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Abstract 

 

A series of distillery process waters was characterised by pyrolysis-GC/MS for humic 

substances derived from soils and vegetation in water in conjunction with dissolved 

organic carbon analysis. Additional analyses were carried out for phenolic compounds 

by HPLC, anions and cations by ion chromatography, and metals and colour by 

spectrophotometry. Over 70 organic compounds were identified, with waters from 

north and western areas of Scotland containing higher levels of peat-derived 

compounds, with organic carbon determined by the length of watercourse traversed. 

Ionic concentration of waters was related to the geology of the surrounding areas. 

Little variation was found in other measurements of water chemistry. Using these 

samples for mashing, spirits were produced with notable differences in character, 

particularly in terms of spirit ‘heaviness’. Chemical analysis of these spirits by GC/MS 

highlighted significant differences in levels of volatile higher alcohol and sulphur-

containing compounds, although these did not correlate with sensory character. 

 

The influence of organic and inorganic constituents of water in isolation was 

considered by preparing a series of artificially-spiked waters produced for use in 

mashing, representing the range of variation present in industrial process waters. The 

presence of peat-derived compounds in mashing water caused increased ester and 

reduced higher alcohol production by yeast, whereas the presence of metal ions 

inhibited yeast activity. The resulting new-make spirits from ionic-supplemented 

waters showed minimal differences in sensory character, whereas those containing 

peat-derived compounds exhibited greater variation, with heavier, more complex 

spirit character.  
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1. Introduction 
 

1.1 Malt Whisky Production and Heritage 

 

1.1.1 Whisky – Definitions and Styles 

 

Whisky is a potable spirit obtained by distillation of an aqueous extract of a fermented 

infusion of malted barley and other cereals. Fermentation is achieved using various 

strains of Saccharomyces cerevisiae yeast. A variety of styles of whisky are produced in 

a number of countries throughout the world. The key differences are the nature and 

proportion of cereals used, and the distillation techniques employed. The term ‘whisky’ 

is used when denoting Scottish (or ‘Scotch’) or Japanese spirits, whereas those from 

Ireland and the USA use the appellation ‘whiskey’. 

 

To legally use the term ‘Scotch whisky’, the spirit must conform to the standards of the 

Scotch Whisky Act (1988), which mandates that the spirit must be: 

 

• distilled at a Scottish distillery 

• from water and malted barley, to which only other whole grains or cereals may 

be added 

• processed at that distillery into a mash 

• converted to a fermentable substrate only by endogenous enzymes 

• fermented only by the addition of yeast 

• distilled to an alcoholic strength of less than 94.8%, to retain the flavour of the 

raw materials used in production 

• matured in Scotland in oak casks of less than 700 L for a minimum of three years  

• produced with no added substances other than water and spirit caramel 

 

Scotch malt whisky is produced using only malted barley as a raw material, with the 

fermented malt mash distilled in relatively small pot stills. Double distillation is normally 

used, although triple distillation is occasionally carried out. Over 90 such distilleries 



 2 

exist, producing straight malt whisky, and malt whisky for use in blending with Scotch 

grain whisky, as is distilled in a continuous Coffey-type patent still. Grain whisky is 

produced using predominantly wheat as a raw material, although barley and maize are 

often used. Blended whiskies usually contain 20-30% malt whisky, and 70-80% grain 

whisky. Within this, there may be up to 30 separate malt whiskies, matured for a 

minimum of three years, but often much longer. 

 

Malt whiskies are normally matured for a minimum of eight years, carrying an age 

statement denoting the youngest whiskies used in blending, although a desire to ensure 

consistent future stocks have fuelled a move towards malts without such a statement, 

such as Bowmore’s Legend and Balblair’s ‘Elements’, using innovative marketing to 

appeal to a younger customer base. Additionally, one of the leading blended whiskies, 

Diageo’s Bells, has recently removed the 8 year old age statement from it’s labelling to 

enable more predictable stock supply. 

 

Irish whiskey differs in allowing the use of microbial enzyme preparations in addition to 

malt. Irish whiskey is triple distilled and whilst not possessing the smoky aromas 

sometimes associated with Scotch whisky, some examples are more flavourful and 

heavy than their Scottish counterparts (Lyons 2003). Bourbon is an American whiskey 

made from predominantly corn or maize, with wheat, rye, and malted barley making up 

the remainder. Tennessee whiskey is generally similar to Bourbon, but must undergo 

filtration through 10 feet of maple charcoal, accounting for its unique mild flavour. 

Japan and Australia also possess significant whisky distilling industries which have 

ventured into the export market. Spain and the Netherlands also produce whiskies, 

mainly catering for indigenous markets, resembling Scotch in style and character. 

 

Scotch malt whiskies can be divided into five groups; Highland, Speyside, Lowland, Islay 

and Campbeltown, as shown in figure 1.1. Only 5 of the 93 currently operating 

distilleries in Scotland are Lowland whiskies - those distilled to the south of a theoretical 

line running from Greenock to Dundee, although Islay and Campbeltown are excluded 

from this designation (Ronde 2008). 

http://en.wikipedia.org/wiki/United_States�
http://en.wikipedia.org/wiki/Whiskey�
http://en.wikipedia.org/wiki/Maize�
http://en.wikipedia.org/wiki/Wheat�
http://en.wikipedia.org/wiki/Rye�
http://en.wikipedia.org/wiki/Malt�
http://en.wikipedia.org/wiki/Barley�
http://en.wikipedia.org/wiki/Bourbon_whiskey�
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Figure 1.1  Whisky producing regions of Scotland 

 

1.1.2 The History of Whisky Production 

 

Distillation is thought to have been introduced to Scotland by the Dalradian Monks 

when they came over to Caledonia to convert the Picts to Christianity in the 4th and 5th 

centuries, although the actual origins are thought to date back to ancient China. Two of 

the centres of modern-day whisky production, Islay in Argyll and Dufftown in Speyside 

were the sites of early monastic communities. The French chemist Arnold de Villeneuve 

first documented the art of distilling around 1310, leading to the popularity of ‘water of 
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life’ around Europe; as eau de vie in France, and akvavit or aquavit in Northern Europe. 

The name ‘whisky’ is a corruption of the Scottish Gaelic uisquebaugh, meaning literally 

‘water of life’ (Forbes 1970). 

 

The Exchequer Rolls for June 1, 1494 provided the first evidence of whisky production in 

Scotland, reading “To Friar John Cor, by order of the King, to make aquavitae, eight bolls 

of malt”. Eight “bolls of malt” amounts to 1,120 lbs (580 kg) and this quantity of malt 

would make over 400 bottles of present day whisky. This official written record would 

suggest that distilling was already firmly established at this site before this date.  

 

Controls clearly existed on whisky production, which were extended by an Act of 

Parliament in 1597, which stated that only Earls, Barons and gentlemen could distil 

spirits for their own use. Taxes were levied on whisky in 1644, when Charles I applied a 

duty of two shillings and eight pence on a pint of whisky, leading to a massive upsurge 

in illicit distilling (Pacult 2005). 

 

This taxation was later repealed, and replaced with a malt tax, which was later also 

repealed. Malt taxation in England led to the mass popularity of brandy, although 

commercial war with the French and the introduction of punitive import taxes led to an 

upsurge in indigenous gin distillation. The UK Parliament introduced a series of taxation 

measures on whisky from 1751 onwards, fuelling the rise in illicit distilling further 

throughout Scotland and into Northern England (Beckett and Turner 1990). 

 

Stiff penalties were introduced for illicit distilling in 1823, whilst restrictions on licensed 

distilling were eased, leading to the emergence of a number of legal and registered 

distilleries, often on the sites of previously illegal stills. The invention of the 

continuously operating still by Robert Stein in 1826 (and subsequent development by 

Aeneas Coffey in 1830) led to controversy, as the use of unmalted grains to make 

neutral spirit was not regarded as whisky. In 1908, a Royal Commission decided that 

grain whisky blended with malt whisky could be designated whisky (Maclean 2005). 
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In the 1900s, economic pressures defined the whisky industry, through two world wars, 

the depression in Great Britain in the 1920s and prohibition in the USA from 1920 to 

1933. Since 1945, the industry has grown considerably, with distilleries increasingly 

becoming part of larger conglomerates. The quality of product has also improved 

greatly, with the art of distilling and blending malt and grain whiskies developing apace. 

The industry is now worth over £2.8 billion annually to the Scottish economy (Anon 

2008), employing around 11,000 directly, with another 40,000 jobs indirectly supported 

(Anon 2005a). 

 

The industry is presently threatened from increasing raw material costs; competing 

with biofuels, food producers and animal feed manufacturers for grain supply and 

available land for crop growth. However, emerging markets such as India, China and 

South Africa are enabling sales of Scotch whisky to reach unprecedented levels, 

sometimes outstripping supply as a consequence of recent relaxations in import duties 

(Hewitt 2008). 

 

1.1.3 Scotch Malt Whisky Production 

 

The distillation process can be broken down into five stages; malting, mashing, 

fermentation, distillation and maturation. This section will concentrate purely on malt 

whisky production. During malting, raw barley is germinated to convert the starch into 

sugars. Barley is chosen over other cereals as the straw-like husk covering the corn is 

not removed during threshing and protects the grain during malting, subsequently 

serving as a filter during mashing, although hull-less barley strains have recently been 

developed which overcome the problem of disposal of the unfermentable husk. 

 

A grain of barley contains two main parts, the embryo and the endosperm. The embryo 

contains the organs for future plant development, whereas the endosperm provides 

nutrition during early stages of germination. Proteins and enzymes are also present, 

with these enzymes hydrolysing the starch to provide fermentable sugars. The chief 
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purpose of malting is to develop enzymes, particularly α-amylase, but also to modify 

the starch contained in the grain (Bamforth and Quain 1989). 

 

First, the barley is steeped for up to 60 h, during which time the water will be changed 

and the barley aerated several times until an adequate moisture content is achieved. 

The barley is then germinated, either on floors or in pneumatic systems, usually box or 

drum maltings. Box maltings are most commonly used, whereby temperature-

controlled air saturated with moisture is passed through constantly turned grain until 

sprouting occurs (Hall 1990). This ‘green malt’ is then transferred to the malt kiln for 

drying. The grain is spread on a wire floor located above a gas-powered furnace, to 

which peat may be added to provide peat reek. Kilning achieves three purposes: 

 

• halting germination and modification and fixing the enzymes 

• reducing diastatic power 

• converting the malt into a form suitable for milling 

 

In addition, the burning of peat during kilning imparts a ‘smoky’ flavour to the malt, 

through adsorption of phenols to the malt. To produce a malt with 10 mg L-1 of phenols, 

one tonne of peat must be used for drying each tonne of malted barley (Lyons 2003). 

Peat smoke also includes hydrocarbons, furfural derivatives and benzene derivatives, 

although the major flavour contribution is from phenols, cresols and guaiacols (Harrison 

et al. 2006). Following kilning, the grain is cooled then milled to form grist, where the 

husks are split open to release the contents but remain unbroken, allowing for better 

filtration in the mash tun. Ideally, grist should be around 14% coarse material and 

husks, 78% fine grits and 8% flour by weight (Warpalla and Pandiella 2000). 

 

The purpose of mashing is to solubilise the essential contents of the malt to produce 

wort, a sweet liquid containing sugars and intermediate products. The grist is infused in 

water at approximately 65 oC for up to 1 h, with this first water drained into a 

fermenting vessel, the washback. Any remaining nutrients are sparged with water at 

approximately 70 oC, and a further sparge at 80 oC is carried out to provide mashing 
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water for the following mash. Sub-boiling temperatures are used to ensure enzymes 

present in the malt which hydrolyse starch to fermentable sugars (amylases) continue 

this process into fermentation. 

 

A series of analogous systems operate for the enzymolysis of each of the principal 

molecules from the grist. In this system, β-glucan solubilase releases the insoluble 

polymer β-glucan (a linear β-1,4-linked polymer of glucose) from the endosperm cell 

walls, which are consequently converted to oligosaccharides by endo-β-glucanases (Sim 

and Berry 1996). This degradation is imperative, as such polymers can prevent enzyme 

access to starch and protein molecules and block wort flow. Following breakdown of 

the cell wall, the starch must be released from its protein matrix. This process begins 

during malting, in which up to 50% may become hydrolysed (Bamforth and Quain 

1989). Endopeptidases split proteins into smaller peptides and polypeptides, which are 

cleaved into amino acids by carboxypeptidases. The starch polymers amylose and 

amylopectin are broken down by α-amylase in the malt to intermediate products, 

primarily dextrins, providing a substrate for β-amylase, limit dextrinase and α-

glucosidase, which produce simple fermentable sugars (Hockett 2000). 

 

The mash is then filtered, traditionally through a lauter tun, a false-bottomed vessel 

with thin slits to allow liquid to pass through, filtered by solids present in the mash. 

However, the use of mash filters is increasing, whereby the mash is pressed between 

membranes to achieve filtration. Advantages of using such a system include shorter 

cycle time, drier spent grain and a more clarified wort (Andrews 2004). 

 

Yeast is added at 1% by volume into cooled, high-gravity first water to establish 

fermentation, and the second rinse is added soon after. The selection of yeast strain 

can fundamentally affect fermentation time, substrate utilisation, metabolite 

production and subsequent flavour profile (Walker et al. 2008), with Kerry ‘M’-type 

yeast being the most commonly used. When yeast is added to a sugar solution such as 

wort, the sugar is utilised for formation of new cells and energy generation through 

fermentation in the absence of oxygen. Yeast activity occurs in three distinct stages: 
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• lag phase – yeast adapting to environment 

• log phase – rapid fermentation and exponential yeast growth causes a rise in 

temperature 

• restricted growth phase – fermentation slows and subsequently terminates 

with yeast death 

 

Fermentation rate will be affected by a number of factors, such as the quality and 

quantity of yeast used, temperature, suspended solids in the wort and potentially water 

purity (Lyons 2003). Normally, fermentation will be minimal after 36-48 h. Poor 

fermentation can normally be attributed to excessive bacterial contamination, incorrect 

temperature control or the use of malt with low diastatic power (Berry 1979). 

 

Distillation is carried out in two copper pot stills with tall swan necks, with shape 

varying greatly between distilleries, the aim being separation by evaporation and 

condensation. The shape and size of the stills is critical, as this affects the level of reflux 

and spirit character, therefore distillers are reluctant to change the design of stills when 

replacement is necessary to avoid unexpected results (Piggott and Conner 1995). The 

only truly revolutionary development in still shape in recent times was the advent of 

the Lomond still in the 1950s, which features a straight neck with rectification plates 

and a swivelling lyne arm, allowing for adjustment of the angle to change spirit 

character. Such stills remain in operation in three malt distilleries in Scotland (Goodall 

and Fotheringham 1996). 

 

The use of copper is critical, as this reacts with undesirable sulphury and meaty notes  

(Jack et al. 2008). The wash is first pumped into a larger still, the wash still (shown in 

figure 1.2), where it is boiled, causing alcoholic vapours and steam to rise over the neck, 

up the lyne arm and into the condenser, a series of cooled pipes. Wash distillation 

normally takes between 5 and 6 h. 

 

Traditionally, stills were heated by direct firing, although this method is less common 

nowadays due to the cost and unpredictability of this method and indirect heating using 
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steam is more frequently utilised (Whitby 1995). This paper also outlines changes in 

condensing methodology, from the traditional worm surrounded by water to more 

efficient shell-and-tube and multipass designs, allowing for reuse of the hot water 

generated. 

 

The condensed liquid (the ‘low wines’), of typically 21% alcohol is collected and passed 

into a second still, the spirit still, and the process is repeated. The early condensate 

(foreshots), which contains most impurities, is passed back through the system. Once 

the spirit runs clear when added to water, the resulting new-make spirit (NMS) is 

collected. NMS typically runs for 2 to 4 h, decreasing from 70 to 75% alcohol to 

between 60 and 65% (Piggott and Conner 1995). Approximately halfway through this 

distillation, oily compounds known as feints begin to vaporise. These compounds 

initially add character to the spirit, but spirit collection is ceased before feints 

overpower the flavour. The timings of collection of spirit (the ‘spirit cut’) can 

significantly affect the overall character and composition of the resultant spirit (Nicol 

1989). 

 



 10 

 

Figure 1.2  Wash still components (Nicol 1989) 

 

The NMS is diluted with water to an appropriate strength, then is placed into oak casks 

for a legal minimum of three years, although most malt whiskies are matured for at 

least eight years. The specified age of a whisky is merely a minimum, and may contain 

older whiskies in addition to that stated. Used bourbon casks are favoured for 

maturation, having been charred prior to filling with bourbon, although used sherry 

casks are also utilised. Casks are made primarily from varieties of European or North 

American oak, and are normally hogsheads (250 L) or butts (480-520 L), although 

puncheons (480-520 L), shorter and fatter casks newly manufactured in Scotland are 

sometimes used (Reid et al. 2008). 

 

The extraction of wood constituents from the barrel adds desirable flavour 

characteristics from a wide range of congeners, primarily vanillin and oak lactones. The 

harshness of NMS and presence of undesirable characteristics are reduced and volatile 



 11 

sulphur compounds removed by oxidation. Oak also allows a limited amount of air to 

pass into the cask, which can influence spirit character (Bathgate 2000). The 

combination of oak type used, barrel size, maturation period, climate and cask history 

all influence the eventual flavour of the distillate (Goodall 2008). 

 

Following maturation, caramel may be added for colour, and clarification achieved 

using cellulose sheeting or chill filtration. Whiskies are then either bottled at cask 

strength, diluted with water to 40-45% or used in the production of blended whisky. 

 

1.2 The Role of Water in Whisky Production 

 

1.2.1 Water Use 

 

Water is seen as an important raw material in whisky production, both from distilling 

and marketing viewpoints, although little is currently known about the influence of 

water composition on spirit quality. The concept of terroir, a term coined by the French 

wine industry in the face of global competition, has no direct English equivalent and is 

regarded as the influence of factors such as soil, climate and elevation. This concept has 

become integrated into the malt distiller’s vocabulary, taking in the influence of water 

chemistry and the environment in which the barley is grown. Theoretically, the 

influence of terroir on spirits should be more pronounced than that of wine, as wine is 

merely the product of grape juice, whereas spirits consist predominantly of water, often 

drawn directly from the ground. 

 

Distillers use a variety of water sources. Surface water, such as streams, rivers, lochs 

and canals may receive a large organic influence from contact with peat and vegetation. 

Springs sourced from the static, underground void in-fill of rocks are more heavily 

influenced by underlying geology. Certain distilleries use mains water. Table 1.1 outlines 

the major sources of water and their characteristics. Water is used for a variety of 

purposes; for steeping of grains, mashing and wort production, reducing spirit strength 

prior to racking in casks and reducing spirit strength prior to bottling. Indirect uses also 
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include cooling water for spirit condensing and for use in distillery boilers. The majority 

of malt distilleries in Scotland use spring water (46%) or burn / river water (37%), with 

17% using loch water (Dolan, A., Murray, D., Fotheringham, R.N., Watts, S. pers. comm 

2005). 

 

Table 1.1  Sources of water and their characteristics (adapted from Dolan 2003) 

Source Mineral salt content Microbiological content Taints 
Consistency of 

supply 

Borehole 
(spring) 

Some soluble material 
present in the rock 

strata where the water 
is held 

Low, as the water has 
been filtered through 

rock strata 

Low, unless water 
contaminated by 

surface waters, such as 
in built-up areas 

Very good over 
long periods of 

time 

Surface 
(river, 
burn, 
loch) 

Low, unless agricultural 
chemicals washed off 

the land 

High due to 
contamination from 

farm land 

Low, unless the water 
is contaminated by 
accidental spillage 

Variable, 
especially in 
periods of 
drought 

Public 
Supply 
(mains) 

Depends on borehole 
or surface source; 

anomalies known if 
supplies alternate 

Low due to treatment by 
water authority 

Low due to treatment 
by water authority 

Very good due to 
water authority’s 
legal obligations 

 

Distilleries were traditionally built at sites which supplied large volumes of good quality 

water, often on sites formerly favoured by illicit distillers, despite their often remote 

location. Most malt distilleries continue this traditional usage. Recently opened 

distilleries, such as Arran in Argyll have carried on this tradition, with a reliable source 

of good quality water being one of the chief criteria in site selection. Often distilleries 

halt production during summer months (the ‘silent season’) when rivers run low, due to 

the large volumes required, specifically for cooling. 

 

Good quality water is required, although distillery mashing waters (process waters) vary 

greatly in terms of organic and mineral content. These variables are thought to be 

important in determining the quality of the spirit produced (Bathgate 2000), both on 

account of the large volumes involved and the concentration effect which results upon 

distillation (Gray and Swan 1977). The activity of bacteria present in process water, 

particularly lactic acid bacteria, also contributes to the organoleptic qualities of the final 

spirit (Priest 2004). 
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The use of steeping water is merely to swell the grains, which are dried during kilning, 

therefore minimal flavour impacts are likely. In the case of mashing water, the chemical 

composition is likely to affect the fermentation process. In addition, although 

distillation is in itself a purification technique, it is thought that certain compounds may 

pass through into the resulting new make spirit. Howie and Swan (1984) state that only 

a small proportion (in the order of 4%) of phenolic compounds find their way into the 

final spirit, therefore the direct flavour impacts of organic compounds are thought to be 

minimal. 

 

Water used for steeping and mashing receives no chemical treatment prior to use, and 

only a small proportion of distilleries perform any physical treatment on process water, 

mainly by basic filtration or settlement. Of the 90 active malt distilleries, 48 use 

mashing water described as ‘soft’, with only eight using water described as ‘hard’; 

heavily mineralised water (Udo 2006). Cooling water, for condensing spirit during 

distillation, does not come into contact with the spirit. However, the temperature can 

affect spirit style, as winter-cold water leads to a heavier spirit by reducing the effect of 

copper. Cooling water typically accounts for 90% of total distillery water use (Anon 

2005). 

