar
trend was obvious in relation to the concentration of iso-amyl acetate, J3-phenylethyl
acetate and ethyl lactate. LW from wash sample SB 90 contained the lowest
concentration of these esters, and the concentration in the other samples appeared to be
inversely proportional to the initial wort concentration ofUFA's,

particularly CI8:2.

AyrRprui and Lindstrom (1973) revealed that increasing concentrations of C 18: 1 and
C 18:2 resulted in decreasing concentrations of iso-amyl acetate and ethyl acetate
produced by S. cerevisiae, with C 18:2 producing a stronger repression of ester synthesis.
These workers also showed a decrease in concentration of ethyl-C8:0 with higher UF A
concentrations. However, this was not the case with ethyl octadecenoate (Et-C 18:2). The
content in L W from wash samples SB 76 and SB 90 was lower than in L W from wash
samples SB Dry 90 and MT. The reason for this is unclear. It may have been that
production of this ester was free from the repressive effects ofUFA on ester production,
since the ester itself contains an UF A. A reflection of the differences in concentration
between these samples may be the incorporation of this UFA into yeast cell membranes,
where there was greater inclusion of this UFA in the membranes of yeast fermenting
samples SB 76 and SB 90. If this were true, there may have been less UFA available for
enzymatic condensation with ethanol to produce the ester.
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Considerable variation was observed between LW samples, in terms of the concentration
of acetic acid (C2-acid), from wash of pilot brewery samples (Figure 6.28). The
concentration of acetic acid was much lower in the LW from wash sample DB 76. Also,
sample DB 76 also contained slightly lower concentrations of butanoic, propanoic and
iso-pentanoic acids. The reason for this may have been that metabolism, in the case of
yeast fermenting sample DB 76, would have been geared towards increased long-chain
fatty acid production, resulting in less short-chain acid production. A further reason for
the reduced concentration of acetic acid could be that some of this acid was converted
into acetyl-CoA by yeast for the formation of de novo fatty acids (Schweizer 1999).
However, this usually occurs when yeast are grown on either acetate or ethanol as the
carbon source. This may have occurred after the yeast fermenting sample DB 76 had
consumed all the sugars from the medium and possibly all endogenous sources of
carbohydrate.

Of the medium chain fatty acids (MCF A) measured, sample SB 90 generally contained
slightly lower concentrations of hexanoic, octanoic, decanoic and dodecanoic acids than
LW from samples SB 76, SB Dry 90 and MT. Previous research has shown that, where
there was increased growth during a fermentation due to the effect of elevated UFA
concentrations, there was less production of medium-chain fatty acids (Taylor et a11979,
Rosi and Bertuccioli 1992). It was interesting to note that a similar situation was seen
regarding the medium chain fatty acid and consequent ethyl esters present in LW from
the pilot brewery fermentations and the commercial distillery fermentations. In the
commercial distillery fermentations, the concentration of medium-chain fatty acid ethyl
esters mirrored the concentration of the parent acid (Tables 5.12 and 5.14 respectively)
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and this also occurred in the LW samples from the pilot brewery fermentations (Figs 6.26
and 6.28 respectively). In a review considering the physiological role of ester synthesis
by S. cerevisiae, it was hypothesised that ester synthesis by yeast could be linked to fatty
acid metabolism through several parallels between regulation and expression of genes
involved in ester and de saturated fatty acid production (Dufour et aI1999). It seems
possible that the metabolism of fatty acids by S. cerevisiae fermenting the pilot brewery
wort samples was likely to have been determined largely by the exogenous
concentrations of saturated and UFA present initially. Therefore, the constituents found
in the wort would have played a large and important part in determining the final
concentration of esters in the LW samples.

Higher alcohols comprise the most abundant group of volatile compounds found in
alcoholic beverages (Berry and Watson 1987). The most striking difference in the
concentration of higher alcohols present in LW after distillation of wash samples of pilot
brewery worts was that LW from sample DB 76 contained far lower concentrations of
each higher alcohol measured (Figure 6.30). It is known that there is a link between yeast
cell growth rate and higher alcohol production (Quain and Duffield 1985). In the case of
sample DB 76, the amount of yeast cell growth was lower during fermentation than in the
other samples, and this was the most likely reason for the decreased concentration of
higher alcohols observed. With the exception of propanol and iso-amyl alcohol, there was
a slightly higher concentration of higher alcohols in LW from wash sample SB 90 than
the other samples. Again, this could be a consequence of an increased rate of yeast cell
growth during fermentation of wort SB 90.
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The concentration of two long-chain alcohols, tetradecanol and hexadecanol, was also
measured in LW of each pilot brewery wash sample (Figure 6.31). These higher alcohols
were found in much lower concentration, but there were distinct differences in the
concentration of each alcohol in LW samples. The production of long-chain alcohols by
several yeast species was investigated by White et a/ (1987) and it was suggested that
these alcohols were produced predominantly during anaerobic growth. It was thought that
this could have been a manifestation of reduction of long-chain acyl-CoA compounds,
which would otherwise have gone into triacylglycerol production. Further to this,
research into the lipid content of yeast during the post-fermentation