 

Reducing water used prior to racking into casks is usually from the same source as the 

mashing liquor, although since only a small amount is required to bring strength down 

from 70% to 65%, little flavour impact is likely to be contributed. Reducing water with 

high levels of mineral salts may react with whisky to form precipitates, therefore 

demineralised water is invariably used for reduction prior to bottling to ensure no 

flavour impacts, as bottling is rarely carried out onsite. Notable exceptions to this are 

Springbank, Bruichladdich and Glenlivet. Bruichladdich use a peaty water source for 

mashing, burn water for cooling and ‘crystal-clear’ spring water for reducing. 

 

The recently-commissioned £40m Roseisle plant in Speyside is the first attempt to 

produce a carbon- and water-neutral distillery, using a combination of process control, 

flow monitoring, treatment of effluent waters and sustainable urban drainage 
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measures. At present, this site is operating at 84% efficiency, however it is anticipated 

that when full production commences in April 2009, the plant will be operating at 95% 

fossil fuel and water neutrality (Jappy, M. pers. comm. 2008). A similar program of 

upgrading is also being carried out at Diageo’s Cameronbridge grain distillery in Leven, 

Fife. 

 

1.2.2 Water Chemistry 

 

Scotland has an extensive array of fresh waters, accounting for 70% of total surface 

area of fresh water in the United Kingdom, and over 90% of volume, some 100,000 km 

of rivers and streams (Anon 2005). The geological variation of Scotland has produced a 

wide range of fresh waters, with a rich and diverse variety of habitats and species, often 

resembling Arctic and alpine communities more characteristic of Scandinavia. Whilst 

the low population density of northern areas ensures little anthropogenic pollution 

pressures, a number of demands are placed upon Scotland’s waters, primarily domestic 

water supply, aquaculture, irrigation, hydro-electric power and industrial uses, such as 

distilling. Depending on its source, water used for distilling can contain a variety of 

plant-derived compounds from lignin, carbohydrates, amino acids, proteins, lipids and 

fatty acids, as well as inorganic ions, a variety of micro-organisms and particulate 

matter. 

 

1.2.3 Organic Constituents of Water 

 

The concentrations and proportions of organic compounds are determined by exposure 

to peat and level of decomposition (or humification – the process of humic substance 

formation). Traditional soil type classifications regard peat as soil which contains over 

65% organic matter, with true peat being 100% organic (Anon 1998). However, more 

flexible definitions now prevail, with the same paper proposing a definition which 

describes peat as ‘a partially decomposed biomass formed by a biochemical process 

under the influence of aerobic micro-organisms in the surface layers of the deposits 

during periods of low sub-soil water’. As the peat that is formed in the peat-producing 
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layer becomes subjected to anaerobic conditions in the deepest layers of the deposit, it 

is preserved and changes comparatively little over time. This is an extremely slow 

process, with formation of 1 metre of peat taking around 1000 years. Presently, 

Scotland has over 1,100,000 ha of peatland, shown on figure 1.3. 

 

Peatlands (also known as mires or histosols) are wetland ecosystems, of which two 

types exist; raised bogs and blanket bogs. The large domes of peat known as raised 

bogs are found in lowland areas of Scotland, on the former sites of small lochs 

produced during the latter stages of the last ice age, around 10,000 years ago. Over 

thousands of years, peat is formed between the base of the bog and the living surface, 

creating a dome shape. Such bogs are up to 98% water and only 2% solid peat, whereas 

blanket bogs are up to 85% water (Anon 2006a). Very few raised bogs still exist in 

Scotland, whereas the north-east, south-west, the Hebrides and specific areas of the 

Highlands contain extensive blanket bog coverage (figure 1.3). 

 

Blanket bogs are found in areas of high rainfall, such as the north and west of Scotland, 

are younger and shallower than raised bogs but can cover large areas. Such bogs are 

ombrophilous, where high rainfall (over 1 m per annum) and snowmelt washes out 

much of the nutrients, primarily calcium, magnesium and potassium, which are not 

available from groundwater due to the presence of base-poor rocks such as granite or 

sandstone (Anon 1998). This leads to conditions where few plants can survive, with the 

ecosystem being dominated by bog mosses (Sphagnum spp.), cotton grasses 

(Eriophorum spp.), deer grass (Trichophorum caespitosum), heather (Calluna vulgaris), 

flying bent (Molinia caerulea) and sedges (Carex spp.), shown in figure 1.4. As a rule, 

heather becomes more prevalent in the peat bogs of the north and east of Scotland, 

with Sphagnum spp. dominating southern and western locales (Fraser 1954). Successive 

layers of dead plant material accumulate over thousands of years, forming a layer of 

peat, a precursor of lignite and ultimately, coal or kerogen. 



 16 

 

Figure 1.3  Peatland areas of Scotland (adapted from anon 2007a) 

 

Peats formed under bog conditions are strongly anaerobic and acidic and thus relatively 

preserved, with high concentrations of cutin and much unaltered lignin and cellulose 

compounds. Scotland’s peat bogs mainly comprise of Sphagnum mosses, but also 

include other marshland vegetation, such as trees, grasses, heathers, sedges and fungi. 

Decomposed insect and animal remains may also be found. Peatland areas which 

receive greater oxygen supply, such as forest peatlands, will experience a much higher 

degree of humification.  
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Figure 1.4  Species found in peatland areas 
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A bog consists of two layers; the acrotelm – a thin upper layer of mainly-living 

Sphagnum stems, through which water can travel rapidly, and the catotelm, a thick bulk 

of peat where stems have collapsed due to the weight of mosses above, forming an 

amorphous brown mass of plant fragments. Water movement is slow (less than 1 m per 

day), and conditions endure little variation. The water table rarely drops under the 

acrotelm, normally remaining within several centimetres of the bog’s surface (Bozkurt 

et al. 2001). 

 

Carbon is released from peat in three main forms; carbon dioxide (CO2) and methane 

(CH4) to the atmosphere and dissolved organic carbon (DOC) to aquatic sources (figure 

1.5). Additionally, carbon may flux from peat into water in the form of particulate 

organic matter, dissolved inorganic carbon and dissolved CO2 (Worrall et al. 2003). 

 

 

Figure 1.5  Major carbon fluxes in peatlands (Worrall et al. 2003) 

 

In oxygenated waters, such as rivers, streams and lakes, the following microbial 

reaction is driven by bacteria, fungi and microscopic organisms, liberating organic 

carbon from the sediment (Aguilar and Thibodeaux 2005a): 
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(CH2O) + O2 = CO2 + H2O + Energy 

 

However, in oxygen-depleted areas, such as interstitial waters of sediments or soils, an 

anaerobic microbial community dominates, driving the following reaction: 

 

(CH2O) + A (Oxidised) = CO2 + A (Reduced) 

 

Whereby the oxygen from the previous reaction is replaced by another electron 

acceptor (A), such as nitrate, sulphate, carbon dioxide or an organic compound (Aguilar 

and Thibodeaux 2005b). A series of reactions occurs in such conditions, leading to the 

formation of dissolved organic carbon consisting of a variety of intermediate 

compounds and the final products of carbon dioxide and methane. 

 

Levels of DOC in interstitial waters of bogs can reach 400 mg L-1, buffered by organic 

acids, creating a DOC gradient which initiates outward transport into surrounding water 

courses by diffusion (Aguilar and Thibodeaux 2005b). 

 

Dissolved organic matter (DOM) has a similar chemical composition as its terrestrial 

counterpart. Leenheer and Croué (2003) state that DOM is a complex mixture of 

aromatic and aliphatic hydrocarbon structures with attached amide, carboxyl, hydroxyl, 

ketone and various minor functional groups, existing as heterogeneous molecular 

aggregates in natural waters. Levels of dissolved organic carbon (DOC) range from less 

than 1 mg L-1 in alpine streams to over 20 mg L-1 in rivers draining swamps of wetlands 

(Spitzy and Leenheer 2006). 

 

Operationally, DOM is defined as organic compounds under 0.45 µm, the remainder 

being defined as particulate organic matter (POM), comprising of predominantly 

aquatic organisms such as plankton, algae and bacteria and plant detritus . Typically, 

over 50% of aquatic DOM exists as humic substances - phenolic compounds linked by 

polysaccharides, amino acids, aliphatic compounds and peptides formed by microbial 

breakdown and synthesis of plant matter, such as lignins, polyphenols, polysaccharides, 
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lipids and pigments. Non-humic substances include those with still recognisable 

chemical characteristics, such as carbohydrates, proteins, fats and waxes (Schulten 

1999). Humic substances play a fundamental and versatile role in the aquatic 

environments by influencing physico-chemical properties of water, such as colour, 

acidity and buffer capacity, participating in carbon and nutrient cycling, interacting with 

metals, acting as catalysts, and affecting the mobility, bioavailability and toxicity of 

anthropogenic environmental pollutants. 

 

Humic substances are often categorised operationally on their solubility. Humic acids 

are defined as the fraction of humic substances that are insoluble in water under acid 

conditions (pH <2), often the highest molecular weight fraction (1500-5000 Da in 

aquatic systems). Fulvic acids are those soluble under all pH conditions, generally of 

medium molecular weight (600-1000 Da in aquatic environs). Humin is defined as the 

fraction which is insoluble at any pH. Such categorisation is merely operational, based 

on terrestrial geochemistry terminology. Additionally, molecular weight categorisations 

should be treated with caution, as humic substances are a complex mix of substances 

whose true nature is not properly chemically defined (McDonald et al. 2004). 

 

The composition, concentration and chemistry of DOM is highly variable, depending on 

the sources of organic matter (allochthonous versus autochthonous), and water 

temperature and pH. Interactions with sediment sorbents and photolytic and microbial 

degradation will also affect DOM structure and abundance (Leenheer and Croué 2003). 

Autochthonous DOM is that sourced from within the water body, such as native 

phytoplankton, dead organisms and exudates, typically found in marine waters. DOM in 

inland surface waters is primarily allochthonous, sourced from outwith the water body, 

such as leachate from terrestrial sources, atmospheric deposition, leaf litter, or from 

soil or sub-surface deposits, such as peatlands. 

 

Humic substances are traditionally regarded as macromolecules, as shown in figure 1.6, 

whereby aromatic compounds with a vast array of functional groups are linked by 

peptides, sugars, aliphatic compounds and nitrogen and oxygen bridges (Stevenson 
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1994). Such molecules are of a widely varying heterogeneous structure, therefore figure 

1.6 shows a hypothetical representation. Such models are regarded as favouring 

aromatic compounds, whereas in reality aliphatic compounds are thought to be more 

prevalent (McDonald et al. 2004). 

 

 

Figure 1.6  Traditional hypothetical structure of humic molecule (Stevenson 1994) 

 

Recent studies of aqueous humic extracts from soil, lignite and water found relatively 

small (100-2000 Da) primary molecular structures with macromolecular structures 

resulting from aggregates formed by hydrogen bonding, non-polar interactions and 

polyvalent cation interactions (McDonald et al. 2004). Sutton and Sposito (2005) argue 

that humic substances form membrane-like or micellular aggregates in solution which 

cannot be adequately represented using conventional structural diagrams of functional 

groups. Despite the continuing uncertainty over structure and functionality of humic 

substances, it is widely accepted that a combination of degradation and condensation 

reactions occur simultaneously, influenced by a variety of biotic and abiotic processes. 

A variety of methods for analysis have been developed, including size exclusion 

chromatography, pyrolysis-mass spectrometry, pyrolysis-gas chromatography/mass 

spectrometry, nuclear magnetic resonance spectroscopy, vibrational spectroscopy and 

field flow fractionation. 

 

Humic structures between 1 nm and 1 µm in size are categorised as colloids and above 

1 µm as humic particles (Schulten 1999). Humic solutes contribute to many essential 

processes in aquatic ecosystems, such as carbon and nutrient cycles, acidity and buffer 
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capacity of natural water and interactions with organic pollutants. They have high 

potential for complexation with gases, water and minerals. From a distilling viewpoint, 

the capacity for trapping metals is significant, as bioavailability is reduced, with 

potential effects for the fermentation process (Jacobsen and Lie 1977). A chelate 

complex is formed when two or more co-ordinate positions around the metal ion are 

occupied by donor groups of a single ligand to form an internal ring structure, in the 

case of soil, simple organic compounds and functional groups of humic substances. The 

order of decreasing ability of metal ions to chelation is as follows: 

 

Fe3+ > Cu2+ > Ni2+ > Co2+ > Zn2+ > Fe2+ > Mn2+ 

 

This complexing ability results largely from a high content of oxygen-containing 

functional groups, such as carboxyl, phenolic –OH groups and carbonyl groups. Humic 

substances can solubilise metal ions, and function as a sink for polyvalent cations. 

 

The classical theory of formation states that humic substances are sourced from lignin, 

a polyphenolic structure found in cell walls of vascular plants which provides strength to 

the wall, flexibility to plant structure and assists in water transport and preventing 

parasite attack. Lignin comprises around 30% of woody tissue in plants. The exact 

composition of lignin macromolecules varies depending on plant type, but generally 

consists of three sub-units; guaiacyl, syringyl and p-coumaryl, shown in figure 1.7. 

 

Figure 1.7  Structure of lignin-derived phenols 

 

Softwood lignin is composed mainly of guaiacyl units, whereas hardwood lignin consists 

of predominantly guaiacyl and syringyl units. Grass lignins contain a mixture of guaiacyl, 

syringyl and p-coumaryl units. While bryophytes such as Sphagnum spp. do not contain 
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true lignin, they contain a variety of similar methoxylated phenolic compounds existing 

mainly as polyphenols (Kracht and Gleixner 2000). Lignin and polyphenolic compounds 

exist within humic molecules in various stages of humification, converted by microbial 

degradation and metabolism, firstly into low molecular weight products, then by 

synthesis into larger macromolecules and aggregates. This lignin degradation pathway 

of humic substance formation predominates in poorly drained soils, such as peatlands. 

 
Figure 1.8  Pathways of humic substance formation (adapted from Stevenson 1994) 

 

However, there are a number of alternative pathways for formation of humic 

substances by microbial degradation, as shown in figure 1.8. The relative importance of 

these pathways is determined by environmental conditions, principally soil drainage 

and ecosystem type. The polyphenol theory resembles the lignin degradation theory, 

although in this theory, lignins are freed from linkages with cellulose during 

decomposition of plant residues, or humic substances are formed from polyphenols 

present within plant matter. Phenolic aldehydes and acids released from lignin during 

microbial attack are then enzymatically converted to quinones, which polymerise in the 

presence or absence of amino compounds to form humic-like macromolecules 

(Stevenson 1994). Polyphenols may also be synthesised by micro-organisms from non-

lignin carbon sources, such as cellulose. 
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An alternative formation pathway is the sugar-amine condensation theory, whereby 

sugars and amino acids formed as by-products of microbial metabolism undergo non-

enzymatic polymerisation by the Maillard reaction. This theory best applies to soils 

which undergo drastic and frequent changes in environment, such as rapid freezing and 

thawing, wetting and drying, together with intermixing of reactants with mineral 

material of catalytic properties (van Loon and Duffy 2005). As conditions within 

peatlands are relatively stable, this pathway is not significant. 

 

As distilling process water often traverses large areas of peatland, it is anticipated that 

such waters should contain significant quantities of allochthonous organic input. Whilst 

the majority of this input is sourced from soils, primarily peatlands, in localised areas 

groundwater passing organic-rich floodplains may enrich the dissolved organic carbon 

content of streams. The concentration of dissolved organic matter is affected on a 

localised scale by internal processes such as exudation by algae, sorption to biofilms 

and utilisation by bacteria (Dillon and Mollot 1997). However, stream DOC is more 

strongly related to the amount of wetland drainage than any other factor, as anaerobic 

decomposition is less efficient than aerobic decomposition, providing a higher 

proportion of water soluble intermediate metabolites (Kalbitz et al. 2000). 

 

No current scientific literature exists directly linking dissolved organic matter with 

effects on spirit quality and character, although it is generally believed that peated 

water may lead to a more complex spirit character. Dolan (2004) states that the nature 

of the water source affects the quality of the new make spirit and the eventual mature 

spirit, although it is not stated to what extent or in what respects in terms of character. 

 

As early as 1973, Chivas Brothers experimented with creating whiskies using 

concentrated artificially peated waters to manufacture Glenisla and the award-winning 

Craigduff whiskies at Glen Keith distillery (Fotheringham pers. comm. 2006). ‘Peatiness’ 

is a descriptor often used when describing whisky, primarily from phenolic compounds, 

shown in table 1.2. Whilst such compounds are known to be sourced from the kilning 

process, it is unknown whether water also contributes to such characteristics in spirit.  
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Table 1.2  Flavour Characteristics of Phenolic Compounds (Anon 2007b) 

Analyte Flavour Characteristics 

o-cresol Medicinal 
p-cresol Phenolic, medicinal, sulphur, sewage 
m-cresol Phenolic, medicinal, smoky, rubbery 

2-methoxy-4-methylphenol  Phenolic, sweet vanilla-like nearer aroma threshold 
4-methyl guaiacol Phenolic at high concentration, sweet 

     4-ethyl guaiacol Spicy, phenolic, sweet 

Guaiacol Smoky, phenolic 
Phenol Phenolic, medicinal 
4-ethyl phenol Medicinal, phenolic 

 

In addition to compounds sourced from peat, water may obtain flavours whilst passing 

through living heather, moss, ferns, grasses or other vegetation. Although it is unproven 

whether this affects spirit character, some whisky connoisseurs believe this to 

contribute to grassy and herbal characteristics, with heather attributed to floral and 

honey notes (Jackson 2005). 

 

1.2.4 Inorganic Constituents of Water 

 

The mineral content of distilling water can also vary, depending primarily on the 

underlying geology of the water source, but also on interactions with organic 

compounds. Scotland’s geology is defined by several faults, running north-east to 

south-west, shown in figure 1.9. The vast majority of malt distilleries lie between the 

Southern Upland and Great Glen Faults, where soft water predominates. Outside this 

region, the geology changes and harder water is found. The most north-westerly fault, 

the Moinian Thrust, separates the Lewisian rock of the Outer Hebrides from the 

Moinian rocks of the North Highlands and the Devonian rocks of the Orcadian Basin in 

the North-East Highlands. This basin is dominated by red sandstone, with localised 

areas of granite stretching from the Sutherland coast along to Elgin. Water sourced 

from red sandstone has an inherent hardness, therefore has a high mineral content, 

witnessed in waters used by Glenmorangie and Teaninich and in the Orcadian whiskies 

Highland Park and Scapa. Conversely, Dalmore is sourced from the geologically older 

Moinian grey quartzites and Balblair from granite intrusions similar to those found in 

Grampian regions. 
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Skye, Mull and Arran are relatively young volcanic islands, formed 60 million years ago. 

The high mountainous areas, such as the Cuillin hills in Skye, are predominantly gabbro, 

a dark, coarse-grained igneous rock formed from cooled magma. The lower regions 

comprise of mainly granite with some plateau basalt. Process waters for Talisker and 

Tobermory are sourced from springs in volcanic lava flows, whereas Isle of Arran 

distillery uses water from granite hills. 

 

Below the Great Glen Fault are the Grampian Highlands and Argyll Islands, where 

Dalradian rocks formed 800-600 million years ago predominate. Islay and Jura contain a 

variety of rock types, however the majority of working distilleries receive their water 

from quartzite mountains and phyllite and greenstone ridges, passing over large areas 

of peat bog. Caol Ila is one exception, using water which passes over the geologically 

older Port Askaig Tillite. Also, Bunnahabhain uses spring water direct from rocky hills 

whereas Bruichladdich process water traverses sandstones and 1800 million-year-old 

amphibolite gneisses. Bowmore distillery takes its water from the Laggan River, which 

passes over 16 km of limestone, dolomites and grey sandstone in addition to those 

mentioned previously (Cribb and Cribb 1998). 

 

The Grampian Highlands contain a wide variety of sandstones, mudstones and 

limestones, the majority of which were metamorphosed or melted to form granites 

between 750 and 550 million years ago, along with localised areas of quartzites, tillites, 

phyllites and gabbro. The River Spey, which provides process water for more than half 

of Scotland’s distilleries, rises in the granite Monadhliath mountains, passing over 120 

km of white and grey quartzites, limestones and schists (strongly metamorphosed 

mudstones). 
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Figure 1.9  Geological areas of Scotland (adapted from Mackey 1995) 

 

The Midland Valley, between the Highland Boundary Fault and the Southern Upland 

Fault is formed by subsidence along faults (a rift valley) dominated by Devonian and 

Carboniferous rocks, although certain distilleries, such as Fettercairn, source their water 

from granite areas north of this region. The vast majority of distilleries within this area 

use water sourced from regions of red sandstone, from the fertile vegetated lands of 

eastern Tayside down to Clydeside and Campbeltown. Below the Southern Upland 
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Fault, the geology is dominated by Ordovician and Silurian rocks, consisting of grey 

slates and sandstones, with areas of limestone. Glenkinchie in East Lothian is the only 

distillery using water from this area (Cribb and Cribb 1998). 

 

Information from the brewing industry suggests that ion concentrations in water affect 

mashing and fermentation, through altering yeast activity, pH, flocculation or similar 

effects, as shown in table 1.3. However, the solubility of such ions is dependent on 

mashing conditions, primarily pH, with the ions often existing chelated with proteins, 

polyphenols and other macromolecules (Holzmann and Piendl 1976). 

 

Calcium ions have the greatest influence over mashing, improving the stability of 

enzymes responsible for breakdown of starch into fermentable sugars. In distilling, the 

effects are likely to be more subtle, as mineral content of water varies less than that of 

breweries. Gray and Swan (1977) suggest that flavour effects from inorganic 

constituents of water will be due to effects on the fermentation and distillation 

processes, rather than direct effects. Effects on clarification are also not as 

fundamentally important for distillers, as there is no requirement for protein as a 

source of foam. Cloudy worts produce spirits with higher levels of congeners, whereas 

spirits produced from clearer worts have increased sweetness and less feinty 

characteristics (Pearson 2002). For distillers, the chief intention is to provide 

fermentable sugars and a source of assimilable nitrogen.  
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Table 1.3  Effect of inorganic ions on mashing, fermentation and beer flavour (adapted from 

Goldammer 2000) 

 

As table 1.4 shows, distillery process water is generally softer and contains fewer 

minerals than most brewing process waters, the notable exception being Orkney, 

renowned for its hard, heavily mineralised water, sourced from springs rising through 

hard sandstone. Speyside water closely resembles the ‘soft water flowing over granite 

strata, acid in nature and flowing over peat’ profile commonly espoused as ideal for 

distilling. The influence of inorganic constituents in distillery fermentations has received 

relatively little attention in the past, and their impact on spirit character is unknown. 

  

Analyte Flavour characteristics Effects on Mashing and Fermentation 

Sulphate Dry, astringent, bitter Increases protein and starch degradation 

Phosphate Flavour neutral 
pH buffering, clarification (increased 

concentration of phosphates produced in wort) 

Nitrate Flavour neutral 
high concentrations reduce fermentation rate and 

diminish pH reduction, cause formation of nitrosamines 

Bicarbonate 
Harsh bitterness, sweeter, 

fuller flavour 
pH buffering, less fermentable wort 
(increased dextrin : maltose ratio) 

Chloride Fullness, sweetness Limits flocculation, improves clarity, haze stability 

Calcium Flavour neutral 
Clarification, yeast flocculation, phosphate, phytate, 

protein and oxalate precipitation. Protects α-amylase 
against heat, increases endopeptidase activity and total N 

Sodium 
Sweet at low concentrations, 
salty at high concentrations 

No effect 

Potassium 
Relatively flavour neutral, 

slight saltiness 
Essential for yeast growth, inhibits mash 

enzymes above 10 mg L-1 

Magnesium 
Bitter, sour at concentrations 

above 20 mg L-1 
Clarification, decreases pH, activates certain yeast enzymes 

Iron Metallic, astringent 
Clarification, prevents saccharification and decreases yeast 

activity at above 0.2 mg L-1 

Zinc 
Flavour neutral at low 

concentrations, metallic off-
flavours at high concentrations 

Increased protein synthesis & yeast growth at 0.08 - 0.20 
mg L-1. Adverse effects on fermentation and colloidal 

stability above 0.6 mg L-1 
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Table 1.4  Typical values for brewing and distilling waters (Maltman 2003, Murray, D., Dolan, A. 

pers. comm. 2005) 

 City 
Na+ 

(mg L-1) 
Mg2+ 

(mg L-1) 
Ca2+ 

(mg L-1) 
Cl- 

(mg L-1) 
SO4

- 

(mg L-1) 
CO3

2- 

(mg L-1) 
 Burton-upon-Trent 55 45 295 25 725 300 
 Dortmund 70 25 250 100 280 550 

 Dublin 12 4 118 19 54 319 
Brewing Edinburgh 80 60 140 34 96 140 
Waters Cologne 52 15 104 109 86 152 

 London 86 32 52 34 32 104 
 Vienna 8 60 200 12 125 118 
 Munich 2 18 75 2 10 148 

 Pilsen 32 8 7 5 6 37 

 Speyside 7 3 2 12 3 2 
Distilling Highland 10 4 12 15 2 31 
Waters Islay 13 5 23 20 6 54 
 Orkney 30 14 50 47 19 187 

 

1.3 Water Usage, Legal Framework and Environmental Threats 

 

Although the image of pristine water flowing over granite and peat forms a large part of 

Scotch whisky marketing, this is an environment which is constantly under threat. An 

example of this is the afforestation of Highland regions, which requires drainage to 

reduce the amount of water held in peat bogs prior to planting. Subsequent precipitation 

will then ‘flash’ off mountainsides and mature forests will lock in up to 20% of catchment 

yield, concentrating airborne pollutants. Such pollutants will then be washed off and 

passed into water courses, causing acidification from compounds such as sulphuric acid 

and phenolic acids (Bathgate 2000). Diffuse run-off from fields subject to excessive use of 

agricultural fertilisers can lead to eutrophied waters unsuitable for distilling, although 

this is being addressed by the competent authorities. Livestock farming may also pose a 

risk to distillery water supplies, predominantly through contamination from animal 

excreta. 

 

Scotland currently produces over 900 million litres of whisky per year, with an estimated 

requirement for 4 litres of water to manufacture 1 litre of whisky. However, between 30 

and 40 million cubic metres of water is also used for cooling purposes (Anon 2005a). 

Whilst distilling is among the most energy conscious and sustainable industries, many 
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aspects of its water uses are becoming subject to environmental legislation. This is most 

evident in areas such as the Spey catchment, which houses 33 malt distilleries. The EU 

Water Framework Directive - WFD - (2000) is presently being implemented to improve 

the ecological status of water ecosystems and promote sustainable water use. The use of 

large volumes of cooling water could potentially contravene this directive, as the 

increased temperature (by up to 1.5%) of returned cooling water is thought to affect 

Salmonid populations. However, this is disputed by industry, claiming the increased 

temperature may be beneficial to fish stocks and that costs of cooling are prohibitive 

(Bathgate 2000). 

 

Another potential consequence of the implementation of the WFD is the requirement of 

water abstraction controls and a charging regime under the auspices of the Water 

Environment and Water Services Act 2002. The Scottish Environment Protection Agency 

(SEPA) states that only abstractions which pose an adverse impact on the water 

environment will be subject to a charging scheme, and as such the vast majority of 

distilleries will be exempt (Anon 2005a). SEPA is currently undertaking a comprehensive 

study of the Scotland river basin to characterise threats from abstraction by the whisky 

industry. By 2009, full river basin district management plans will exist, with charging 

regimes in place by 2010. Thus the issue of water use is soon to become an important 

economic issue for industry, with changes in distillery water sources likely to become 

commonplace. 

 

Scotland’s climate is expected to become less stable if current climate patterns continue. 

As such, more volatile weather conditions will become commonplace. Therefore it 

cannot be assumed that blanket peat bogs will remain saturated with little temporal 

variability (Evans et al. 1999). This could have implications for peatland hydrology, 

ecology and erosion, with consequences for water chemistry. The most significant effect 

would be greater intrusion into the anaerobic catotelm and higher temperatures and 

lower water tables increasing rates of humification in upper layers of peat and resulting 

in increasing levels of peat-derived compounds in water courses (Evans et al. 1999). As 

has been widely documented, this could ultimately lead to an increased net carbon flux 

from peat bogs, impacting local and global carbon balances significantly. 
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The other major concern for distillers is reduced volumes of water in burns, lochs and 

springs due to lowered snowfall during winter causing less prevalent April thaws (Higgs 

2008). This problem is magnified by drier summer conditions, which may also have 

implications for cooling water use as water temperatures rise. Such a temperature rise 

may affect spirit character, as heavier distillate characters require high volumes of very 

cold water (Broom 2007). This may even affect relative humidity which would have a 

consequent effect on maturation, with lower levels of evaporation from casks expected. 

 

In recent years, there has been a concerted effort to improve the environmental 

performance of distilleries, with optimisations being introduced to reduce energy use by 

incorporating heat recovery systems and increases in the reuse of by-products for energy 

creation. On-site treatment systems, such as reed beds or anaerobic digestion, may also 

become essential to avoid breaching consents for effluent quality, especially with respect 

to copper in effluent streams. 

 

1.4 Research Aims 

 

The primary aim of this project was to gain insights into the influence of water 

composition on spirit quality. The first stage of this study involved characterising a variety 

of distillery process waters chemically and physically. Analysis of peat-derived aquatic 

humic and non-humic substances was carried out, along with analysis of peat-derived 

compounds traditionally associated with ‘peaty’ character in spirit and analysis of 

inorganic ions and metals. These process waters were then used for mashing and 

subsequent lab-scale fermentation and distillation. The resulting new make spirits were 

subjected to chemical and sensory analysis to assess the impact of water composition on 

spirit quality and character. Correlations with organic and inorganic constituents of water 

were identified, and the influence of location and water source considered. Based on 

these initial findings, artificially-spiked waters were prepared to produce spirit under 

carefully controlled laboratory conditions to ascertain the influence of individual 

chemical parameters upon spirit character and quality. 
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2. Characterisation of Industrial Process Waters 
 

2.1 Introduction and Aims 

 

As discussed previously, process waters used within scotch malt whisky distilleries may 

contain a variety of organic and inorganic constituents, although this has never 

previously been quantified. Organic compounds may enter the water system as dissolved 

organic carbon from underlying soils or as particulate matter from surrounding 

vegetation or microflora. Thus the aquatic humic substance content, which accounts for 

the majority of DOC in natural waters, will be analysed in conjunction with various 

measures of dissolved and particulate organic carbon. 

 

Anions and cations are leached from underlying rock strata into natural waters, including 

several which may affect yeast performance and fermentation progress. Levels of iron 

and zinc are also known to vary greatly within natural waters and were considered for 

their potential to affect the spirit making process. 

 

The aim of this section was to identify the variation present within scotch malt whisky 

distillery process waters by analysing waters from a variety of sources in terms of 

chemical composition and physical parameters. The relative influence of location, 

geology, surrounding vegetation and source type was assessed. These water samples 

were then used to produce new-make spirit which was analysed to assess the 

relationship between water chemistry and spirit character, detailed in chapter 3. 

 

2.2 Methods, Materials and Method Development 

 

Process waters exhibiting a range of organic and inorganic influences from a variety of 

locations and geologies were collected from 10 distilleries, shown in table 2.1 and figure 

2.1. Analysis of these process waters involved a variety of techniques, specifically ion 

exchange chromatography and pyrolysis-GC/MS for aquatic humic substances, HPLC for 

marker phenolic compounds, ion chromatography for major anions and cations, 
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colorimetric tests for iron and zinc, organic carbon by CHN analysis and colour analysis by 

spectrophotometry. 

 

2.2.1 Analysis of Aquatic Humic Substances (AHS) by Ion Exchange, Thermochemolysis & 

Pyrolysis-GC/MS 

 

As aquatic humic substances exist in concentrations too low for GC/MS analysis, typically 

0.25-20 mg L-1 (Frimmel 2000), an additional isolation step was required. Additionally, 

matrix effects from salts and metals present in the water may affect analysis. An ion 

exchange chromatography method using diethylaminoethyl (DEAE) cellulose was chosen 

above the standard multi-stage XAD method of the International Humic Substances 

Society as it dispenses with the need for acidification of samples, which can potentially 

alter chemical composition. Negatively charged molecules are retained by electrostatic 

attraction between the cationic sites of the DEAE cellulose and anions of the polymer and 

by adsorption. DEAE cellulose also isolates all macromolecular organic compounds 

present, rather than the humic and fulvic acids of the XAD method. Additionally, this 

method isolates dissolved phenols and carbohydrates. Recoveries are in the order of 85-

90% (Lehtonen et al. 2000). 

 

Thermochemolysis (breaking of bonds by thermal and chemical means) was carried out 

to avoid thermal decarboxylation and convert carboxylic and phenolic hydroxyl groups 

into their methyl derivatives to obtain products more amenable for GC analysis. This 

process also facilitated hydrolytic ester and ether bond cleavages (Guignard et al. 2000). 
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Table 2.1  Process water sample details (details of geology from Cribb and Cribb 1998, vegetation from Anon 1965) 

Distillery Location Water Source Geology Dominant Vegetation Sampling Notes 

Teaninich 
Easter Ross, 
Highlands 

Dairywell Spring Old red sandstone 
Heather (Calluna vulgaris), various grasses, 

coniferous forest 
Sampled 16/11/05 from process 

water tank, fine weather, 5oC 

Clynelish 
Sutherland, 
Highlands 

Clynemilton Burn Jurassic sandstone 
Little vegetation, small areas of coniferous 

forest, some peat covering 
Sampled 16/11/05 from process 

water tank, wet weather, 4oC 

Glen Ord 
Black Isle, 
Highlands 

Loch Nan Eun, 
Loch Nam Bonnach 

Old red sandstone 
Light peat covering, some flying bent 
(Molinia caerulea), heather (Calluna 

vulgaris) and coniferous forest 

Sampled 16/11/05 from 
borehole water hose. Sunny, 5oC 

Linkwood 
Elgin, 

Morayshire 
Millbuie Springs Old red sandstone 

Arable land and cattle farms, some 
localised peat areas, some coniferous 

forest 

Sampled 9/11/05 from heat 
exchanger. Fine, 12oC 

Glenlossie 
Thomshill, 

Morayshire 
Bardon Burn Old red sandstone 

Predominantly arable farmland, localised 
peat covering 

Sampled 9/11/05 from process 
water tank. Fine, 12oC 

Talisker 
Carbost, Isle 

of Skye 
Cnoc Nan Speireag 
(Burn and springs) 

Volcanic 
Heather (Calluna vulgaris), 

deer grass (Trichophorum caespitosum), 
cotton grass (Eriophorum spp.), some peat 

Sampled 07/10/05 direct from 
water tanks. Wet, 12oC 

Caol Ila 
North-east 
Islay, Argyll 

Loch Nam Ban 
(Torrabolls Loch) 

Port Askaig tillite (hard, 
brown sandstone with 
pink granite pebbles) 

Flying bent (Molinia caerulea), cotton 
grass (Eriophorum spp.) 

Sampled 29/11/05 from 
process water tank, fine 

weather, 7oC 

Bowmore 
Central Islay, 

Argyll 
Laggan River 

Quartzite (upper 
regions), sandstones 

and limestones 
(lower regions) 

Heather (Calluna vulgaris), grasses 
(Molinia caerulea, Eriophorum spp.), 
Sphagnum spp. moss and Carex spp. 

Sampled 29/11/05 from 
incoming stream. Sunny, 8oC 

Lagavulin 
Southern 

Islay, Argyll 
Solan Lochs 

Quartzite (upper 
regions), phyllites and 

greenstones 

Thick peat covering, predominantly 
Sphagnum spp. moss and heather (Calluna 

vulgaris), some localised flying bent 
(Molinia caerulea), seaweed 

Sampled 29/11/05 from 
process water hose. Sunny, 

6oC 

Glenkinchie 
Pencaitland, 
East Lothian 

Deep on-site springs fed 
from Lammermuir Hills 

Slates, limestones and 
sandstones 

Grasses, heather (Calluna vulgaris), 
localised coniferous and deciduous trees, 

some arable land, primarily barley 

Sampled 30/8/05 from 
process water tank. Fine, 15oC 
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Figure 2.1  Process water sample sites 

 

Pyrolysis-GC/MS was chosen for separation and identification of unknown compounds, as 

it provides detailed structural information on the building blocks of humic 

macromolecules which is not readily available using other techniques. Due to the 

complex heterogeneity of humic molecules, this method allowed accurate fingerprinting 

of molecules present within the humic matrix, providing accurate and reliable easily-

identified products (Schulten and Gleixner 1999), which retain structural information 

reflecting the monomeric units present in plant polymers. During preliminary trials using 
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a variety of pyrolysis temperatures, 510oC was identified as providing the greatest yield 

of degradation products, primarily aromatic  and long-chained aliphatic compounds. 1.5 

µL of a 25% aqueous solution of tetramethylammonium hydroxide (TMAH) was identified 

as the amount of derivatising agent which provided the greatest yield of degradation 

products following further preliminary trials. Interpretation of results was undertaken 

with caution, as pyrolysates may contain the products of evaporation, pyrolysis and 

combustion, in addition to naturally occurring structures (Saiz-Jimenez 1994). 

 

DEAE cellulose resin was pre-treated by stirring in 0.5 M HCl for 1 h and rinsing with 

deionised H2O until pH reaches 4. The resin was then stirred in 0.5 M NaOH for 1 h and 

rinsed with deionised H2O until the pH reached 6. Fines were removed by suspending the 

resin in deionised H2O for 1 h and decanting the supernatant. This process was repeated 

until fines were no longer observed. The resulting resin was filtered and stored at 4-8oC 

(adapted from Miles et al. 1983). 

 

DEAE-cellulose (1 g) was added to 10 mL deionised H2O to make a slurry, which was 

pipetted into a 1x20 cm glass column plugged with glass wool. An additional glass wool 

plug was placed on top of the resin bed. The column was rinsed with 50 mL 0.01 M KCl 

(adjusted to pH 6 using H2PO3), then 1 L of sample was added at approximately 2 mL min-

1. The column was rinsed with 5 mL deionised H2O, then the retained material was 

desorbed with 3 mL 0.1 M NaOH. 

 

Column eluate (2 µL) and 1.5 µL of a 25% aqueous solution of TMAH was applied to 70:30 

nickel-iron alloy wire and heat-dried for 10 min at 100oC over a halogen lamp to remove 

moisture from the sample and aid methylation of weaker acidic groups. The alloy wire 

was then inserted into a quartz glass tube for pyrolysis. 

 

Quartz sample tubes were inserted into a Horizon Instruments Curie Point Pyrolyser 

connected directly to the GC injector, in split mode (split ratio approx. 2:1). The pyrolyser 

interface was maintained at 250 oC and purged with helium at 31 mL min-1. Pyrolysis was 

carried out 510 oC for 3 s, at a heating rate of 15 oC ms-1. The injector was attached to a 

Phenomenex ZB-5ms capillary column (30 m, 0.25 mm internal diameter). Following a 
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number of initial trials, a gas chromatograph (Hewlett-Packard 5890) program was 

developed with a temperature ramp of 6.0oC min-1 from 40 – 300oC, followed by an 

isothermal time of 9 min. The carrier gas was helium at 1 mL min-1. 

 

Mass spectral analyses were carried out on a Hewlett-Packard 5971A mass spectrometer 

using electron impact ionization (70 eV) with a mass range of 40 – 700 amu. Identification 

of the breakdown products was based on manual interpretation using NIST v1.1 library 

search software. Concentrations of breakdown products were calculated using peak 

areas from total ion current (TIC) chromatograms. Exact quantification of such numerous 

degradation products can be unreliable, even when using several internal standards, 

therefore this method was only used to provide inter-sample comparisons. To further aid 

clarity, results were normalised to aquatic humic substance extract DOC levels, calculated 

as mg DOC L-1, to provide a more accurate aquatic humic substances concentration. All 

analyses were carried out in duplicate, and results quoted are means of these two repeat 

analyses. 

 

In order to identify any patterns present in the data, Principal Component Analysis (PCA) 

was applied. This multivariate technique involved normalising the data and identifying 

the eigenvectors (principal components) most responsible for the variance within the 

data. The normalised data was transposed and plotted in terms of the principal 

components, thus reducing the dimensionality of the data without decreasing variance. 

Similarity between samples or distilleries is represented by their proximity on the PCA 

plot. Unistat 5.0 statistical software (Unistat Software Ltd., London) was used. 

 
2.2.2 Total and Dissolved Organic Carbon Analysis 

 

Total and dissolved organic carbon (TOC and DOC, respectively) were analysed as 

detailed in Standard Methods for the Examination of Water and Wastewater method 

5510 (Anon 1992). For DOC analysis, samples were passed through a 0.45 µm filter prior 

to analysis. Samples were acidified to pH 2 using concentrated H3PO4 and carbon dioxide 

removed by purging samples with nitrogen for 10 min. As mentioned previously, aquatic 

humic substance extracts were also analysed in order to normalise the data. Analysis was 
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carried out using an Exeter CE-440 elemental analyser (Exeter Analytical, Coventry). All 

analyses were carried out in duplicate, and results quoted are means of these two repeat 

analyses. 

 

2.2.3 Phenolic Compounds by High Performance Liquid Chromatography 

 

HPLC analysis was used to identify concentrations of compounds traditionally associated 

with ‘peatiness’ and ‘smokiness’, namely phenol, 4-ethylphenol, guaiacol, 4-methyl 

guaiacol, 4-ethyl guaiacol, o-cresol and m/p- cresol. A Hewlett-Packard 1050 (Agilent 

Corp. Santa Clara, CA, USA), fitted with a Hypersil Excel ODS 5 µL, 250 mm x 4.6 mm 

internal diameter column and Hypersil Excel ODS 5 µL, 50 mm x 4.6 mm internal 

diameter guard column was used. A Hewlett-Packard 1046A fluorescence detector was 

used, with an excitation wavelength of 265 nm, and an emission wavelength of 310 nm. 

Lamp power was 3 units (5 w / 220 Hz), with a response time of 4000 µs and 

photomultiplier gain of 14 units. The internal standard was trimethyl phenol, with water 

with 0.5% (v/v) acetic acid and acetonitrile with 0.5% (v/v) acetic acid as mobile phases. 

The analysis was carried out in duplicate, and results quoted are means of these two 

repeat analyses. 

 

2.2.4 Detection of Anions and Cations by Dionex Ion Chromatography 

 

Ion chromatography was used to analyse for ions potentially responsible for a variety of 

effects on the fermentation process, as listed in table 1.4. Analysis of fluoride, chloride, 

nitrate, phosphate and sulphate was carried out using a Dionex 120 (Dionex Inc., 

Sunnyvale, CA, USA) system fitted with an IonPac AS4A-SC anion exchange column, with 

a 16 mN H2SO4 in deionised H2O mobile phase. Analysis of sodium, potassium, 

magnesium and calcium was carried out on a Dionex 120 system fitted with an IonPac 

CS12-SC cation exchange column, with 180 mM sodium carbonate and 170 mM sodium 

bicarbonate in deionised H2O mobile phase. 
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2.2.5 Metals Analysis 

 

Iron and zinc were analysed colorimetrically using Hach-Lange FerroVer and ZincoVer 

reagents respectively. For iron analysis, the contents of one reagent pillow were added to 

25 mL of sample, and a 3 min reaction time allowed. Absorbance was measured at 510 

nm using a Hach DR/2000 Spectrophotometer, and concentrations calculated against a 

calibration curve. For zinc analysis, the contents of one reagent pillow were added to 20 

mL of sample and vigorously agitated. To 10 mL of the resulting solution, 0.5 mL 

cyclohexanone was added and vigorously agitated, then a 3 min reaction time allowed. 

Absorbance was measured at 620 nm and results calculated against a calibration curve. 

The results quoted are the means of two repeat analyses. 

 

2.2.6 Colour Analysis 

 

Colour was measured using a Cecil 3000 spectrophotometer at 440 nm, as described in 

Standard Methods for the Examination of Water and Wastewater method 2120 (Anon 

1992). All analyses were carried out in duplicate, and results quoted are means of these 

two repeat analyses. 
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2.3 Results and Discussion 

 

2.3.1 Analysis of Aquatic Humic Substances by Ion Exchange, Thermochemolysis & 

Pyrolysis-GC/MS 

 

Pyrolysis results from the process water samples demonstrated a complex range of 

pyrolysis products, with over 70 compounds identified (table 2.2). A sample program 

(Teaninich replicate 1) is shown in figure 2.2, with quantified pyrolysis products denoted. 