decline in viability

revealed that there was an increase in the triacylglycerol content of yeast (Slaughter and
Minabe 1994). It was suggested that this was either due to an unknown functional
mechanism or loss of control of cellular metabolism during cell death. Clearly, there were
fundamental differences in the behaviour of yeast cells leading to cell death, as evidenced
by the permittivity data for the pilot brewery wort fermentations (Figure 6.25). How these
differences in cell death and subsequently different metabolism would correlate with the
data for long-chain alcohol content of the pilot brewery LW samples is unclear.
Interestingly, White et a/ (1987) suggested that the long-chain alcohol production by
yeast mirrored the content of long-chain fatty acids present in triacylglycerols. Research
has also shown that triacylglycerols increase in yeast cells later in the fermentation
(Taylor and Parks 1979, Slaughter and Minabe 1994). The results for the long-chain
alcohol content of the LW samples here could have been a result of the different times at
which yeast cell viability decreased during these fermentations, since this could possibly
account for different cellular concentrations of triacylglycerol. This may explain why the
highest concentrations were found in LW from DB 76 and MT wash samples.
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Yeast cell permittivity data provides some very important information about the
behaviour and, thus, metabolism of yeast cells during fermentation (Yonezawa et al
1999). The work ofYonezawa et al (unpublished results) produced data which shows that
the point of wash-sample distillation, depending on the permittivity of yeast cells, has
very important implications for the quality of LW. For example, the LW concentration of
ethyl esters, particularly long-chain ethyl esters, can be affected by the point of
distillation of wash samples. An important observation from this work was that when
samples from the same distillery were fermented for longer before distillation, at a point
where the relative permittivity measured was much lower, the content of medium to longchain ethyl esters was generally higher. However, there were no significant differences in
the fatty acid content of the LW samples. These observations were in keeping with some
of the results obtained in this thesis, where the ethyl ester content ofLW in samples,
distilled when the yeast cell viability was higher, was generally decreased (Tables 5.12
and 5.13, Figs. 6.26 and 6.27). This data is relevant because distillation in some Scotch
whisky distilleries can be carried out at variable times. A summary of some of the main
results from the pilot brewery wort fermentations is shown in Table 7.2.

The results presented in this thesis provide further important information on the
determining factors of the quality of new-make spirit. There is a general perception
within the Scotch whisky industry that the new-make spirit being produced in the last
decade or so is less estery (Hay et at 1995). This has coincided with the widespread
introduction of lauter-tun mashing systems for wort production (Dolan 1991). It was
evident from the permittivity data provided during fermentation of the pilot brewery wort
samples that there were significant differences observed in the dynamics of fermentation.
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Wort
Sample

Average
Solids
Concentration
(rng/L)

Average FAN
concentration
(mg/L)

A verage Fatty
Acid
Concentration
(mg/L)

Fermentation Characteristics (from
dielectric monitoring data and LW
analysis)

•
•
DB 76

0.157

328.56

•

24.25

•

•

•
•
SB 76

0.638

306.12

64.60

•

•

•

•
•
SB 90

0.781

296.24

84.55

•
•

•
•
•
SB
Dry 90

0.72

287.94

78.10

•

•

•

•
•
MT

0.414

281.57

59.99

•
•

•

Viability of yeast cells lowest after
48 hours fermentation
Yeast cells smaller during
fermentation
Most rapid entry into yeast cell
death
Low concentration of esters
Lowest concentration of higher
alcohols
Viability of yeast cells high after
48 hours fermentation
Yeast cells larger during
fermentation
Longer delay until entry into cell
death phase
Increased concentrations of esters
Increased amount of higher
alcohols
Viability of yeast cells high after
48 hours fermentation
Yeast cells larger during
fermentation
Longest delay until entry into cell
death phase
Lower concentrations of esters
Increased concentration of some
higher alcohols
Viability of yeast cells lower after
48 hours fermentation
Yeast cells smaller during
fermentation
Rapid entry into yeast cell death
stage
Greater concentration of esters
Increased higher alcohols
Viability of yeast cells lower after
48 hours fermentation
Yeast cells smaller during
fermentation
Rapid entry into yeast cell death
stage
Highest concentration of some
esters
Lower concentration of some
higher alcohols