Actual proportions of these compounds determined from peak area are shown in figures 

2.2 and 2.3. Full results are shown in table B.1 (Appendix B). Although absolute amounts 

were not determined, the relative proportions of pyrolysis products can be considered a 

‘fingerprint’ of the organic compounds present, giving an insight into both source and 

degradation state of such compounds and a means for comparison between sites. 

 

Table 2.2  Products identified in process water from distilleries by Py-GC/MS (ME = methyl ester) 

Source Compound 
Corresponding Non-methylated 
Structure 

 1,3-dimethoxy-2-propanol 1,3-dimethoxy-2-propanol 
 2-ethyl-1-hexanol 2-ethyl-1-hexanol 

 
butanedioic acid, diME / 2-butenedioic acid, diME 
/ methylbutanedioic acid, diME 

succinic acid (butanedioic acid), 
polymaleic acid (2-butenedioic acid) 

 nonanal nonanal 
 pentanedioic acid, diME pentanedioic acid (glutaric acid) 
 decanal decanal 
 nonanoic acid, ME nonanoic acid 
 hexanedioic acid, diME hexanedioic acid 
 decanoic acid, ME decanoic acid (capric acid) 
 dodecanal dodecanal 
 cyclododecane cyclododecane 
Aliphatic dodecanoic acid / dodecanoic acid, ME dodecanoic acid (lauric acid) 
 nonanedioic acid, ME nonanedioic acid (azelaic acid) 
 4-methyldodecanoic acid, ME 4-methyldodecanoic acid 
 tetradecanal tetradecanal 
 cyclotetradecane cyclotetradecane 
 methyl tetradecanoate methyl tetradecanoate 
 pentadecanoic acid, ME pentadecanoic acid 
 isopropyl myristate isopropyl myristate 
 tetradecanoic acid tetradecanoic acid (myristic acid) 
 9-hexadecenoic acid, ME 9-hexadecenoic acid (palmitoleic acid) 
 hexadecanoic acid, ME / n-hexadecanoic acid hexadecanoic acid (palmitic acid) 
 isopropyl palmitate isopropyl palmitate 
 heptadecanoic acid, ME heptadecanoic acid (margaric acid) 
 1-octadecanol 1-octadecanol 
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 octadecanoic acid / octadecanoic acid, ME  octadecanoic acid (stearate) 
 tricosane tricosane 
 eicosanoic acid, ME eicosanoic acid 
 hexanedioic acid, bis (2-ethylhexyl) hexanedioic acid 
 tridecane tridecane 
 tetracosane tetracosane 
Aliphatic pentacosane pentacosane 
 2-ethylhexanoic acid, hexadecyl ester 2-ethylhexanoic acid, hexadecyl ester 
 docosanoic acid, ME docosanoic acid 
 hexacosane hexacosane 
 tetracosanoic acid, ME tetracosanoic acid 
 dodecanoic acid, tetradecyl ester dodecanoic acid 
 pentacosanoic acid, ME pentacosanoic acid 
 3-phenyl-2-propenoic acid, ME cinnamic acid 
Carbohydrate 1,3,5-trimethyl-2,4-pyrimidinedione 1,3,5-trimethyl-2,4-pyrimidinedione 
 6-heptyltetrahydro-2H-pyran-2-one 6-heptyltetrahydro-2H-pyran-2-one 
 benzoic acid, ME benzoic acid 
 1,4-dimethoxybenzene 1,4-benzenediol (hydroquinone) 
 3-methoxybenzoic acid, ME 3-methoxybenzoic acid 
 methyl 3-methoxy-4-methylbenzoate methyl 3-methoxy-4-methylbenzoate 
 3,4-dimethoxybenzaldehyde vanillin 
Guaiacyl 2,3-dimethoxybenzoic acid, ME 2,3-dimethoxybenzoic acid 
 3,5-dimethoxybenzoic acid, ME 3,5-dihydroxybenzoic acid 
 3,4-dimethoxybenzoic acid, ME vanillic acid 
 1,1'-(1-methylethylidene)bis[4-methoxybenzene] benzoic acid 
 benzoic acid, undecyl ester benzoic acid 
 methoxybenzene anisole 
 4-methoxybenzaldehyde 4-methoxybenzaldehyde 
 4-methoxybenzoic acid, ME 4-methoxybenzoic acid 
p-coumaryl 3-(4-methoxyphenyl)-2-propenoic acid, ME p-coumaric acid 
 3-(3,4-dimethoxyphenyl)-2-propenoic acid ME ferulic acid 
 5-dodecyldihydro-2(3H)-furanone 5-dodecyldihydro-2(3H)-furanone 
 3-(4-methoxyphenyl)-2-propenoic acid, ME 3-(4-methoxyphenyl)-2-propenoic acid 
 1,3,5-trimethoxybenzene 1,3,5-trimethoxybenzene 
Syringyl 3,4,5-trimethoxybenzaldehyde syringaldehyde 
 benzophenone benzophenone 
 3,4,5-trimethoxybenzoic acid, ME syringic acid 
 phosphoric acid, triME phosphoric acid 
 benzaldehyde benzaldehyde 
 3-cyclohexene-1-carboxylic acid 3-cyclohexene-1-carboxylic acid 
Unknown benzothiazole benzothiazole 
 1,4-benzenedicarboxylic acid, ME benzaldehyde 
 2-methylbenzothiazole 2-methylbenzothiazole 
 3,3-diphenyl-2-propenenitrile 3,3-diphenyl-2-propenenitrile 
 1,2,4-benzenetricarboxylic acid, ME 1,2,4-benzenetricarboxylic acid 
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Figure 2.2  Sample pyrogram of aquatic humic substance analysis by Py-GC/MS
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Figure 2.3 shows overall levels of aquatic humic substances found by compound source 

for each distillery process water, while figure 2.4 shows levels of lignin- and 

carbohydrate-derived compounds found for each distillery process water shown as a 

percentage of the overall pyrolysis products. The results shown in figure 2.2 show levels 

of each compound source type expressed in terms of the DOC measured for the aquatic 

humic extract. 

 

Figure 2.3  Overall levels of aquatic humic substances by compound source type 

 

The results show pyrolysis products dominated by long-chained fatty acids, alkanes, 

alcohols and aromatic compounds. Pyrolysis products from the water samples were 

generally dominated by aliphatic compounds as found by McDonald et al. (2004). These 

were primarily methyl esters of mono- and dicarboxylic acids, hexadecanoic acid 

(palmitic acid) and octadecanoic acid (stearic acid) and their derivatives. Such pyrolysis 

products are likely to be sourced from plant biopolymers such as cutin and suberin, both 

of which comprise of long-chained (C16 and above) fatty acids. Such compounds are also 

found in high abundances in the outer bark of Calluna vulgaris (heather) and similar 

species (Kogel-Knabner 2002). 
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Figure 2.4  Overall levels of lignin- and carbohydrate-derived humic substances as a proportion of 

total aquatic humic substances 

 

Hexadecanoic acid and octadecanoic acid are also sourced from the breakdown of plant 

lipids and triglycerols. Such compounds are bound to humic molecules by physical 

adsorption on external surfaces or internal voids of humic polymers, or by esterification 

to hydroxyl groups of phenolic building blocks. It is known that C16
 and C18 fatty acids are 

the most readily accumulated into DOM (Lehtonen 2005), explaining the predominance 

of such compounds in the samples. 

 

Methyl esters of aliphatic alcohols were not found, as the aliphatic –OH groups have a 

weakly acidic character and have a high energy requirement for deprotonation 

(Lehtonen, Peuravouri, Pihlaja 2000). Butanedioic acid was found in most samples, as a 

product of pyrolysis/methylation of short-chained aliphatic compounds such as succinic 

acid or polymaleic acid. Succinic acid is a common natural product of biochemical cycles 

such as the citric acid cycle, whereas polymaleic acid is thought to be structurally related 

to soil fulvic acid (Lehtonen et al. 2000). These compounds may also be present due to 

cleavage of aromatic rings (Templier et al. 2005). 

0% 20% 40% 60% 80% 100%

Teaninich

Clynelish

Glen Ord

Linkwood

Glenlossie

Talisker

Caol Ila

Bowmore

Lagavulin

Glenkinchie

Proportion of Total Response

Carbohydrate derived

Guaiacyl derived

p-coumaryl derived

Syringyl derived



 46 

Substituted phenolic compounds were found in varying proportions in all samples, 

predominantly phenolic acid derivatives, guaiacyl and syringyl sourced benzaldehydes 

and benzene di- and tricarboxylic acids. Classification of aromatic pyrolysis products on 

the basis of source is difficult, as benzoic acid, cinnamic acid and p-coumaric acid 

derivatives are also sourced from the microbial breakdown of bryophytes, such as 

Sphagnum, in addition to plant carbohydrates and lignin (Rasmussen et al. 1995). 

Therefore, proportions of guaiacyl and p-coumaryl breakdown products may be 

overestimated in these results. Such compounds provide a similar function to lignin in 

vascular plants, imparting a rigidity to cellulose structures. 

 

In rivers, springs and other smaller water bodies, such as those investigated in this study, 

terrigenous sources provide the greatest supply of organic carbon (Templier et al. 2005), 

primarily from lignin. In such water bodies, precipitation provides minimal organic input. 

Decomposition of plant material generally proceeds with removal of polysaccharides 

prior to lignin, therefore lignin-derived compounds will account for the largest portion of 

recognisable components in aquatic humic substances, due to their recalcitrance. 

 

The pyrolysis data was summarised using Principal Components Analysis (PCA). The first 

two principal components accounted for 44% of the variation present. Figure 2.5 shows 

the distribution of the distilleries, from which the process waters were obtained, across 

PCs 1 and 2. 

 

A clear relationship exists between distillery location and process water composition 

along the two PCs. The distribution exhibited across these PCs revealed that water from 

the Highland distilleries contained relatively high levels of guaiacyl-derived compounds. 

Process water from the three Islay distilleries contained a mixture of all three lignin 

types, defined by higher proportions of syringyl-derived compounds indicating greater 

input from humification of angiosperms such as heather (Calluna vulgaris) and mosses. 

Process water from Talisker distillery was distinctly different from the other distilleries, 

due to higher levels of p-coumaryl and carbohydrate-derived compounds. 
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Figure 2.5  PCA biplot of loadings and sample scores excluding aliphatic compounds 
(sites - Highland – Brown, Speyside - Blue, Island – Orange, Islay – Green, Lowland – Blue, 
Compounds: Syringyl – green, p-coumaryl – red, Guaiacyl - orange, Carbohydrate - purple) 

 

The loadings plot shows that PC 1 relates to overall lignin source diversity, with more 

complex samples at the positive end of the component. Levels of other congeners in the 

process water samples, namely aliphatic compounds, do not appear to vary in relation to 

distillery location. In order to aid clarity, their distribution across PCs 1 and 2 is not shown 

in figure 2.5. 

 

Teaninich and Glen Ord samples were found to be typical of process waters from eastern 

areas of Scotland, with relatively high abundances of guaiacyl-derived compounds, 

mainly due to passing through areas of coniferous vegetation. While this was also 

exhibited in Clynelish samples, a greater proportion of p-coumaryl-derived compounds 

was found. This reflects the more typical North-western Scottish character of the 

surrounding vegetation due to its comparatively northern location, with a higher 

proportion of peatland and lower overall vegetation cover. Overall levels of humic 

substances were relatively high compared with those of other regions, with Teaninich 

unexpectedly high for a process water sourced from springs. Glen Ord samples exhibited 

high levels of aquatic humic substances, as would be expected from loch water.  
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Linkwood and Glenlossie process water samples were proportionally low in lignin-

sourced compounds, with guaiacyl-derived compounds being the most abundant. p-

coumaryl-derived compounds were absent from Linkwood samples, due to the overall 

low levels of organic input typical of groundwater sources. This site reflects a typical 

process water sourced from springs in an eastern area of the country. Glenlossie’s higher 

overall organic input and the proportions of lignin-derived compounds are more typical 

of a North-east Highland process water, although levels of organic input are relatively 

low for burn water. 

 

Talisker samples exhibited a variety of lignin-derived compounds from all three classes, 

and were also the only site to feature sizeable amounts of carbohydrate-derived 

compounds in the water. Whilst carbohydrates can be found in relatively high amounts in 

less humified upper regions of peatlands, they are readily decomposed by aquatic micro-

organisms (Templier et al. 2005). 1,4-dimethoxybenzene and 1,3,5-trimethoxybenzene 

may also be TMAH pyrolysates of carbohydrates (Lehtonen 2005), in addition to guaiacyl 

and syringyl respectively as categorised in this study, thus carbohydrate levels may be 

greater than calculated. 

 

Overall carbohydrate levels in this study are likely to be underestimated due to the 

inherent low sensitivity of the TMAH thermochemolysis method (Chefetz et al. 2000). 

Carbohydrate compounds from water are thought to be largely irrelevant to the 

fermentation and distillation processes in any case, as these are added to the mash as 

malt in large amounts. The diversity of compound types found in Talisker samples is due 

to both burn and spring water contributing to process water combined with the great 

variety of vegetation in the surrounding areas. p-coumaryl-derived compounds were 

found in relatively high levels due to great abundances of peatlands near the water 

course. 

 

p-coumaryl-derived compounds were also found in relatively high abundances in Islay 

samples, although less so in Caol Ila, which exhibited low overall levels of humic 

substances due to the process water being taken from a loch in relatively close proximity 

to the distillery, thus not receiving a great deal of organic input in transit. Conversely, 
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Bowmore samples traverse approximately 16 km of mixed vegetation, predominantly 

peatland, accounting for the highest overall levels of aquatic humic substances found. 

Lagavulin process water is said to pass through seaweed en route to the distillery, 

although the results show a similar pattern of aquatic humic substances to that found in 

other Islay samples, so the influence of this is unproven. This site also exhibited lower 

overall levels of humic substances than would be expected for a process water sourced 

from lochs. 

 

Glenkinchie process water samples showed high levels of guaiacyl-derived compounds, 

and low levels of all other types of compound, as was found in Linkwood, the only other 

example of spring water from an area of arable farmland in an eastern region of 

Scotland. 

 

Generally, waters sourced from lentic (standing) waters such as lochs contained the 

highest total amounts of organic input, with the exception of Lagavulin. However, waters 

sourced from lotic (running) water systems contained the highest amounts of lignin-

derived compounds, as found in Clynelish and Bowmore samples. Groundwater sources 

generally exhibited the lowest levels of aquatic humic substances, with the exception of 

Teaninich samples. However, the distribution of distilleries across the two principal 

components (figure 2.5) shows no discernable pattern for organic compound content by 

water source type.  

 

p-coumaryl-derived structures can be sourced from grasses, such as sedges (Carex spp.), 

deer grass (Trichophorum caespitosum), cotton grass (Eriophorum spp.) and flying bent 

(Molinia caerulea). However, such compounds are also breakdown products of 

polyphenols found in Sphagnum spp. moss, along with lower amounts of guaiacyl-

derived compounds, such as benzoic acid, found in high proportions within these 

samples. Syringyl-derived compounds, an indicator of breakdown of angiosperms, were 

found chiefly in Teaninich, Talisker, Bowmore and Lagavulin samples, distilleries with 

water sourced from areas featuring Sphagnum mosses and heather (Calluna vulgaris). 
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The presence of benzophenone (diphenyl ketone) in all samples except Talisker suggests 

incomplete breakdown of aromatic precursors. Hydroquinone in Clynelish, Glen Ord, 

Bowmore, Lagavulin and Talisker samples is present as a precursor of humic substances, 

formed by polymerisation by microbial attack as part of the polyphenol formation 

pathway (Stevenson 1994). 

 

Of the unassigned pyrolysis products, 1,4-benzenedicarboxylic acid methyl ester and 

1,2,4-benzenetricarboxylic acid methyl ester are formed due to aldehydes reacting 

according to a Cannizzaro reaction, forming carboxylic acid derivatives of unknown 

source (Tanczos et al. 1997). This effect could be ameliorated by carrying out TMAH 

Thermochemolysis in an inert atmosphere, such as helium (Lehtonen 2005). The 

presence of benzaldehyde is suggested to be a result of a progressive oxidation stage of 

lignin units (Chefetz et al. 2000). 3,3-diphenyl-2-propenitrile was found in a number of 

samples, likely to be sourced from plastic containers used for sampling. 

 

Pyrolysis of heat-dried aquatic humic substances at 510 oC may leave a charred deposit 

on the nickel-iron alloy wires, which may contain a variety of non-analysable and non-

volatile compounds. Additionally, it is possible that some compounds present in DOM 

may break down into meaningless and undetectable low molecular weight products. 

Pyrolysis results should be treated with caution, as often similar products can be formed 

from vastly differing structural components of aquatic humic substances. In addition, the 

products found are a consequence of a number of overlapping and competing thermal 

processes. Ultimately, the question of how supramolecular assemblages of humic 

substances form and interact is the most enduring enigma facing natural organic matter 

research. 

 

2.3.2 Total and Organic Carbon Analysis 

 

Figure 2.6 shows results for aquatic humic substance DOC, non-humic DOC and inorganic 

carbon, with table B.2 (Appendix B) showing full results for total and dissolved organic 

and inorganic carbon and aquatic humic substance dissolved organic carbon. 
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Figure 2.6  Organic and inorganic carbon composition of water samples 

 

Clynelish, Glenlossie, Bowmore and Lagavulin samples exhibited the highest 

concentrations for total organic carbon, despite Clynelish samples showing relatively low 

levels of humic substances. Bowmore samples showed the highest overall humic 

substance levels, with minimal other DOC present. This may be a consequence of the 

isolation process for aquatic humic substances, whereby certain compounds are isolated 

preferentially, thus increasing overall levels found during pyrolysis and subsequent 

analysis. However, all sites exhibited levels in the lower end of the 5 - 60 mg L-1 range for 

rivers and streams draining from wetland stated by Spitzy and Leenheer (2006). 

 

All sites exhibited a considerably higher level of DOC than particulate organic carbon 

(POC), implying that the majority of organic input is sourced from leaching from 

pedogenic sources such as peat or soils, rather than allochthonous sources such as run-

off or autochthonous sources such as algae (Leenheer and Croué 2003). However, it 

would only be possible to determine the proportion of aquatic DOC origin by using 

measurement of stable carbon isotope ratios or measurement of specific biomarkers, 

which are outwith the realm of this study.  
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DOC concentration is also likely to be affected by seasonal changes. As contact time 

between the soil and water is decisive in determining overall DOC levels, in spring 

concentrations will be lowered due to greater water volume and shorter contact times. 

In summer, this situation is reversed, with low water volumes and greater contact time, 

therefore leading to higher DOC concentration (Kalbitz et al. 2000). With samples being 

taken in autumn in this study, it is likely that levels of aquatic organic matter will be 

elevated due to increased input from allochthonous sources such as leaf litter, primarily 

as POC. 

 

Levels of POC as a proportion of total organic carbon varied, with samples from surface 

water sources exhibiting the highest POC levels proportionally, due to high allochthonous 

input. Exceptions to this were Caol Ila, taken from a water body whose source is close to 

the distillery and Glen Ord, which showed high levels of aquatic humic substances, 

implying greater decomposition of organic content. 

 

Total inorganic carbon comprises of carbonate, bicarbonate and carbon dioxide 

concentration, although carbon dioxide was removed from samples prior to analysis. In 

this study, little variation existed between samples. It is therefore thought that these 

factors would have little influence on any subsequent mashing or fermentations using 

these waters. 

 

2.3.3 Phenolic Compounds by High Performance Liquid Chromatography 

 

HPLC analysis of process waters provided little information, as the vast majority of 

analytes were shown to be below limits of detection, with the exception of 4-ethyl 

guaiacol, found at 0.01 mg L-1 in all samples. The implication of this is that the vast 

majority of peat-derived compounds in water do not exist dissolved in solution, but 

instead as part of larger humic aggregates or macromolecules. Hence, it can be 

concluded that the compounds traditionally associated with ‘peaty’, ‘smoky’ and 

‘phenolic’ character in whisky are not sourced from water, but exclusively due to 

adsorption of such compounds to malt during the kilning process. Full results are shown 

in table B.3 in Appendix B (due to low results, SDs are not quoted).  
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2.3.4 Detection of Anions and Cations by Dionex Ion Chromatography 

 

The results from ion chromatography analysis of the water samples are shown in figure 

2.7, and in full in table B.4 (Appendix B). These results were summarised by PCA (figure 

2.8). The two principal components accounted for 92% of the total variation. The 

weighting of the majority of compounds towards the positive end of the first principal 

component suggested that PC 1 related to overall ionic content. PC 2 only described 7% 

of total variation, primarily accounted for by sodium and potassium levels. Clear 

groupings were seen for waters from Hebridean sites (Islay and Island), Northern Scottish 

sites (Speyside and Highland) and Lowland sites. Some grouping also existed on the basis 

of underlying geology, with waters sourced from sandstone existing towards the negative 

end of both principal components. Little correlation between ionic concentration and 

water source type (burn, loch, spring) was evident. 

 

Figure 2.7  Ionic composition of distillery process waters 

 

Whilst the results show a degree of between-sample variation, only Glenkinchie and 

Talisker sites displayed significantly differing profiles. Glenkinchie samples were almost 

three times higher in overall ionic content than any other site, with proportionally high 
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levels of magnesium sourced from slate, although potassium and sodium levels were 

proportionally lower. Such high levels are a consequence of using deep springs from 

under the warehouses at the distillery, sourcing water which has a high residence time 

within the aquifer, thus being in contact with the underlying geology for longer. 

Bowmore samples contained a relatively high ionic content due to the process water 

stream passing over several distinct rock types. Talisker samples exhibited proportionally 

high levels of magnesium, due to the volcanic geology of the surrounding area, with 

proportionally high levels of calcium and sodium. 

 

Figure 2.8  PCA biplot of loadings and sample scores for ionic content of water analysis 
(sites - Highland – Brown, Speyside - Blue, Island – Orange, Islay – Green, Lowland – Blue) 

 

Magnesium is essential for yeast growth, cell division, glycolysis and stress tolerance 

(Walker, Smith, Hall 2004), exerting a protective effect on yeast cells from stresses 

caused by ethanol, temperature and osmotic pressure (Walker et al. 1996). Calcium 

levels are of particular interest, as brewing research has demonstrated its profound 

effect on fermentation, by heat-protecting α–amylase, the enzyme responsible for 

conversion of starch into sugar dextrins during the mashing process. Additionally, the 

presence of calcium increases the activity of endopeptidases, responsible for breakdown 

of proteins and peptides during mashing.  
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Chloride and sulphate levels are of particular interest as brewing research has 

demonstrated that these ions can profoundly affect fermentation. Sulphate, found in 

highest concentration in the Glen Ord and Glenkinchie samples, is known to increase the 

rate of protein and starch degradation. Chloride improves clarification and limits 

flocculation, and was found in highest concentrations in Bowmore and Glenkinchie 

samples. 

 

Nitrate was found in varying concentrations throughout the sites, predominantly in 

Teaninich and Glenkinchie sites, both areas of intensive agricultural activity. However, 

levels found were around the EU Drinking Water Directive’s guideline limit of 50 mg L-1. A 

combination of leaching from decaying vegetation into groundwater and use of 

agricultural chemicals is responsible for nitrate in water. This can adversely affect 

fermentation rate and lead to the formation of nitrosamines, although this is unlikely in 

the concentrations found. The absence of phosphate from all samples may imply 

agricultural run-off was not responsible for nitrate levels, although nitrate was 

completely absent from Talisker samples, the only site with no agricultural activity in the 

surrounding area. 

 

Little variation was observed in potassium levels, with Highland and Speyside sites 

showing the highest proportional concentrations, with the lowest (0.08 mg L-1) being 

observed in the Talisker site. While potassium is essential for yeast growth, at higher 

concentrations it can inhibit fermentation. Also, potassium is found in significantly higher 

levels in wash, sourced from malt (Taylor 2006), therefore the levels found in this study 

are likely to have minimal flavour impacts. 

 

Glen Ord samples showed higher levels of sulphate than normally found in Highland 

waters, as is found in localised areas of sandstone geology (Maltman 2003). Bowmore 

and Lagavulin samples contained higher levels of chloride and lower levels of calcium 

than normally found in Islay waters, although the geological complexity of the Dalradian 

Shift is likely to explain the variety of ionic concentrations exhibited. 
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2.3.5 Metals Analysis 

 

Table 2.3 shows results for iron and zinc analysis by spectrophotometry. Zinc is essential 

for fermentation, stimulating enzyme activity (primarily alcohol dehydrogenase), maltose 

uptake, flocculation and cell membrane stabilisation (Walker et al. 2004). The 

concentration of zinc within the Talisker sample (0.84 mg L-1) is such that fermentation 

and colloidal stability may be adversely affected. Similarly, levels of iron within 

Glenlossie, Bowmore and Lagavulin process waters may prove toxic to yeast, adversely 

affecting fermentation (Goldammer 2000), although this is largely determined by yeast 

strain (Walker et al. 2004). Negative effects may include preventing saccharification and 

decreasing yeast activity 

 

Very low levels of iron were observed in the Talisker site, despite the water being 

sourced from a volcanic area, which is rich in both iron- and magnesium-bearing minerals 

(Anon 1985). One possible explanation for this is that the distillery uses predominantly 

burn water, which spends little time in contact with the underlying geology. 

 

Table 2.3  Concentration of iron and zinc in 

distillery water samples (SD in brackets) 

Distillery 
Iron 

(mg L-1) 
Zinc 

(mg L-1) 

Teaninich 0.10 (0.07) 0.01 (0.01) 
Clynelish 0.18 (0.03) 0.09 (0.04) 
Glen Ord 0.02 (0.01) 0.17 (0.01) 

Linkwood 0.07 (0.01) 0.00 (0.00) 
Glenlossie 0.56 (0.06) 0.04 (0.00) 
Talisker 0.02 (0.00) 0.84 (0.03) 

Caol Ila 0.02 (0.01) 0.14 (0.01) 
Bowmore 1.09 (0.13) 0.32 (0.03) 
Lagavulin 0.37 (0.08) 0.29 (0.00) 

Glenkinchie 0.00 (0.00) 0.00 (0.01) 

 

Copper levels in water were not considered, as data collated from industry shows levels 

of copper found in process waters are normally lower than 0.1 mg L-1, the level at which 

haze formation occurs (Goodall 2001). 
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2.3.6 Colour Analysis 

 

Colour analysis of the process waters was measured as absorbance at 440nm (table 2.4). 

While Clynelish, Bowmore and Lagavulin samples showed a marked correlation with 

overall organic carbon levels, the other four samples exhibited low absorbance, despite 

possessing varying and sometimes high levels of organic carbon and aquatic humic 

substances. Instead, colour showed a strong correlation with POC levels (Pearson r = 

0.740, p < 0.05), which therefore provided an indication of allochthonous organic input. 

Metals such as manganese and iron colour water within a similar frequency range. It is 

therefore thought that colour analysis, while providing a quick and easy method for bulk 

analysis, is not a valid method of analysing the organic (and primarily humic) nature of 

process waters. 

 

Table 2.4  Colour analysis of 

distillery process waters (SD in 

brackets) 

Distillery 
Colour 
(A440nm) 

Teaninich 0.013 (0.01) 
Clynelish 0.053 (0.06) 

Glen Ord 0.001 (0.01) 
Linkwood 0.003 (0.02) 
Glenlossie 0.025 (0.02) 

Talisker 0.003 (0.01) 
Caol Ila 0.002 (0.00) 
Bowmore 0.040 (0.03) 

Lagavulin 0.036 (0.04) 
Glenkinchie 0.003 (0.01) 

 



 58 

2.4 Conclusions 

 

The process waters currently being used in scotch malt whisky distilleries were found to 

vary in terms of both organic and inorganic composition. Overall levels of aquatic humic 

substances between the ten samples were all of a similar order of magnitude. However, 

levels of lignin-derived compounds varied more significantly, with proportions of 

compounds differing depending on vegetation from surrounding areas. Generally, 

distillery process waters from surface sources showed the highest levels of organic input, 

and this was often proportional to the size of the river basin and hence the area of 

vegetation, both living and humified, traversed. 

 

No clear relationship between water source type (burn, loch etc) and proportions of 

organic compounds appeared to exist. Geographic location was a major determinant of 

aquatic humic substance composition, with sites from northern and western areas of 

Scotland possessing an organic composition more heavily influenced by peatlands, 

whereas the organic content of waters from eastern and southern areas was more 

influenced by arable vegetation. Even process waters which could be described as peaty 

showed very little presence of phenolic compounds. 

 

Similarities in terms of ionic concentration were observed on the basis of geographic 

location, with only Lowland and Island sites exhibiting vastly differing ionic content, 

accounted for by the use of deep springs and the volcanic underlying geology 

respectively. Generally, the range of differences was limited in comparison to brewing 

waters. 

 

The majority of organic carbon found in the samples was peat or soil derived, with 

surface water samples possessing the highest proportional levels of allochthonous input 

from run-off from surrounding vegetation. Water colour, measured as absorbance at 440 

nm correlated with particulate organic carbon levels. These levels only accounted for a 

small percentage of the overall organic content of the samples, which implied that colour 

was not an effective indicator of organic content of water. 
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In conclusion, marked differences existed between distillery process waters on the basis 

of organic content, chiefly determined by geographical location, type of water source and 

surrounding vegetation. Ionic content of process waters also varied according to location, 

in addition to underlying geology, although variation was limited in comparison with 

waters used by the brewing industry. However, chemical characterisation of process 

water gives little information in isolation.  
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3. Analysis of New Make Spirits Produced Using Industrial Process Waters 
 

3.1 Introduction 

 

In the previous section, variations were found in the organic and inorganic composition of 

a number of scotch malt whisky distillery process waters. In order to understand fully the 

consequences of such variation on spirit character, it was necessary to produce spirits 

from these waters using consistent methods to eliminate any sources of processing 

variation. Therefore, prior to carrying out spirit production, it was imperative that the 

methodology and the raw materials used would provide reproducible spirit samples. 

These spirits were analysed by chemical and sensory means to elucidate the relationship 

between water chemistry and spirit character. 

 

Sensory analysis of new-make spirits is used as a means of predicting the development of 

matured spirit character, with new-make spirit dominated by attributes such as estery, 

solventy, green / grassy, soapy or oily. The compounds responsible for such flavour 

attributes may remain throughout the maturation process and are therefore of great 

significance to the character of matured whisky. Over 200 compounds have been 

identified in the aroma fractions of new-make spirit, the major constituents being higher 

alcohols (including fatty acids, fatty acid esters and other carbonyl compounds), phenolic 

compounds, sulphur compounds and nitrogen compounds (Suomalainen and Lehtonen 

1976). 

 

The higher alcohols, or ‘fusel alcohols’ are products of the action of yeast on amino acids 

and carbohydrates during fermentation, and may include aldehydes and esters as well as 

alcohols. Short-chained esters add fruity and floral character to spirit, whereas longer-

chained esters add heavier, soapy notes. Other carbonyl compounds include aldehydes; 

highly-volatile compounds formed during fermentation responsible for green / grassy 

aromas (Jack 2003). 

 

Phenolic compounds impart smoky, burnt and medicinal aromas to the spirit, and are 

primarily sourced from pyrolysis products of peat during the kilning of malted barley, but 
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also potentially from aromatic compounds present in process water (Harrison et al. 2006). 

Sulphur-containing compounds are ubiquitous throughout the fermentation process, and 

are of prime importance due to their low odour thresholds (Jack 2008). Precursors for 

such compounds are sourced from amino acids in yeast either during the autolysation of 

cells towards the end of the fermentation process or during distillation as cells are 

destroyed. These may also be sourced from sulphate in the process water (Boulton and 

Quain 2001). Aromas from sulphur-containing compounds may range from those typically 

associated with sulphur, such as burnt match or rotten egg to plant-like or nutty aromas 

(Steele et al. 2004). 

 

Nitrogen-containing compounds are sourced from volatile amines, high molecular weight 

proteinaceous material and amino acids and their derivatives that may be modified 

during fermentation or distillation. However, such compounds are mainly present as 

protonated cations with weak aromas and consequently have minimal influence on spirit 

character (Suomalainen and Lehtonen 1976). 

 

The relative composition of these congeners is influenced not only by the raw materials 

present, but also the type of yeast used and fermentation conditions. Therefore, the 

water chemistry may not only have a direct effect on the flavour and aroma of spirit, but 

may also affect the yeast performance and subsequent formation of flavour active 

compounds. 
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3.2 Method Development, Methods and Materials 

 

3.2.1 Preliminary Trials 

 

The distillery process waters detailed in section 2.1 were used for mashing as part of a 

series of lab-scale fermentations and distillations to elucidate the relationship between 

water chemistry and spirit sensory and chemical characteristics. Prior to this, it was 

essential to develop a consistent method for mashing, fermentation and distillation which 

not only replicated the industrial malt spirit production process, but provided consistency 

and reproducibility between samples. From previous studies using similar methodology 

(Harrison 2007), it was deemed necessary that each sample be carried out in triplicate to 

understand the variation occurring from the fermentation or distillation processes. The 

production method described below in sections 3.2.2 and 3.2.3 was used to produce 

spirits in the region of 70-80% abv. 

 

Yeast trials were undertaken to assess the suitability of both dried yeast and Quest ‘M’-

type yeast (Kerry Biosciences, Menstrie, UK) in terms of temporal stability and 

reproducibility of fermentation efficiency and sensory characteristics. In order to ensure 

any effects from variation in yeast quality were minimised, each set of replicates was 

carried out using the same batch of yeast, thus each yeast batch would be required to 

produce consistent spirit after nine days of storage. 

 
Mashing, fermentation and distillation were carried out as detailed below, using both 

types of yeast at 1, 2, 5, 7, 8 and 10 days old to assess any degradation in fermentation 

performance. ‘M’-type yeast was added to wort at a pitching rate of 3.64 g L-1, whereas 

dried yeast was added at 1 g L-1. Wash density and gravity was measured using an Anton-

Paar DMA 5000 density meter. 

 

Sensory difference tests (triangle tests) conforming to ISO 4120 : 2004 (Anon 2004) were 

used to measure whether any tangible differences existed in spirit character in relatively 

older yeasts. Twenty trained participants with experience in spirit sensory assessment 

from SWRI’s in-house sensory panel were asked to name the one sample which differed 
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out of three samples presented. This is a forced choice test, whereby the panellist is 

required to guess if they do not know the correct answer. Data were analysed by 

determining whether the number of correct responses was significantly greater than the 

number which would be obtained through chance. Probability tables were used to 

calculate the probability value (p value), where p < 0.05 implied a significant sensory 

difference (International Organisation for Standardization 2004). 

 

3.2.2 Mashing and Fermentation Methodology 

 

To understand the relationship between water chemistry and spirit character, the 

industrial process water samples taken in the previous section were used as mashing 

water, and the resulting wort was fermented and distilled to produce spirit for sensory 

and chemical analyses, using laboratory grade glassware set up to mimic typical 

distillation conditions in Scotch malt whisky distilleries. Given the natural inherent 

variability present in distillations, especially during the spirit distillation, it was essential 

that all stages of the process were carried out in a consistent manner, and that timings of 

distillations were closely monitored. Samples were mashed, fermented and distilled as 

detailed in table 3.1. 

 

Optic malt (Diageo PLC) was milled to 0.2 mm and 480 g was mixed with 1.3 L of distillery 

sample process water at 68 oC until a smooth paste was formed. This was placed into a 

mashing bath at 65 oC, covered with aluminium foil and stirred for 1 h. The resulting wort 

was centrifuged at 2000 rpm in a Sanyo MSE Mistral 3000E centrifuge for 5 min, with the 

supernatant placed into an unbleached cotton filter attached to a Buchner funnel under 

vacuum. The residual grains were filtered under vacuum using the same apparatus for 1.5 

h. Following preliminary tests, 1.5 h was found to be the optimum duration for vacuum 

filtration, maximising extraction while remaining within reasonable time constraints. Also, 

preliminary tests showed that carrying out filtration on two samples simultaneously gave 

the best reproduction in terms of volume of extract. 
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Table 3.1  Schedule for mashing, fermentation and distillation 

Day Mashing and Fermentation Distillation 
Yeast 
Batch 

1 Caol Ila 1 Bowmore 1      

2 Clynelish 1 Glen Ord 1      
3          
4     Caol Ila 1 Bowmore 1  
5 Glenkinchie 1 Lagavulin 1 Clynelish 1 Glen Ord 1  
6     1 
7      
8 Glenlossie 1 Teaninich 1 Glenkinchie 1 Lagavulin 1  
9 Talisker 1       

10          
11     Glenlossie 1 Teaninich 1  
12     Talisker 1   
15 Caol Ila 2 Bowmore 2      
16 Clynelish 2 Glen Ord 2      
17          
18     Caol Ila 2 Bowmore 2  
19 Glenkinchie 2 Lagavulin 2 Clynelish 2 Glen Ord 2  
20     2 
21      
22 Glenlossie 2 Teaninich 2 Glenkinchie 2 Lagavulin 2  
23 Talisker 2       
24          
25     Glenlossie 2 Teaninich 2  
26     Talisker 2   
29 Caol Ila 3 Bowmore 3      
30 Clynelish 3 Glen Ord 3      
31          
32     Caol Ila 3 Bowmore 3  
33 Glenkinchie 3 Lagavulin 3 Clynelish 3 Glen Ord 3  
34     3 
35      
36 Glenlossie 3 Teaninich 3 Glenkinchie 3 Lagavulin 3  
37 Talisker 3       
38      
39   Glenlossie 3 Teaninich 3  

40   Talisker 3   

 

The solids were removed from the filter, and returned to the mashing bath. The wort was 

cooled to approximately 25 oC, and its volume measured. Sugar content was estimated 

using a saccharometer. The wort was transferred into a 3 L round-bottomed flask and 8 g 

of Quest ‘M’-type yeast (Diageo PLC) was pitched (3.64 g L-1 pitching rate) into the wort.  
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The solids returned to the mashing bath were stirred for a further 30 min at 80 oC with 

800 mL of sample water. The wort mixture was again filtered under vacuum for 1.5 h and 

the resulting wort cooled to 25 oC. Wort volume and sugar content were measured and 

the cooled wort was added to the round-bottomed flask. The remaining solids were 

transferred back to the mashing bath with 600 mL of sample water at 100 oC and stirred 

for 10 min at 100 oC. 

 

The mixture was filtered under vacuum, the filtrate cooled to approximately 25 oC and 

sugar level measured. The cooled wort was added to the round-bottomed flask up to a 

total volume of 2.2 L. The flask was fitted with a fermentation lock and placed into a 

water bath at 19 oC, which was programmed to rise to 33 oC after 24 h to replicate 

distillery fermentation conditions. Total fermentation time was 60 h. 

 

3.2.3 Distillation Methodology 

 

200 mL of wash was removed from the flask, 100 mL of which was used for alcohol 

strength and density measurements. Several glass beads were added to the flask to 

prevent bumping. The flask was attached to an upward sloping glass lyne arm filled with 

10 g of copper wire at the still head to mimic industrial copper still conditions. These were 

attached to Inland Revenue grade condensers cooled to 4 oC, with a measuring cylinder to 

collect distillate, as shown in figure 3.1. The flask was heated using a Bunsen burner, with 

the flame regulated to avoid excessive foaming and possible carry-over. Distillation 

progress was controlled by measuring distillate volume over time. 750 mL of distillate was 

collected in around 3.75 h, at a rate of approximately 2.5 mL min-1. 
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Figure 3.1  Distillation apparatus 

 

50 mL of low wines was reserved for alcohol strength and density measurements, with 

the remaining 700 mL placed into a 2 L round-bottomed flask and charged to the stills, 

with a clean lyne arm packed with 10 g of fresh copper wire. The flask was heated using a 

Bunsen burner set to high until distillation commenced, and the flame was reduced. 5 mL 

of foreshots were distilled, then a further 155 mL of spirit collected in a measuring 

cylinder in around 1.2 h, at a rate of approximately 2.85 mL min-1. Feints were not 

collected. The spirits were stored in 200 mL glass bottles for chemical and sensory 

analyses. 

 

For alcohol strength and density measurement, wash, low wines and spirit samples were 

degassed and attemperated to 20 oC, then density and alcohol strength were measured 

using an Anton-Paar DMA 5000 density meter. 
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3.2.4 Sensory Analysis of New Make Spirits 

 

Quantitative Descriptive Analysis (QDA) was carried out, where panellists score samples 

according to intensity of a range of pre-defined attributes. Using vocabulary from the 

SWRI flavour wheel, shown in figure 3.2, 16 key aroma attributes were identified; 

pungent, sulphury, meaty, solventy, fruity / estery, green / grassy, floral, cereal, sweet, 

soapy, peaty, feinty, oily, sour, stale and clean. Each aroma attribute was scored between 

0 and 3, based on nosing only, with no tasting being carried out. 

 

Composite samples were made up using the three spirit samples for each site, as minor 

differences may exist in the samples due to variation in the spirit production process. The 

influence of such differences relative to between-sample variation was considered, with 

QDA carried out on replicates, detailed below. The new make spirit samples were 

reduced to 20% alcohol by volume with spring water, and 30 mL was presented to 

analysts in a 130 mL clear nosing glass, covered with a watch glass. Temperature and 

humidity were regulated and no extraneous aromas were present in the room. Coloured 

lights were used to negate any influence from spirit colour or turbidity. 

 

All ten samples were presented at each session, labelled with a 3-digit random number 

and presented in random order to avoid bias. Four aroma attributes were scored per 

session, giving a total of four sessions. A computerised data collection system was used 

(Compusense 5, Compusense Inc., Guelph, Canada), with data exported to Microsoft 

Excel 2007 (Microsoft Corporation, Washington, USA) and Unistat 5.0 (Unistat Ltd., 

London) for further analysis; including Principal Component Analysis (PCA) and two-way 

analysis of variance (ANOVA). 
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Figure 3.2  Scotch Whisky Research Institute flavour wheel (Jack 2003) 

 

The theory and methodology behind PCA is discussed in section 2.1.1. ANOVA tests the 

statistical significance of differences in means for groups or variables. Variance is 

calculated as the sum of squared deviations from the overall mean divided by the sample 

size minus one (n - 1). This total variance is split into within-group variation (accounted 

for by true random error) and between-group variation (due to differences between 

means). If the ratio of these two measures is greater than 1, then the means of the 

populations are deemed to be significantly different.  

 

To ensure reproducibility between replicate distillations from water samples, sensory 

analysis was carried out on the three replicate spirits. Due to constraints on time and 



 69 

sample volume, two sets of replicates with the most differing sensory profiles were 

identified using results from the QDA sessions to assess between-sample and within-

sample variation. 

 

3.2.5 Major Volatile Congeners by Headspace-Solid Phase Micro Extraction-Gas 

Chromatography/Mass Spectrometry 

 

For this method, the headspace of a diluted spirit was sampled using solid phase micro 

extraction (SPME) and volatile congeners separated and identified by GC/MS. While the 

use of stir-bar sorptive extraction is increasingly common for analysis of congeners in 

liquid media, Demyttenaere et al. (2003) showed the use of polydimethylsiloxane (PDMS) 

SPME fibres provides the highest enrichment of volatiles with good reproducibility. 

Measurement of alcohols and esters in spirits headspace is preferable to that of the spirit 

itself, as interactions between compounds may prevent flavour active compounds from 

contributing to overall aroma (Steele et al. 2004). 

 

Spirit samples were diluted to 20% with deionised water and 6 mL decanted into 10 mL 

clear glass headspace vials, with three replicates of each sample. Methyl tridecanoate was 

added to a final concentration of 5 mg L-1 as an internal standard. Analysis was carried out 

using a TRIO 2000 gas chromatograph / mass spectrometer attached to a Varian 8200 

autosampler fitted with a 100 µm polydimethylsiloxane (PDMS) fibre. Samples were 

equilibrated for 10 min, adsorption was performed at 25 oC for a further 10 min, followed 

by a desorption period of 5 min at 270 oC, as recommended by Demyttenaere et al. 