Table 7.2. Summary of differences in the concentration of solids, FAN, fatty acids and
fermentation characteristics between pilot brewery worts.
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Additionally, there were observable differences in the quality of the LW yielded after
distillation of these samples. When a lautering type of system was employed to produce
the wort, the LW after fermentation generally contained decreased ester concentrations
(Figs. 6.26 and 6.27). This was also dependent on the sparging temperature employed to
produce the wort. Clearly, the amount of fatty acids present in individual wort samples
was probably the most important determinant in the outcome of fermentation. Lautering
models in this work generally produced worts with higher fatty acid content, a finding
also evident from the commercial distillery samples collected (Table 5.3). Yonezawa et al
(unpublished results) showed that when yeast cell permittivity was still relatively high at
the point of wash distillation, the ethyl ester content was decreased in the LW. The results
from the pilot brewery LW samples would appear to agree with this finding.

However, a further requirement for this work would be to carry out sensory evaluation
analysis of the LW samples. Although there were measurable differences in volatile
concentrations between LW samples from pilot brewery wash samples as measured by
GC, it is still unknown whether these differences would also be manifest by a trained
sensory training panel. It has been known for some time that the sensory evaluation of
beers is dependent on the different components present (esters and higher alcohols),
combinations of which may have an additive effect on the other components (Engan
1972). However, the situation with LW and new-make spirit in whisky production is
likely to be different due to the higher alcoholic strengths and different volatile
components present. Research has also shown that the activity of esters in spirit solutions
are determined by the relative abundance of other ester components (Conner et a/ 1994).
This is likely to be a determining factor in the perceived quality of LW samples.
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Conclusions
The aim of this study was to determine the role that insoluble material present in all-malt
Scotch whisky wort has on the subsequent fermentation. The source of this solid material
is from the mashing stage, where particulate material from barley grist can pass through
to the washbacks with the wort extract.

Preliminary studies focused on the overall effect of solid material on certain fermentation
parameters. At this stage, a small-scale fermentation system was used (400 ml) and
normally cloudy wort was clarified by centrifugation. Fermentations were performed for
68 hours at constant 30°C. Upon increased RCF, increasing amounts of solid material
were removed from cloudy wort. Experiments comparing the fermentation dynamics of
cloudy wort and progressively clearer worts (using centrifugation) revealed significant
differences. The rate of fermentation, in terms of decrease in specific gravity and FAN
use was quicker in cloudy wort and progressively retarded in the centrifuged worts. There
was also a progressive decrease in the concentration of some volatiles at the end of
fermentation. Because the profile of solid material in progressively clearer worts may
have been defined by centrifugation, another series of experiments were carried out in
which certain amounts of centrifuged material was added back to clarified wort. The
assumption was that each wort would have the same size profile of solid material but in
progressively decreased concentrations. It was found that fermentation of clarified wort
, with 12.5 %,25 % or 50 % of the original concentration of solid material fermented in a
similar fashion. However, the rate of fermentation of these worts was much slower than
cloudy wort. The concentration of volatiles in cloudy wort was higher than that found in
clear wort with re-suspended solid material. Shaking fermentations of cloudy wort and
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clear wort resulted in similar rates of fermentation, but still with slight differences in the
amount of FAN used and volatiles in the final wash (fermented wort). This suggested an
important role for C02 concentration during fermentation. Measurements of C02 after 5
and 8 hours fermentation revealed that cloudy wort contained decreased concentrations of
C02 compared to clear wort, but addition of 0.2 gIL diatomaceous earth (DE) to clear

wort abrogated this difference. Bentonite addition to clear wort had little effect on
decreasing C02 concentration during fermentation. Particle size analysis and
Environmental Scanning Electron Microscopy studies showed that cloudy wort particles
and DE were more porous than bentonite and had larger particle sizes present. Wet DE
had a more limited ability to nucleate C02 dissolved in wort.

In 1 L static fermentations, there were significant differences in the rates of sugar and
FAN consumption between cloudy and clear wort. In the absence of increased C02
content of clear wort (i.e. clear wort fermented in the presence of 0.2 gIL DE), there were

still differences in the rate of sugar and FAN consumption, in comparison to clear wort.
Notably, these differences were smaller. It was therefore concluded that the reason for
differences in the fermentation of clear and cloudy wort was largely a result of increased
C02 content, although it was reasonable to assume that some other factors were

important. Measurements of the fatty acid content of clear and cloudy wort confirmed
that clear wort contained 'a decreased concentration of fatty acids. Since DE offered yeast
no nutritional benefit, the observed difference in fermentation of cloudy wort and clear
wort with DE may have been a consequence of different fatty acid concentrations.
Addition of hexadecanoic (C16:0). octadecadienoic (C18:2) and octadecatrienoic (CI8:3)
acids to clear wort with O.2gIL DE in concentrations which complimented the difference
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compared to cloudy wort, did not result in fermentation dynamics similar to cloudy wort.
However, addition ofhexadecenoic (CI6:1) and octadecenoic (CI8:1) acid to clear wort
with DE augmented the fermentation, resulting in increased yeast growth, FAN and sugar
consumption at the start of fermentation. The concentrations of certain volatiles were also
slightly increased. Unfortunately, there was large experimental variation in the
concentration of volatiles between fermentations of cloudy wort, which made results
more difficult to interpret.