(2003). 

 

The GC column was a 0.25 mm x 30 m Solgelwax, with an internal diameter of 0.25 µm 

(SGE Ltd., Milton Keynes, UK). The oven was held at 40 °C for 5 min, then increased to 240 

°C at 4 °C min-1, with an isothermal time of 5 min at 240 oC. Detection by mass 

spectrometry was carried out with a mass range of 35-400 amu at 2 scans per second. 

Peaks were identified using the NIST 1.1 spectral library and integration and peak areas 

calculated using Xcalibur software (Thermo Fisher Scientific, Loughborough, UK), with 

integration manually altered where necessary. Data were exported to Microsoft Excel 
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2007 (Microsoft Corporation, Redmond, WA, USA) and Unistat 5.0 (Unistat Ltd., London) 

for further analysis, including Principal Component Analysis. Results in mg L-1 were 

calculated using internal standard responses. All analyses were carried out in duplicate, 

and results quoted are means of these two repeat analyses. 

 

3.2.6 Sulphur-containing Compounds in Spirit Headspace by Gas Chromatography 

 

In this method, sulphur profiles were obtained by trapping volatile compounds, by static 

and dynamic analyses, onto glass sorption tubes containing the chromatography packing 

Tenax TA. Trapped compounds were then desorbed by an automatic thermal desorption 

system onto a GC column. Compounds of interest were separated by a GC column 

connected to a flame photometric detector as detailed below. 

 

The 30 spirit samples made from industrial process water samples (see section 3.2.3) 

were used to make composite samples for each distillery and diluted to 20%, the strength 

at which sensory analysis was carried out, with deionised H2O. Composite samples were 

produced to minimise any variation present which may have been due to changes in the 

spirit production process, especially during the distillation stage. Static headspace 

samples were prepared in 50 mL plastic syringes. 10 mL of spirit was added and the 

syringe plunger adjusted to give a headspace of 20 mL. A capped 90 mm glass sorption 

tube containing 150 mg of Tenax TA (2,6-diphenyl-p-phynylene oxide 35 mesh – 

Chrompack UK Ltd., Gillingham, Dorset, UK), held in place with glass wool was attached to 

the syringe tip using appropriate connective tubing and the samples left for 10 min to 

allow volatiles to enter the headspace and equilibrate. Following this period, the cap was 

removed and the headspace created pushed through the adsorption tube to trap the 

analytes. 

 

For dynamic headspace sorption, the remaining liquid in the tubes was injected into a 30 

cm glass column and another Tenax tube inserted into a connector attached to the top of 

the column. Nitrogen gas was bubbled through the samples for 10 minutes and the Tenax 

tubes removed and capped to avoid atmospheric contamination. 
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Single-level calibration was used for this method, with concentrations calculated by 

comparing sample response to that of a single standard of known concentration. Stock 

solutions for each compound shown in table 3.2 were prepared at ca. 4000 ppm by 

addition of 200 mg to a 50 mL volumetric flask and made up to volume with 100% 

ethanol. Four mixed standards were prepared using the protocol detailed in table 3.2, and 

made up to 100 mL with 100% ethanol. 

 

Table 3.2  Mixed standards for sulphur analysis 

Group Compound Volume 
Total 

Volume 
(mL) 

1 

Dimethyl sulphide 
Diethyl sulphide 
Dimethyl disulphide 
Diethyl disulphide 
3-Methyl Thiopropanol 
Dimethyl trisulphide 
Methyl 2-methyl 3-furyl disulfide 

4 
2 
2 
2 
4 
2 
2 

100 

2 

Thiophene 
2-Methyl Thiophene 
3-Methyl Thiophene 
2,5-Dimethyl Thiophene 
Thianapthene 

2 
2 
2 
2 
3 

100 

3 

Diethyl Sulphite 
Thiophene 3-Carboxaldehyde 
Thiophene 2-Carboxaldehyde 
5-Methyl 2-Thiophene 
Carboxaldehyde 
Ethyl 2-Thiophene Carboxylate 

2 
2 
2 
2 
2 
2 

100 

4 

Thiazole 
4-Methyl Thiazole 
5-Methyl Thiazole 
4,5-Dimethyl Thiazole 
4-Methyl 5-Vinyl Thiazole 
Benzothiazole 
4-Methyl 5-Thiazole Ethanol 

3 
3 
3 
3 
3 
3 
3 

100 

 

1 µL of each standard was injected directly onto the Tenax packing of a clean adsorption 

tube using a micro syringe. The Tenax adsorption tubes containing standards and samples 

were placed onto a Perkin-Elmer ATD-400 Automatic Thermal Desorption System (Perkin 

Elmer Inc., Waltham, MA, USA) with cold trap attached to a Perkin Elmer 8500 Capillary 

Gas Chromatograph. Thermal desorption was carried out at 200 oC for 2.5 min, with cold 

trapping at -30 oC. Another thermal desorption at 200 oC was carried out, with the trap 

held for 1 min and purged for 1 min. 
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The GC column was a 60 m Restek RTX-1, Crossbond 100% dimethyl polysiloxane (Restek 

Corp., Bellefonte, PA, USA), with a 0.53 mm internal diameter and 7 µm film. The initial 

oven temperature was 35 oC, held for 5 min, ramped at 15 oC min-1, then held at 200 oC for 

15 min. The cold trap was packed with Tenax TA 60-80 mesh, with helium carrier gas 

used. A flame photometric detector was used at 300 oC with an interface temperature of 

250 oC. Data processing was carried out using HP Chemstation 3.0 (Hewlett Packard Corp., 

Palo Alto, USA) and Microsoft Excel 2007 (Microsoft Corp., Redmond, WA, USA). Principal 

Component Analysis was carried out on the data using Unistat 5.0 statistical analysis 

software (Unistat Ltd., London). 

 

3.2.7 Correlations Between Sensory and Analytical Measures 

 

In order to identify any statistical relationships between water chemistry of the industrial 

water samples, sensory character and new-make spirit chemistry, Pearson Correlations 

were calculated using Unistat 5.0 statistical analysis software (Unistat Ltd., London). 

Principal Component 1 calculated from the sensory scores for new-make spirits was used 

for these calculations. 
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3.3 Results and Discussion 

 

3.3.1 Preliminary Trials 

 

The results of the investigation into temporal stability of yeast and the resultant effect on 

sensory characteristics are shown in table 3.3. Therefore, using both ‘M’-type and dried 

yeasts produced spirits with no discernable sensory differences over a ten day period of 

yeast storage as the number of correct responses was no greater than would occur 

through chance. 

 
Table 3.3  Yeast trial sensory results 

Comparison 
No. of correct 

responses 
Conclusion 

‘M’-type, 1st day v ‘M’-type 9th day 6/20 no significant difference in aroma 

‘M’-type 2nd day v ‘M’-type 10th day 5/20 no significant difference in aroma 

Dried yeast 1st day v Dried yeast 9th day 6/20 no significant difference in aroma 

Dried yeast 2nd day v Dried yeast 10th day 7/20 no significant difference in aroma 

 
In addition to the sensory characteristics, it was desirable to ascertain the effect upon 

fermentation and whether any changes occurred over time. Wash density, wash gravity 

and spirit strength showed little variation (table 3.4), with a slight rise in alcohol strength 

in spirits produced with yeast with longer storage times, thus showing no negative effects 

were experienced in using such yeasts. 

 
Table 3.4  Wash gravity / density and spirit strength results 

Sample 
Wash 

Density 
Wash 

Gravity 
Spirit Strength 

(% abv) 
M1 0.9966 999.5 76.84 
M2 0.9966 999.5 76.42 

M5 0.9962 999.1 76.20 
M7 0.9959 998.8 76.36 
M8 0.9959 998.8 77.22 

M10 0.9961 999.0 77.70 

D1 0.9968 999.7 75.30 
D2 0.9967 999.6 75.89 

D5 0.9966 999.5 76.57 
D7 0.9969 999.7 76.25 
D8 0.9969 999.7 77.43 

D10 0.9969 999.8 77.70 
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It was therefore evident that using yeast on a ten-day cycle was acceptable in terms of 

fermentation performance. Quest ‘M’-type yeast (Diageo PLC) was chosen for 

fermentation due to its reproducibility, abundant supply of high quality product and a 

desire to replicate industrial spirit production processes as closely as possible, where 

usage of ‘M’-type yeast prevails. This yeast strain has a characteristic fast fermentation 

and produces relatively high levels of fusel oils and fatty acid esters (Berry 1979). 

 

3.3.2 Consistency of Spirit Production Method 

 

The efficiency of extraction of wort by filtration was a potential source of variation. To 

monitor this, wort sugar levels were measured using a saccharometer, with worts ranging 

from 25 – 26 o Plato for first mashes, and 10 – 11 o Plato for second mashes, with all third 

mashes measured at 5 o Plato. Therefore variation between wort sugar levels were 

minimal, which was important as higher wort sugar levels would yield higher strength 

wash with corresponding changes in congener production, and consequently spirit 

character. This effect would be pronounced in industrial distillations where spirit cuts are 

monitored using alcohol strength. 

 

Consistency of distillations was fundamentally important to avoid any variation in any 

factors other than water composition. The effect of variation in distillation rate on spirit 

character has been outlined previously (Harrison 2007). Wash distillation was carried out 

at approximately 2.5 mL min-1 (figure 3.3) and spirit distillation at approximately 2.85 mL 

min-1 (figure 3.4). Differences between samples were minimal both for low wines and 

spirit distillations, thus any resulting effects on spirit character have been negligible. 
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Figure 3.3  Mean wash distillation progress over time 

 

 

Figure 3.4  Mean spirit distillation progress over time 

 
Table 3.5 shows the mean alcohol strengths for wash, low wines and spirits from the ten 

samples. Variation in alcohol yield was minimal between the ten samples, with only 

Talisker showing a markedly lower average spirit yield due to replicate 1, although this did 

not correlate with a reduced wash or low wine strength. Variation between replicates for 

all samples was deemed not significant by Analysis of Variance (ANOVA). 

 

00:00

00:28

00:57

01:26

01:55

02:24

02:52

03:21

03:50

04:19

0 100 200 300 400 500 600 700

Ti
m

e 
(h

)

Volume (mL)

Caol Ila

Bowmore

Clynelish

Glen Ord

Glenkinchie

Lagavulin

Teaninich

Glenlossie

Talisker

Linkwood

00:00

00:14

00:28

00:43

00:57

01:12

01:26

01:40

0 20 40 60 80 100 120 140 160

Ti
m

e 
(h

)

Volume (mL)

Caol Ila

Bowmore

Clynelish

Glen Ord

Glenkinchie

Lagavulin

Teaninich

Glenlossie

Talisker

Linkwood



 76 

Table 3.5  Mean alcohol strengths (SD in brackets) 

  
Wash 

(% abv) 
Low wines 

(% abv) 
Spirit 

(% abv) 
Teaninich 7.250 (0.14) 22.884 (0.39) 77.983 (1.78) 
Clynelish 7.510 (0.05) 23.712 (0.30) 79.497 (2.00) 

Glen Ord 7.576 (0.21) 22.931 (1.11) 78.770 (0.98) 
Glenlossie 8.138 (0.36) 22.045 (0.42) 76.847 (1.27) 
Linkwood 8.001 (0.50) 22.311 (0.45) 78.375 (1.37) 

Talisker 7.496 (0.38) 22.874 (0.26) 73.824 (1.15) 
Caol Ila 7.576 (0.56) 22.603 (0.17) 75.598 (0.47) 
Bowmore 7.426 (0.18) 22.757 (0.09) 76.684 (1.59) 

Lagavulin 7.300 (0.23) 22.879 (0.21) 77.836 (5.21) 
Glenkinchie 8.032 (0.04) 22.329 (0.18) 77.050 (0.94) 

 

3.3.3 Sensory Analysis of New-make Spirits 

 

The results from Quantitative Descriptive Analysis (QDA) of the composite spirit samples 

by aroma attribute are shown in table 3.6. The p-value quoted was the significance of the 

variation present, calculated by a two-way analysis of variance (ANOVA). When p < 0.05, a 

statistically significant variance not occurring due to natural variation was present (shown 

in dark type). Significant variances were seen for sulphury, meaty, green / grassy, cereal, 

feinty and clean attributes, with the sweet attribute approaching the 0.05 value. 

 

Sulphur compounds are formed during the fermentation process, with only a proportion 

passing through into spirit during distillation as a result of interactions with copper in the 

stills (Leppänen et al. 1983). These compounds may exist in low concentrations in the 

spirit, yet contribute greatly to spirit character. Low levels of sulphur compounds may add 

complexity to spirit, but higher concentrations add undesirable character. Such 

compounds can also be responsible for meaty aromas found in the spirit. 

 

  



 77 

Table 3.6  Mean sensory scores per attribute (attributes with significant variation shown in dark type) 

  
Teani-
nich 

Clyne- 
lish 

Glen  
Ord 

Glenl- 
ossie 

Link- 
wood 

Tali- 
sker 

Caol 
Ila 

Bow-
more 

Laga- 
vulin 

Glenkin- 
chie 

ANOVA 
p value 

Pungent 1.12 1.11 1.05 1.11 1.11 1.08 1.08 1.10 1.06 1.11 0.9896 

Sulphury 0.51 0.41 0.56 0.79 0.64 0.64 0.53 0.49 0.48 0.59 0.0167 

Meaty 0.40 0.34 0.35 0.53 0.53 0.41 0.49 0.31 0.31 0.38 0.0118 

Solventy 0.66 0.76 0.71 0.65 0.81 0.73 0.73 0.70 0.71 0.66 0.7063 

Fruit/Estery 1.06 0.99 0.99 0.81 0.95 1.05 1.01 0.96 1.06 1.00 0.4322 

Green/Grassy 0.72 0.86 0.79 0.49 0.64 0.66 0.64 0.66 0.71 0.68 0.0221 

Floral 0.69 0.65 0.58 0.53 0.55 0.52 0.57 0.54 0.56 0.51 0.4920 

Cereal 0.73 0.75 0.69 1.26 1.11 0.93 0.73 0.77 0.65 0.81 0.0000 

Sweet 0.59 0.60 0.66 0.39 0.43 0.51 0.65 0.60 0.70 0.56 0.0505 

Soapy 0.56 0.58 0.50 0.54 0.56 0.49 0.50 0.47 0.67 0.57 0.7508 

Peaty 0.14 0.07 0.06 0.21 0.22 0.17 0.09 0.03 0.11 0.15 0.2069 

Feinty 0.51 1.00 0.55 0.99 0.89 0.95 0.52 0.67 0.51 0.46 0.0000 

Oily 0.66 0.69 0.78 0.63 0.72 0.68 0.73 0.58 0.57 0.61 0.7080 

Sour 0.46 0.34 0.49 0.36 0.49 0.49 0.49 0.51 0.39 0.49 0.1994 

Stale 0.38 0.42 0.54 0.56 0.55 0.41 0.38 0.31 0.32 0.43 0.3787 

Clean 1.66 1.35 1.63 1.21 1.46 1.58 1.70 1.78 1.67 1.60 0.0000 

 

While the weight of copper wire added to lyne arms in this study was consistent, it is 

possible that variations in surface area and packing of copper may have affected the 

sulphur profile of the spirit. Sulphury character was scored highest by the sensory panel 

for Linkwood, Glenlossie and Talisker, with Glenkinchie samples to a lesser extent. The 

two Speyside samples were also scored highest for meaty character. Scotch Whisky 

Research Institute (2006b) highlight significant differences in individual sensory panellist’s 

sensitivities to different sulphur compounds, which could affect scoring for overall 

‘sulphury’ character. 

 

Green / grassy aromas are due to aldehydic compounds formed during fermentation. 

These aromas will reduce considerably during maturation but may still contribute to 

matured spirit character. The Highland samples; Teaninich, Clynelish and Glen Ord 

showed the highest scores for this attribute, with only Glenlossie (Speyside) exhibiting a 

notably lower score. 
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Cereal aromas are found in most new-make spirits in varying levels, although the 

chemistry of these is not well documented. Such aromas are highly prized among 

distillers, and remain relatively unchanged throughout the maturation process. One 

possible source of cereal aroma is the Maillard reaction, where sugars and amino acids 

react in the presence of heat in stills. Cereal character was scored highest in Glenlossie 

and Linkwood spirit samples, with Talisker less appreciably so. 

 

Sweet-associated aromas are more commonly associated with matured spirits, although 

some compounds contributing to sweet aroma are also found in new-make spirit, such as 

vanillin (Steele et al. 2004). Such compounds are found in process waters as constituents 

of aquatic humic substances (AHS), although no correlation appeared to exist between 

levels of AHS in process water and scores for ‘sweet’ in sensory analysis. 

 

Sweet aroma may also be contributed to by fruity or floral aromas, and by the absence of 

heavier aromas such as sulphury or sour. This was evident in the results, as Highland and 

Islay samples exhibited the highest overall perceived sweetness and were amongst the 

lowest for sulphury, meaty, sour and stale attributes, while scoring highly for fruity / 

estery and floral aromas. 

 

Feinty aromas are most pronounced in the later stages of distillation, influenced by the 

spirit cut. As spirit cuts were taken on the basis of volume, rather than spirit strength as 

done in industry, it is anticipated that variation in feinty character will be greater between 

samples. Clynelish showed the highest score for this attribute, along with Glenlossie, 

Linkwood and Talisker. Scores for the feinty attribute were especially low among the 

remaining Highland samples and Islay and Glenkinchie samples. 

 

The clean attribute is defined as the absence of any off-notes or undesirable character, 

and was scored highest for the Islay samples, Teaninich and Glen Ord. Scores for this 

attribute were largely inversely proportional to heavy spirit character, with Clynelish 

scored low due to its feinty character and Glenlossie and Linkwood among the lowest 

scores due to their sulphury and meaty characters. 
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The range of results for each attribute is shown as a spider plot in figure 3.5. This showed 

that overall character was broadly similar, with cereal, clean and feinty descriptors 

showing the greatest apparent variation. 

 
Figure 3.5  Overall range of sensory scores per aroma attribute 

 

Principal Component Analysis (PCA) was applied to summarise data and look for 

groupings according to location, with sample scores and loadings shown in figure 3.6. 

Principal Component (PC) 1, shown on the x-axis, accounted for 45% of total variation, 

with PC 2 describing 15% of total variation. The sample sites showed clear geographical 

grouping, particularly across PC 1. The positive region of PC 1 was determined by heavier, 

more complex spirit characteristics such as meaty, sulphury, cereal and peaty, typified by 

spirits produced from Speyside water samples; Glenlossie and less appreciably, Linkwood. 

Such sites were among the lowest for humic substance content. 
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The negative end of PC 1 was characterised by lighter sensory attributes such as fruity / 

estery, sweet, clean and to a lesser extent, floral and grassy. Such characteristics were 

typical of spirits produced from the Islay and Highland waters. Clynelish exhibited strong 

co-localisation with green/grassy and floral character, although the separation from the 

Highland group was largely attributable to PC 2, accounting for only 15% of total variance. 

Spirits created using Glenkinchie (Lowland) and Talisker (Island) water samples tended 

towards the middle of PC 1, exhibiting a character not readily distinguished by the 

majority of attributes in these analyses. 

 

 
Figure 3.6  PCA biplot of sample scores and loadings for new-make spirit sensory results 

 

Overall levels of dissolved organic carbon and total organic carbon in water appeared to 

generate no discernable trends when their influence on spirit character was considered, 

as spirits made from waters with vastly differing organic content exhibited similar sensory 

characters. Only the Glenlossie sample (with the highest overall DOC and TOC) was an 

outlier, implying a correlation. Levels of particulate organic carbon (POC) were likely to be 

reduced considerably in wort due to filtration during mashing, thus it is not thought the 

impact of this was great. 
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The process waters from Clynelish and Glenlossie distilleries exhibited very similar ionic 

content, yet appeared at almost opposite ends of PC 1, suggesting that the sensory 

differences found were solely due to other factors, such as the humic substance profile. 

The minimal influence of ionic content on sensory character was further highlighted by 

the spirits produced using Glenkinchie water tending towards zero on PCs 1 and 2, 

despite the relatively high ionic content of the process waters. 

 

In order to ensure that the sensory characteristics of the spirits were consistent, the two 

sets of samples with the most differing sensory profiles (located to the extremes of the 

first principal component; Glenlossie and Lagavulin) were selected for reproducibility 

trials. PCA was applied to the data, and the plot of sample scores and loadings can be 

seen in figure 3.7. Full results can be seen in table B.9 in Appendix B. 

 

Figure 3.7  PCA biplot of sensory reproducibility sample scores and loadings 

 

In figure 3.7, PC 1 accounted for 65% of total variation present, with PC 2 accounting for 

19%. It is evident that between-sample variation was considerably greater than within-

sample variation, with each set of replicates closely grouped, especially on the more 

significant PC 1.  

Pungent

SulphuryMeaty

SolventyFruit / Estery

Green / Grassy

Floral Cereal

Sweet

Soapy
Peaty

Feinty

Oily
Sour Stale

Clean

Component 1 (65%)

Co
m

po
ne

nt
 2

 (1
9%

)

-2

-1

0

1

2

-3 -2 -1 0 1 2 3

Glenlossie 1

Glenlossie 2

Glenlossie 3

Lagavulin 1

Lagavulin 2

Lagavulin 3



 82 

Of the humic substance groups investigated in this study, weak correlations (p < 0.10, df = 

8) were found between sensory character (PC 1 of sensory results) and syringyl-derived 

compounds, mainly attributed to the presence of benzophenone in water samples. The 

group of unassigned humic compounds also showed a weak correlation (p < 0.10, df = 8) 

with sensory character, mainly influenced by benzothiazole. Overall total humic 

substances also showed a weak negative correlation with sensory character, although 

again at p < 0.10 (df = 8), tentatively confirming the theory that a higher humic content 

leads to a sweeter, lighter spirit. All correlations are shown in table B.13 (Appendix B). 

 

Correlation between sensory character and a number of aliphatic compounds was 

deemed statistically significant, although only 2-ethyl-1-hexanol and myristic acid 

(tetradecanoic acid) were correlated at the 95% confidence level (p = 0.05, df = 8). 

Despite this, overall aliphatic content was not significantly correlated with sensory 

character due to a large number of compounds being present. 

 

No significant correlations were found between sensory character and ionic content, or 

with any other parameters measured in this study. The lack of recognisable patterns was 

likely to be due to a number of conflicting water chemistry parameters interacting to 

cause impacts on spirit quality, thus there was a requirement to investigate such 

parameters in isolation, which was considered in the following two sections.  

 

3.3.4 Major Volatile Congeners by Headspace-Solid Phase Micro Extraction-Gas 

Chromatography/Mass Spectrometry 

 

Full results for this analysis are shown in figure 3.8 and table B.10 (Appendix B). Results 

are shown relative to internal standard concentration, and were thus not expressed in 

specific units. Such a quantitation may have inherent unreliability due to differing 

responses between compounds, but this method allowed inter-sample comparisons to be 

made, which was of key interest in this study. 

 

The most abundant compounds in spirit headspace were ethyl esters, comprising 

between 48 and 60% of overall volatile compounds. Such compounds are produced from 
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enzyme-driven esterification of ethanol and fatty acids during fermentation (Câmara et al. 

2007), and the amounts of these compounds will increase by an average of 50% during 

maturation (Suomalainen and Nykänen 1970). Overall, ethyl esters of octanoic, decanoic 

and dodecanoic acids were the most quantitatively significant compounds in all samples. 

 

Short chain aliphatic esters up to 3-methyl-1-butanol, the so-called ‘fruit esters’, have a 

significant impact on aroma characteristics and may also add a floral character. 

Demyttenaere et al. (2003) attribute the overall high levels of esters in these spirits to 

both the type of yeast used and the presence of yeast at the time of distillation. The ‘M’-

type yeast used in this study commonly produces spirits high in such compounds. Ethyl 

octanoate, found in relatively high amounts in spirit headspace also contributed to fruity 

aromas. 

 

Aliphatic esters with longer chains such as ethyl decanoate and dodecanoate possess 

soapy, heavier notes. Such compounds were found in varying levels between samples, 

although no correlation between these levels and scores for such notes in sensory 

analysis was found. Overall ester levels are also likely to be higher in industrial 

fermentations due to the presence of lactic acid bacteria present in various parts of the 

distillery plant (Priest 2004). 
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Figure 3.8  Total volatile congeners in spirit headspace by SPME-GC/MS 

 

Spirits produced using process waters from Glenkinchie, Teaninich and Linkwood 

distilleries exhibited the highest amounts of ethyl ester compounds, however sensory 

analysis showed these samples tending towards the overall mean for fruity / estery and 

floral characteristics, with overall between-sample variation not significant. This highlights 

the difficulties in correlating sensory results with analytical results, due to varying odour 

thresholds, matrix interactions and interactions between flavour active compounds 

(Steele et al. 2004). Indeed, a previous study concluded that no clear relationship existed 

between ester levels in spirit and sensory character (Anon 2007). 

 

Levels of acetates varied from 1.0 to 2.1% of total volatile compounds in spirit headspace, 

although once again this had little influence on overall fruity / estery character in sensory 

analysis. Among these compounds were 3-methylbutyl ethanoate (isoamyl acetate), 

responsible for ‘banana’ aromas and 2-phenylethyl acetate, responsible for ‘floral’ and 

‘honey’ aromas. 
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Alcohols found (excluding ethanol) consisted of predominantly n-alcohols, comprising 38 

to 50% of total volatile compounds in headspace. 3-methyl-1-butanol (isopentyl alcohol) 

and 2-methyl-1-propanol (isobutanol) were proportionately the most abundant, 

responsible for burnt / malt and solvent / bitter aromas respectively. As before, samples 

which showed the highest levels for such compounds did not exhibit the highest results 

for corresponding aromas in sensory analysis. At any rate, Suomalainen and Nykänen 

(1970) state that variation in the relative amounts of alcohols has very little influence on 

the nuances of aroma in spirits, and Anon (2006b) states that no clear relationship 

between higher alcohols and flavour exists. 

 

Fatty acids were found in very low amounts in spirit headspace, and carbonyl compounds 

such as aldehydes and ketones were also found in low amounts. Aldehydes, responsible 

for grassy, leathery aromas are difficult to detect due to their tendency to reduce to their 

corresponding alcohols (Câmara et al. 2007). 

 

Principal Component Analysis (PCA) was applied, with the results shown in figure 3.9. PC 1 

accounted for 52% of the total variance, whereas PC 2 was responsible for 18% of 

variance. The results showed some grouping by geographical location, with Glenkinchie as 

an outlier on PC 1 due to its higher concentration of ethyl esters and higher alcohols, 

possibly as a consequence of its high ionic concentration. 

 

Correlations between the sensory character of new-make spirits produced in this study 

and results from headspace-SPME analysis of these spirits was calculated, with no 

significant correlations identified. Full results can be seen in table B.13 (Appendix B). 
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Figure 3.9  PCA biplot of sample scores and loadings for volatile congeners in spirit headspace 

 
3.3.5 Sulphur-containing Compounds in Spirit Headspace by Gas Chromatography 

 

Following sensory analysis, it was noted that sulphury was among the attributes showing 

greatest variability (p = 0.0167), thus analysis of sulphur compounds present in the 

headspace by dynamic and static headspace sampling was carried out. Results are shown 

in figure 3.10, with full results for this analysis in tables B.11 and B.12 (Appendix B). As 

with the volatiles analysis carried out previously, results quoted are expressed as a 

proportion of internal standard response. 
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Figure 3.10  Sulphur-containing compounds in spirit headspace 

 

Vastly differing results were found between samples, with the highest levels of sulphur-

containing compounds found in Talisker and Bowmore samples when static adsorption 

was carried out. Glenlossie, Lagavulin and Glenkinchie samples were among the lowest of 
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showing the relatively highest overall levels, primarily due to the presence of an unknown 

compound. While Boulton and Quain (2001) state that sulphate in process water is a 

source of precursors for sulphur-containing compounds, no correlation exists between 

these levels, although this may be due to interactions with organic species in process 

water. 

 

Principal Components Analysis (PCA) was carried out, and the results of this for dynamic 
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variation, whereas PC 2 accounts for 29% of total variance. No discernable trend was 
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levels in other samples and the presence of thiazole, absent in all other samples. PC 2 was 

determined by dimethyl trisulphide (DMTS) concentration. 

 

 

Figure 3.11  PCA biplot of sample scores and loadings of sulphur compounds by dynamic 

HS-GC  

 
A PCA biplot of results for static headspace analysis of sulphur-containing compounds was 

presented in figure 3.12. PC 1 accounted for 46% of the total variation, whereas PC 2 was 

responsible for 40% of total variance. Glenlossie once again exists as an outlier, due to 

strong co-localisation with 5-methyl-2-thiophene carboxaldehyde. Again, no discernable 

trends were observed in the PCA plots in terms of geographical location.  
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A similar pattern was observed for overall sulphur compounds, with Talisker and 

Bowmore samples showing the highest levels in headspace, but scoring low for sulphury 

and meaty character. This may be due to a suppressive interaction between sulphur-

containing compounds, where a mixture of compounds is less intense than individual 

compounds (Anon 2006b). 

 
 

Figure 3.12  PCA biplot of sample scores and loadings of sulphur compounds by static HS-GC  
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between samples and little correlation between levels of anions in water and levels of 

sulphur-containing compounds in spirit headspace appeared to exist. 

 

Analysis of sulphur compounds has to date proved problematic, with issues of sensitivity 

and the presence of artefacts from the extraction method. Additionally, an unknown 

compound eluting at 11.66 min is amongst the most abundant in several samples. 

Ongoing work at the Scotch Whisky Research Institute suggests this may be 3-mercapto-1-

propanol, but suitable reference standards were not available (Harrison, B. pers. comm. 

2007). Due to such problems, the methods currently used at SWRI for sulphur analysis are 

being comprehensively revised. 

 

The relationship between sensory character and levels of sulphur-containing compounds 

in spirit headspace was investigated, with 5-methyl-2-thiophene carboxaldehyde (static 

headspace analysis) showing a strong positive correlation (p < 0.05) with sensory results, 

primarily due to the high sulphury score for Glenlossie samples. S-Methylthioacetate and 

Thiazole from dynamic headspace analysis exhibited strong negative and positive 

correlations respectively (p < 0.05) with sensory character due to the former’s relative 

absence in Glenlossie samples and the latter’s presence in the same sample. Full results 

are shown in table B.13 (Appendix B). 
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3.4 Conclusions 

 

Following initial trials, a method was developed to create reproducible new-make spirit 

samples from distillery process waters. The overall sensory character of these spirits was 

largely similar, but statistically significant variation was found in sulphury, meaty, green / 

grassy, cereal, feinty and clean attributes. The sweet attribute showed variation of 

borderline statistical significance. Between-sample variation was significantly higher than 

within-sample variation, showing any differences present were primarily due to the 

chemical composition of the process water used and not the variations in the spirit 

production method. 

 

Differences in sensory character were found to relate to the geographical source of the 

process water, with Speyside and Island waters producing heavier spirits, whereas Islay, 

Highland and to a lesser degree, Lowland waters produced lighter, sweeter spirits. A 

potential inverse proportionality between process water humic substance content and 

spirit ‘heaviness’ was proposed, although the site with the highest overall organic carbon 

levels in process water was shown to produce a ‘heavy’ spirit character. The ionic content 

of process waters appeared to have little influence on spirit character. 

 

Little actual correlation was found between the chemical composition of process waters 

and the sensory character of the resulting spirit. Only weak relationships were found with 

specific humic substance-derived compounds found in process waters, and certain groups 

of such compounds. Correlations were found between sensory character and particular 

sulphur-containing compounds in spirit headspace, although interpretation of this is 

difficult due to interactions between sulphur-containing compounds. 

 

The peaty attribute scored low in all samples, proving peaty character is not sourced from 

water, but exclusively from the burning of peat during malt kilning, which agreed with 

compositional analysis outlined in chapter 2 which showed minimal phenolic compounds 

existing in solution in process water. Any effects on spirit flavour are likely to be due to a 

number of competing factors in water composition, therefore the following sections will 

investigate the influence of inorganic and organic content in isolation. 
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4. Production of New-make Spirit Using Artificially Spiked Waters –  

Part One: Inorganic Species 
 

4.1 Introduction 

 

While studying spirits made from different industrial process waters provides an 

evaluation of the impact of total water composition on spirit quality, these waters 

contain a variety of organic and inorganic species which may affect spirit flavour either 

through direct flavour impacts or by affecting the mashing and fermentation processes 

and the subsequent distillation. It is therefore important to assess the influence of such 

factors in isolation. The impact of varying concentrations of anions and cations was 

investigated in this chapter, with the following chapter concerned with assessment of the 

influence of peat-derived compounds in water. 

 

From the results in chapter 2 of this study, it was apparent that significant variation 

existed in the composition of distillery process waters from differing locales, the 

concentrations and proportions of water constituents being determined by residence 

time in the underground aquifer and nature of the underlying geology. However, despite 

the large variation of rock strata found in Scotland, the proportions of inorganic species 

found in process waters were largely similar, dominated by calcium, chloride, sodium, 

and sulphate, all of which can fundamentally influence the fermentation process. As a 

general rule, metal ions affect the fermentation, altering the formation of by-products by 

yeast, whereas anions have direct flavour effects (Holzmann and Piendl 1976). 

 

The extent of the variation found in ionic concentration of industrial process waters was 

minimal in comparison to brewing waters (as shown in table 1.4), where large differences 

in ionic concentration can significantly affect the character of the final product. In 

addition to from process water, ions in the mashing and fermentation processes may be 

sourced from yeast and its feedstocks (Walker et al. 2004) or from malted barley, 

influenced by mashing conditions and the chemical and physical properties of the grain 

(Boulton and Quain 2001). In addition to chelation of ions to organic species described in 
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chapter 2, ions in process water may also bind to components of wort, such as amino 

acids or polyphenols (Holzmann and Piendl 1976). Such compounds will be removed from 

the system as solids during mashing and as such will not influence the fermentation 

process. 

 
Ionic concentration in new-make spirit may be influenced by the underlying geology from 

which the water is sourced, as was seen in a survey of new-make malt spirits (Anon 

2006c), where spirits produced from spring waters exhibited higher overall levels of ions 

in spirit. However, spirit production regimes have a more fundamental effect on the ionic 

content of the spirit. In table 4.1, no correlation was found between ionic content of 

water and ionic content of new-make spirit for a variety of distilleries from locations 

throughout Scotland (Anon 2006c). Therefore, it was assumed that any influence to spirit 

character from process water ionic content would be primarily through indirect effects 

on the mashing, fermentation and distillation process, rather than direct flavour effects 

from ions in water passing into the final spirit. 

 

Table 4.1  Comparison of water and spirit 

ionic concentrations in mg L-1 (Anon 2006c) 

Distillery 
Total Ions in 

Water 
Total Ions in 

Spirit 

Highland A 86.4 1.2 

Highland B 39.4 1.3 

Highland C 23.8 1.2 

Highland D 33.1 0.9 

Speyside A 55.9 1.2 

Speyside B 88.0 3.0 

Speyside C 124.1 3.6 

Island A 66.7 1.1 

Island B 176.7 2.7 

Islay A 65.0 1.2 

Islay B 54.4 11.2 

 

 

While a source of ions is essential for full yeast activity, yeasts are capable of assimilating 

non-essential ions which often compete with essential ions and may even be toxic to the 
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yeast cells (Boulton and Quain 2001). Interactions may also occur between ions, such as 

high levels of calcium affecting magnesium-dependent functions of yeast growth (Walker 

et al. 1996). Ions may be assimilated by passive biosorption to the yeast cell wall or by 

active bioaccumulation for use in yeast metabolic processes. 

 

In this chapter, waters containing a variety of inorganic compositions reflecting those 

found in industrial process waters were produced, and new-make spirits created for 

sensory and chemical analysis. Levels of key higher (or ‘fusel’) alcohols and residual 

sugars were measured, along with wash pH and alcohol strength to fully understand any 

effects of process water composition on the fermentation process, and more importantly 

on yeast activity and waste product excretion. While some of the compounds produced 

by yeast in wash will continue into the distillate, such as alcohols, many compounds such 

as esters will be formed during the distillation from precursors present in wash, which 

may or may not be distilled themselves (Berry 1979), or are bound to yeast cells during 

fermentation and only released during distillation (Berry 1981). The ionic composition of 

these new-make spirits was also measured to assess whether composition of process 

waters had any influence on spirit ionic composition. 
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4.2 Methods and Materials 

 

4.2.1 Production of Waters 

 

Four ionic-spiked waters were produced; a blank containing solely deionised water, a 

high level sample with an ionic content as found in the highest industrial water sample 

(Glenkinchie), a low level sample with an ionic content as for the mean of the two lowest 

industrial water sample (Clynelish and Glenlossie) and a mid level sample with an ionic 

content representing an average of the ten industrial water samples. This method was 

chosen as all water samples showed similar proportions of ions (figure 4.1), therefore to 

investigate single ions in isolation would be excessively time-consuming. 

 

Figure 4.1  Proportions of total ionic content by distillery 

 
15 L of each water was produced with the ionic content detailed in table 4.2. 

Table 4.2  Ionic concentrations for spiked waters 

 
pH 

Sodium 
(mg L-1) 

Magnesium 
(mg L-1) 

Calcium 
(mg L-1) 

Chloride 
(mg L-1) 

Sulphate 
(mg L-1) 

Carb. 
(mg L-1) 

Hardness 
(mg L-1) 

Alkalinity 
(mg L-1) 

High level 8.1 28 40 36 79 47 47 152 4 
Low level 7.2 6 2 5 11 8 10 19 8 

Mid level 7.1 13 8 14 27 15 33 54 27 
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The waters described in table 4.2 were produced by the addition of compounds detailed 

in table 4.3 (in grams unless stated): 

 
Table 4.3  Additions to spiked waters 

 MgSO47(H2O)†  NaHCO3
†

 CaCO3
†

  NaCl†    CaCl2
† CaSO42(H2O) † MgCl26(H2O) † 

H3PO4
† 

(mL) 

High level 1.827 1.535 1.030 0.000 0.446 0.000 3.385 0.093 
Low level 0.305 0.249 0.000 0.056 0.243 0.003 0.000 0.258 
Mid level 0.695 0.687 0.000 0.056 0.770 0.000 0.000 0.818 

†MgSO47(H20) – Magnesium sulphate heptahydrate (Epsom Salt) 
  NaHCO3 – Sodium bicarbonate (Baking soda) 
  NaCl – Sodium Chloride (Uniodized Canning Salt) 
  CaCl2 - Calcium chloride  
  CaSO42(H2O) – Calcium sulphate dihydrate (Gypsum) 
  MgCl26(H2O) - Magnesium chloride hexahydrate  
  H3PO4 - Orthophosphoric acid  

 

In addition, two further 15 L batches of water were supplemented with 1000 mg L-1 iron 

nitrate and 1000 mg L-1 zinc nitrate to give final concentrations of 1.09 mg L-1 iron and 

0.84 mg L-1 zinc respectively, reflecting the highest amounts found in industrial process 

waters in chapter 2 (from Bowmore and Talisker samples respectively). The presence of 

nitrate in process water may have food safety issues in terms of nitrosamine formation 

(Boulton and Quain 2001), however fermentation and subsequent spirit character should 

not be affected. 

 

4.2.2 Spirit Production 

 

The spiked water samples were frozen until required for use as mashing waters to create 

a fermentable wort for spirit production, as detailed in section 3.2.2. Mashing, 

fermentation and distillation were carried out using these spiked waters over a 32-day 

period as detailed in table 4.4, with water samples distributed throughout this time to 

overcome any variation in yeast batches. 50 mL samples of wash were taken at 24 h 

intervals for monitoring of fermentation parameters such as biomass, pH, higher 

alcohols, residual sugars and alcohol strength to assess any influence of ionic 

composition on fermentation progress. 
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As before, distillation progress was measured over time, with 750 mL of distillate being 

collected in around 3.75 h, at a rate of approximately 2.5 mL min-1 for the wash 

distillation, with 155 mL of spirit collected in a measuring cylinder in around 1.2 h, at a 

rate of approximately 2.85 mL min-1. 

 

Once again, each mashing, fermentation and distillation was carried out in triplicate to 

assess any inherent variation in spirit character as a consequence of the production 

process. Composite samples were created for sensory and chemical analyses to 

overcome this variation. Alcohol strength and density measurements were carried out, 

whereby wash, low wines and spirit samples were degassed and attemperated to 20 oC, 

then density and alcohol strength measured using an Anton-Paar DMA 5000 density 

meter. 
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Table 4.4  Spirit production plan for ionic waters 

Day Mashing and Fermentation Distillation 
Yeast 
Batch 

1 Deionised 1 Low 1    
2 Medium 1 High 1    

3      
4   Deionised 1 Low 1 1 
5   Medium 1 High 1  

6      
7      

8 Iron 1 Zinc 1    
9 Deionised 2 Low 2    

10      
11   Iron 2 Zinc 2 2 

12   Deionised 2 Low 2  
13      
14      

15 Medium 2 High 2    
16 Iron 2 Zinc 2    
17      

18   Medium 2 High 2 3 
19   Iron 2 Zinc 2  
20      

21      

22 Deionised 3 Low 3    
23 Medium 3 High 3    

24      
25   Deionised 3 Low 3 4 
26   Medium 3 High 3  

27      
28      

29 Iron 3 Zinc 3    
30     

5 
31     
32   Iron 3 Zinc 3  

 

4.2.3 Wash Biomass Analysis 

 

In order to separate yeast particles from the wash, 50 mL samples of wash taken at 24 h 

intervals were filtered through weighed Whatman Qualitative 2V cellulose filters at 

atmospheric pressure. The filter was dried at 105 oC for a minimum of 2 h and reweighed. 

Biomass was calculated from the difference in weight, expressed as dry matter in grams 

per litre of wash. Results quoted are for the mean of the three replicates.  
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4.2.4 Residual Sugars in Wash 

 

In this method, separation was achieved by high performance anion exchange (HPAE). At 

high pH, carbohydrates are partially ionised and can therefore be separated by anion 

exchange chromatography. A Dionex Carbopac PA-100 (Dionex Inc., Sunnyvale, CA, USA) 

Guard column (4 x 50 mm) and a Dionex Carbopac PA-100 column (4 x 250 mm) were 

used, with detection using a Dionex PAD pulsed amperometric detector with gold 

electrode. Hewlett Packard Chemstation data handling software (Agilent Corp., Santa 

Clara, CA, USA) was used to calculate results. 

 

Wort was diluted according to its specific gravity (table 4.5). 180 µl of internal standard 

was added to 900 µl of diluted sample and mixed. Samples were prepared in 1.5 ml glass 

vials and capped. 

Table 4.5  Wort Dilutions for Sugars Analysis 

Gravity of Wort Dilution Factor 

1.050 1:200 
1.031 1:100 

1.018 1:50 

 

For the internal standard, 180 µl of 0.6 mg mL-1 cellobiose was added to 900 µl of sample 

to give a final concentration of 100 mg L-1. Sample (20 µL) was injected onto the column 

at 1000 µL min-1. The eluents used were deionised water (eluent A) and 500 mM sodium 

hydroxide (eluent B), at 1 mL min-1 following the gradient programme shown in table 4.6. 

 
Table 4.6  Eluent Gradient Programme 

Time(minutes) 
%B 

(NaOH) 
%A 

(water) 

0 20 80 
13 30 70 

20 50 50 
25 75 25 
28 100 0 

31 100 0 
31.1 20 80 
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4.2.5 Wash pH Analysis 

 

To monitor pH over the fermentation process, filtered wash samples (see section 4.2.3 

above) were analysed using a Jenway 3310 pH meter (Jenway Ltd., Dunway, Essex). 

Results quoted are for the mean of the three replicates. 