Wort samples were collected from four Scotch malt whisky distilleries, which differed in
the way in which mashing was carried out. Significant increases in the amounts of solid
material and fatty acids were observed when lauter tuns and a very high sparging
temperature were employed (Distillery Band C, but not Distillery A and D). Conversely,
wort from these distilleries had decreased initial concentrations of FAN. During
fermentation of Distillery A and D worts, the initial amount of yeast cell growth and
sugar consumption were slightly lower. The concentration of some esters was higher in
these worts at the end of fermentation, whereas certain higher alcohols were measured in
elevated concentrations in Distillery B and

e worts.

Permittivity data collected during 5 L

fermentations of wort samples from the four distilleries revealed fundamental differences
in yeast cell behaviour over the course of a temperature-controlled

72 hour fermentation

(6 hours at 20oe, followed by increasing the temperature to 33°C by 30 hours and
remaining there until 72 hours), with yeast cells retaining higher viability for longer in
Distillery B and

e worts.

The quality of LW samples, produced by distillation of wash

samples, was also different between samples. These results were likely to have been a
manifestation of the initial differences in the concentration of fatty acids in the different
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wort samples. The possibility existed that yeast cells fermenting Distillery B and C worts
had an advantage due to the ability to consume and utilise extra fatty acid material form
the wort milieu. This could explain the increased viability of yeast cells in these worts
towards the end of fermentation. Three samples were collected from the same distillery
on each visit, but there was some notable variations observed during fermentation of
samples from the same distillery.

Wort samples were produced experimentally in the I.C.B.D.'s 2-hectolitre capacity pilot
brewery. Different methods of mashing were employed to produce these worts, involving
different mash-bed depths, sparging temperature and mode of raking. It was found that
the highest concentration of solid material and fatty acids occurred in the wort produced
using a shallow mash bed and highest sparging temperature. This was to the detriment of
the initial FAN concentration, which was lowest in this wort. Generally, it was possible
to vary different aspects of the quality of the wort by carefully choosing alternative
mashing regimes. During dielectric monitoring, there were again fundamental differences
in the behaviour of yeast cells during fermentation of experimental worts. This suggested
concomitant differences in the metabolism of yeast cells. An interesting finding was that
increased viability of yeast cells appeared to be correlated to a slight increase in the
octadecanoic acid (CI8:0) content of wort during fermentation. This may have resulted in
increased thermotolerance of yeast cells fermenting this type of wort.

The results in this thesis show that the presence of solid material in the fermenting wort
for production of Scotch malt whisky will have profound effects. These effects, briefly
outlined above, are a significant determinant of the final quality of the product. Insoluble
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solid material offered S. cerevisiae alleviation from the physiological effects of elevated
C02 concentrations and nutritional benefits from the presence of compounds such as fatty
acids. The way in which wort is produced, i.e. the mashing regime, is of fundamental
importance. The results presented here show the effect that differences in mashing can
have on the content of the fermentable substrate. Essentially, mashing determines the
environment in which S. cerevisiae will ferment and, thus, how this organism can
overcome the stresses involved with fermentation. Overall, the final quality of the
product will be, to a certain degree, reliant on the activity of S. cerevisiae during
fermentation.
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Appendix B: Logs of the Production

of Pilot Brewerv Worts

For all experimental wort samples produced in the pilot brewery at Heriot- Watt:

Barley Malt Type:

Lager malt (Derkado)

Liquor to Grist Ratio During Mashing:

3 :I

Mash Rest Tiem (in Lauter Tun):

5 minutes

Recirculation time:

3 minutes (or 15 L wort circulated)

Initial Mash Temperature:

63.6°C

Wort Flow Rate (Llhr):

100

Target Gravity:

1.055 °

DB 76

Sample Wort Desianation
SBDry
SB 76 SB90
90
13.3
13.3
13.3

MT
13.3

Grist Weight Used (kg)

40

Target Volume of Wort

200

60

60

60

60

Sparge on (L collected)

60

18

18

27

18

Bed dried before sparging

No

No

No

Yes

No

coe)

76

76

90

90

76

Yes

Yes

Yes

Yes

No

1.0573

1.0532

1.0508

1.0504

1.0502

Sparge Temperature

Raking (after sparge added)
Actual Wort Gravity CO)

341