 

4.2.6 Analysis of Volatile Esters, Higher Alcohols, Vicinal Diketones and Acetaldehyde in 

Wash 

 

In this method, volatile compounds in wash were salted out with 2 g sodium chloride in a 

sealed 20 mL vial with 50 µL of 200 mg L-1 3-heptanone and 18.1 mg L-1 hexanedione in 

absolute alcohol as an internal standard. The equilibrium headspace vapour was sampled 

and analysed using a Perkin Elmer HS40XL Headspace Autosampler (Perkin Elmer, 

Waltham, MA, USA) connected to a Hewlett-Packard 5890 series II gas chromatograph 

(Agilent Corp., Santa Clara, CA, USA) in split mode, with a split ratio of 56:1. A 60 m 

Chrompack CP-Wax-57-CB column (Chrompack UK Ltd., Gillingham, Dorset, UK) with an 

internal diameter of 0.25 mm and film thickness of 0.40 µm was used, with helium as the 

carrier gas at 37 mL min-1. A 1 m deactivated fused silica retention gap (0.25 mm 

diameter) was used as a guard column. Flame ionisation detection was utilised with 

nitrogen make-up gas at 22 mL min-1. Hewlett-Packard Chemstation data handling 

software was used to calculate results.  



 101 

The following conditions were employed for headspace sampling: 

 

Oven temperature = 60 °C 

Needle temperature = 70 °C 

Transfer tubing temperature = 110 °C 

GC cycle time = 45 min 

Thermostat time = 91 min  

Pressurise time = 0.1 min 

Injection volume = 200 µL 

Withdrawal time = 0.1 min 

Vial venting = On 

 

The oven temperature was held at 43 oC for 2 min, then ramped to 86 oC at 1.5 oC min-1. 

The temperature was further raised to 180 oC at 40 oC min-1, then held at 180 oC for 5.22 

min. 

 

4.2.7 Wash Alcohol Strength 

 

Alcohol strength of filtered wash samples was measured using a Chrompack CP9000 Gas 

Chromatograph. Results quoted are for the mean of the three replicates. n-butanol (0.5% 

v/v) was used as an internal standard. The injector was a split/splitless system working in 

split mode, with a split ratio of 133:1. A 10 m capillary column (Chrompack SIL-5CB) with 

an internal diameter of 0.32 µm and film thickness of 1.2 µm was used, attached to a 

flame ionisation detector. The oven was set to an isothermal 115 oC, with the injector 

temperature at 150 oC and the detector at 200 oC. The carrier gas was nitrogen at 1.5 mL 

min-1. A Hitachi - Merck D2000 Integrator was used for calculation of results. 

 

Samples were degassed and centrifuged at 2000 rpm for 2 min to remove any residual 

yeast which may remain in the samples. For samples over 5% abv, dilutions were made 

using deionised water. 
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4.2.8 Sensory Analysis of New-make Spirits 

 

The resulting spirits were subjected to Quantitative Descriptive Analysis (QDA) as carried 

out in section 3.2.4, where samples are scored between 0 and 3 for 16 major flavour 

attributes. To assess the representativeness of these samples, the sensory data obtained 

was compared with data from SWRI’s new-make spirit survey (Anon 2007b), in which 76 

new-make spirits from malt distilleries were analysed for cations and anions. 

 

4.2.9 Headspace-Solid Phase Micro Extraction-Gas Chromatography/Mass Spectrometry 

Analysis 

 

Analysis of volatile compounds in spirit headspace was carried out as detailed in section 

3.2.5 of this project. 

 

4.2.10 Anion and Cation Content of Spirit 

 

These analyses were carried out on new-make spirits as detailed in section 2.1.4 of this 

project, with the exception of anion analysis, where alcohol present in samples was 

removed prior to analysis to avoid matrix effects. 1 mL of sample was placed into a 

Genevac EZ-2 Personal Evaporator set to 35 oC and 10 mbar for 90 min or until the 

samples were evaporated to dryness. 1 mL of deionised water was added to the vial, 

which was shaken for 30 s on a vortex mixer, then sonicated for 10 min to resuspend ions 

in the vial. 
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4.3 Results and Discussion 

 

4.3.1 Wash Biomass Analysis 

 

All samples showed similar yeast growth with the exception of wash made from low level 

ionic and deionised waters, in which the yeast increased at a faster rate than with the 

other waters (figure 4.2, full results are shown in table B.14 in Appendix B). Wash made 

from high level ionic waters increased in biomass at a relatively low rate.  

 

No lag time was evident in any of the samples, as is typical of ‘M’-type yeast 

fermentations (Berry 1979), although this may be a consequence of taking samples at 24 

h intervals. One source of possible error in this measurement is the presence of solid 

matter other than yeast cells, which may provide a higher weight than is actually present. 

In addition, although biomass is positively correlated with cell number, the dry weight 

gives no indication of the physiological state of the cells (Briggs et al. 2004). 

 

 

Figure 4.2  Wash biomass during fermentation process 
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4.3.2 Residual Sugars in Wash 

 

The concentrations of glucose, fructose, maltose and maltotriose in wash, and thus the 

rate of sugar uptake by yeast over the 60 h fermentation time are shown in figures 4.3A-

D. Sucrose was also measured, but was absent in all samples throughout the 

fermentation. Full results can be seen in table B.15 (Appendix B). The catabolism of 

sugars provides yeast with carbon skeletons and energy for anabolic pathways. The 

major pathway is the enzyme-mediated production of ethanol via acetaldehyde, but 

sugars are also essential for glycolysis, the hexose monophosphate pathway, the 

tricarboxylic acid cycle and electron transport pathways (Briggs et al. 2004). 

 

Initial total sugar levels varied from 118 - 141 g L-1, within the 110 - 179 g L-1 quoted for 

industrial worts (Watson 1983).  A similar pattern was shown between samples, with 

wash made from deionised and low level ionic mashing waters utilising sugars marginally 

faster between 12 and 48 h. The faster uptake of maltose and maltotriose explained the 

more rapid increase in yeast biomass shown in wash made from deionised and low level 

ionic spiked waters between 24 and 48 h. However, no concomitant increase was shown 

in production of higher alcohols or other congeners in these samples. 

 

Sucrose would normally be used up initially, however as mentioned above, was absent 

from all samples. Following this, glucose and fructose are taken up simultaneously by 

yeast, and these were utilised completely in all samples by 24 h. After complete 

utilisation of glucose and fructose, the most abundant wort sugar maltose is catabolised, 

and was exhausted in all samples between 24 and 48 h. Maltotriose, which is utilised 

after all maltose has been assimilated, was absent after approximately 48 h. 
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Figure 4.3A-B  Levels of glucose and fructose in wash    Figure 4.3C-D  Levels of maltose and maltotriose in wash 

during fermentation        during fermentation
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Initial levels of all sugars were similar between the six worts produced, which showed 

that extraction of sugars during mashing was not greatly affected by the ionic 

composition of the mashing water. Variations in carbohydrate compounds in wort can 

have a significant effect on the formation of a number of flavour active higher alcohols 

during fermentation (Engan 1971), although the variation experienced in samples in this 

study is unlikely to affect congener profile significantly. 

 

The presence of residual sugars in wash may affect the eventual spirit character, as these 

may react with amino acids (Maillard Reaction) during distillation to form cereal-type 

aroma compounds. As such flavour-active compounds have odour thresholds in the parts 

per billion region, the sensitivity of this method may not be sufficient to detect residual 

sugars which may generate cereal aroma by this means. 

 

4.3.3 Wash pH Analysis 

 

Initial wort pH was within the range 5.1 – 5.6. The addition of ions to the mashing water 

at concentrations found in industrial waters appeared to have little or no effect on wort 

pH, with the exception that deionised water had a slightly higher initial pH (figure 4.4, full 

results shown in table B.16 in Appendix B). During fermentation, a general downward 

trend is observed, primarily due to the excretion of organic acids as part of glycolysis or 

the tricarboxylic acid cycle by yeast (Boulton and Quain 2001). The slight rise in pH 

towards the end of the fermentation is due to assimilation of these organic acids and an 

increase in the level of α-amino nitrogen as yeast autolyses (Berry 1979). 
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Figure 4.4  Wash pH during fermentation process 

 

Washes made from mid level and high level ion-supplemented water samples exhibited a 

greater decline in pH between 12 and 48 h. This was likely to be due to the increased 

calcium concentration, which reduces wash pH by reacting with buffering compounds, 

including peptides, proteins and other substances to form insoluble compounds which 

release H+ ions. Phosphate ions are also involved in regulation of wash pH, through 

interactions with calcium and magnesium (Briggs et al. 2004). Phosphate was absent in 

industrial process waters and thus not considered in this study for addition to process 

waters, but is sourced chiefly from malted barley. 

 

The pH of wash can affect the solubility of metal ions, with a decrease in pH leading to an 

increase in free metal ions (Berry 1979). However, the levels of variation found in this 

study were unlikely to have a significant effect in this respect. Also, Ramsay and Berry 

(1983) state that volatile formation is practically unchanged between a pH of 4.5 – 6.0, 

with only furfural (responsible for ‘bread’ and ‘almond’ aromas) levels varying due to a 

change in final pH, of which little variation was observed in this study. 
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4.3.4 Analysis of Volatile Esters, Higher Alcohols, Vicinal Diketones and Acetaldehyde in 

Wash 

 

Few overall trends were observed relating water composition to flavour compound 

(figure 4.5A-M, with full results in table B.17 in Appendix B). Wash made from higher 

ionic concentration mashing waters showed increased production during fermentation of 

certain congeners and decreased production of others. The concentrations of these 

congeners after 60 h are shown in table 4.7. 

 

Table 4.7  Final wash congener concentrations (results in mg L-1) 

 Deionised Low level Mid level High level Iron Zinc 
Acetaldehyde 10.0 11.0 8.7 10.6 4.9 4.5 
Ethyl acetate 13.7 13.9 17.5 15.3 12.8 15.2 
Isobutyl acetate 0.0 0.0 0.0 0.0 0.0 0.0 
Ethyl butyrate 0.1 0.1 0.1 0.1 0.1 0.1 
Propanol 48.8 45.4 48.4 45.6 56.4 44.4 
Isobutanol 63.7 53.1 55.2 56.5 67.5 56.0 
Isoamyl acetate 0.3 0.3 0.5 0.5 0.3 0.5 
2-methyl butanol 42.6 38.3 37.0 37.5 45.0 37.4 
3-methyl butanol 84.9 74.5 81.8 74.3 101.4 81.5 
Ethyl hexanoate 0.1 0.1 0.2 0.1 0.2 0.3 
Ethyl octanoate 0.3 0.2 0.7 0.3 1.1 1.4 
Butanedione 0.1 0.1 0.1 0.0 0.1 0.1 
Pentanedione 0.0 0.0 0.0 0.0 0.0 0.0 

 

Wash produced using deionised water contained a greater concentration of 

acetaldehyde (figure 4.5A), responsible for ‘grassy’ aroma, between 0 and 48 h, while 

zinc-supplemented waters gave relatively lower acetaldehyde levels during this period 

with those of iron-spiked samples decreasing more rapidly towards the end of the 

fermentation. Following initial production of acetaldehyde by the enzyme pyruvate 

dehydrogenase, levels normally decrease in mid-fermentation due to alcohol 

dehydrogenase activity in yeast, forming ethanol or acetate (Geiger and Piendl 1976). 

High acetaldehyde levels are often a symptom of poor yeast quality or inadequate 

control of fermentation conditions. 

 

Ethyl acetate (figure 4.5B), one of the most flavour active esters responsible for ‘fruity’ 

and ‘solvent’ aromas, was produced in elevated levels between 24 and 60 h in wash 
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made from mid level and high level ionic water samples. This compound is formed by 

esterification of higher alcohols and is among the most abundant in spirit, due to 

concentration during distillation. Overall levels of ethyl acetate were largely consistent 

between samples after 60 h, ranging from 12 to 17 mg L-1, irrespective of water 

composition. 

 

Isobutyl acetate (‘banana’ / ‘fruity’ aromas – shown in figure 4.5C) and ethyl butyrate 

(‘pineapple’ aroma – shown in figure 4.5D) are produced, as with other esters in this 

analysis, during fermentation from reactions between alcohols and a fatty acyl-CoA ester 

and by the action of esterases (Nordstrom 1962). Largely similar trends were observed 

for isobutyl acetate and ethyl butyrate for all samples, with low overall levels found. 

 

1-propanol (figure 4.5E), responsible for ‘pungent’ and ‘alcohol’ aromas, is solely 

synthesised from wort carbohydrates via pyruvate as there is no corresponding amino 

acid (Boulton and Quain 2001). Increased production of 1-propanol was observed for 

wash made from iron-spiked waters after 48 h. A similar trend was found for levels of 

isobutanol (figure 4.5F), responsible for ‘wine’, ‘solvent’ and ‘bitter’ aromas, with wash 

made using deionised water showing higher production throughout the fermentation 

process. Isobutanol may be produced from wort carbohydrates as above, but also via the 

Ehrlich pathway of amino acid conversion (in this case valine), as with all longer-chained 

alcohols (Ayrapaa 1968). In this pathway, amino acids are transaminated to α-keto acids 

by a series of enzymes, followed by a decarboxylation step to fusel aldehydes, then a 

reduction step to form higher alcohols and acids (Hazelwood 2008). 
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Figure 4.5A-B  Levels of acetaldehyde and ethyl acetate Figure 4.5C-D  Levels of isobutyl acetate and ethyl butyrate 

during fermentation process  during fermentation process
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Figure 4.5E-F  Levels of 1-propanol and isobutanol during  Figure 4.5G-H  Levels of isoamyl acetate and 

fermentation process         2-methylbutanol during fermentation process 

0

10

20

30

40

50

60

0 12 24 36 48 60

Pr
op

an
ol

 (m
g 

L-1
)

Time (h)

Deionised
Low level
Mid level
High level
Iron
Zinc

0

10

20

30

40

50

60

70

80

0 12 24 36 48 60

Is
ob

ut
an

ol
 (m

g 
L-1

)

Time (h)

Deionised
Low level
Mid level
High level
Iron
Zinc

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 12 24 36 48 60

Is
oa

m
yl

 a
ce

ta
te

 (m
g 

L-1
)

Time (h)

Deionised
Low level
Mid level
High level
Iron
Zinc

0

5

10

15

20

25

30

35

40

45

50

0 12 24 36 48 60
2-

m
et

hy
l b

ut
an

ol
 (m

g 
L-1

)
Time (h)

Deionised
Low level
Mid level
High level
Iron
Zinc

E 

F 

G 

H 



 112 

 

 

 

  

Figure 4.5I-J  Levels of 3-methylbutanol and ethyl hexanoate Figure 4.5K-L  Levels of  ethyl octanoate and butanedione during  

during fermentation process  fermentation process
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Figure 4.5M  Levels of pentanedione during fermentation process 
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trend was observed for 2,3-pentanedione levels (responsible for similar aromas to 2,3-

butanedione – figure 4.5M), although this was present in lower levels than 2,3-

butanedione. These vicinal diketone compounds are formed from precursors excreted by 

yeast; α-acetolactate and α-acetohydroxy acids (Boulton and Quain 2001). These 

compounds are of particular importance, due to their very low sensory threshold, with 

2,3-butanedione having a threshold ten times lower than that of 2,3-pentanedione 

(Nykänen and Suomalainen 1983). 

 

Briggs et al. (2004) state that levels of iron in mashing water should not exceed 1 mg L-1 

to avoid any harmful effects to yeast, however in this study, worts produced from iron-

spiked mashing water produced wash with greater levels of several flavour active higher 

alcohols than those produced using deionised mashing water. Levels of a number of 

congeners, primarily higher alcohols, increased sharply towards the end of the 

fermentation. One possible explanation for this is an inhibitory effect from levels of iron 

in the early part of the fermentation, which was reduced due to bioadsorption by yeast 

cells to actively reduce free iron concentration in wash. 

 

Levels of zinc used in this study also exceeded the 0.5 mg L-1 recommended in Briggs et 

al. (2004), however again no negative effect was observed in yeast activity and 

subsequent higher alcohol production. Only acetaldehyde levels were reduced due to the 

addition of iron and zinc to mashing waters, the reduced levels in zinc-spiked waters 

possibly due to the effect of the zinc-mediated enzyme alcohol dehydrogenase, which 

converts acetaldehyde to ethanol (Geiger and Piendl 1976). 

 

4.3.5 Wash Alcohol Strength 

 

The samples show a broadly similar rate of increase in ethanol during fermentation, with 

the mid level ionic sample rising slightly at around 48 h, although this was not related to 

increased sugar uptake and can only be attributed to natural variation (figure 4.6, with 

full results shown in table B.18 in Appendix B). Rapid alcohol production in the early 

stages of fermentation is characteristic of ‘M’-type yeasts (Berry 1979), with the decrease 
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in rate of production in later stages of fermentation due to nutrient depletion and 

ethanol toxicity (Thatiparnala et al. 1992). 

 

The final alcohol yield was proportional to ionic concentration, although variation was 

minimal between the four samples, ranging from 7.8% abv to 8.7% abv in ionic samples. 

Iron- and zinc-spiked samples showed a relatively lower final alcohol yield than wash 

made from mixed ionic spiked and deionised samples. 

 

Figure 4.6  Wash alcohol strength during fermentation process 

 

4.3.6 Spirit Production 
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Figure 4.7  Mean wash distillation progress over time 

 
Figure 4.8 shows mean timings for spirit distillations, with full results shown in tables 

B.19-21 (Appendix B). Similar rates of distillation were achieved, with only low level ionic 

water samples varying due to a slight slowing of distillation rate between 20 and 40 mL. 

 

Figure 4.8  Mean spirit distillation progress over time 
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Table 4.8 shows alcohol strengths for wash, low wines and spirit. No discernable trend 

was observed between the samples, implying no relationship existed between ionic 

strength and alcohol yield. Also, addition of zinc to mashing water appeared to have little 

or no effect on alcohol yield, implying sufficient zinc was already present within the wort 

for efficient alcohol dehydrogenase activity, of which zinc is an essential cofactor (Walker 

et al. 2006). 

 

Table 4.8  Mean alcohol strengths (SD in brackets) 

  
Wash 

(% abv) 
Low wines 

(% abv) 
Spirit 

(% abv) 

Deionised 7.795 (0.21) 22.083 (0.64) 76.720 (1.00) 
Low level 7.791 (0.26) 21.593 (0.67) 74.799 (1.49) 
Mid level 7.517 (0.01) 23.226 (0.17) 77.495 (0.83) 
High level 7.502 (0.00) 21.356 (2.08) 74.005 (3.11) 

Iron 7.307 (0.15) 22.570 (0.55) 75.898 (1.83) 
Zinc 7.621 (0.21) 22.539 (0.87) 76.871 (0.18) 

 

 

4.3.7 Sensory Analysis of New-make Spirits 

 

The results from Quantitative Descriptive Analysis (QDA) of the composite spirit samples 

by aroma attribute are shown in table 4.9, and as a spider plot in figure 4.9. As before, a 

two-way analysis of variance (ANOVA) was carried out, with the p-value giving the 

significance of the variation present. When p < 0.05, a statistically significant variance not 

occurring due to natural variation is present (shown in dark type). Significant variances 

were observed for cereal, feinty, meaty, oily and sulphury attributes. 
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Table 4.9  Mean sensory scores per attribute for new-make spirits (attributes with 

significant variation shown in dark type) 

Sample  Deionised 
Low 
level 

Mid 
level 

High 
level 

Iron Zinc 
ANOVA 
p-value 

Pungent 1.1 1.1 1.2 1.1 0.7 0.7 0.2780 
Sulphury 0.6 1.0 0.7 1.1 0.6 0.6 0.0066 
Meaty 0.3 0.5 0.3 0.6 0.4 0.3 0.0426 

Solventy 0.9 0.8 1.0 0.6 0.5 0.5 0.0939 
Fruity/ estery 0.8 0.9 1.0 0.7 0.4 0.5 0.4472 
Green/ grassy 0.7 0.5 0.8 0.7 0.5 0.6 0.3956 

Floral 0.6 0.4 0.6 0.4 0.4 0.6 0.1427 
Cereal 0.6 0.8 0.7 1.0 0.5 0.5 0.0156 
Sweet 0.7 0.6 0.7 0.5 0.4 0.5 0.2562 

Soapy 0.8 0.5 0.7 0.6 0.5 0.4 0.0583 
Peaty 0.1 0.1 0.2 0.2 0.1 0.2 0.5584 
Feinty 0.8 0.8 0.8 1.1 0.6 0.8 0.0266 

Oily 0.6 0.6 0.8 0.6 0.4 0.4 0.0292 
Sour 0.3 0.3 0.4 0.3 0.4 0.3 0.7881 
Stale 0.3 0.4 0.4 0.4 0.6 0.5 0.1047 

Clean 1.7 1.7 1.7 1.5 1.4 1.5 0.2738 

 

Significant variation at the 95% confidence level was found for the sulphury and meaty 

attributes, although no general trend was observed, with spirits produced from low and 

high level ionic waters exhibiting the highest scores. The addition of iron and zinc to 

mashing water appeared to have little or no influence on sulphury or meaty character. 

 

Boulton and Quain (2001) state that the precursors for sulphur-containing compounds 

may be sourced from sulphate in process water, however the trends observed in this 

study suggested a direct influence on levels of flavour-active sulphur compounds does 

not exist. As mentioned previously, suppressive interactions between sulphur-containing 

compounds may obscure such effects (Scotch Whisky Research Institute 2006b). 

Therefore, the key source of such precursors must be breakdown of the amino acids, 

methionine, cystine and cysteine and other biochemicals such as glutathionine, thiamine 

and coenzyme A (Nykänen and Suomalainen 1983). 

 

Goodall and Fotheringham (1996) state that the pH of wash can affect the formation of 

sulphur-containing compounds and thus sulphury and meaty character, however no 

correlation existed between these parameters in this study. Therefore the variation 
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encountered must be solely due to the distillation process, primarily in terms of reaction 

with copper in the lyne arm, which has been demonstrated to reduce the levels of 

sulphur-containing compounds, producing a cleaner, sweeter spirit (Leppänen et al. 

1983). 

 

Figure 4.9  Spider plot of new-make spirit sensory results 
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amount of feinty flavour active compounds passing through distillation. As spirit cuts 

were performed on the basis of volume in this study, rather than alcohol strength as 

carried out in industry, it was possible that a degree of the variation in feinty character 

was caused by this factor. Certain compounds which have been identified as contributing 

to ‘feinty’-type aromas, such as 2-acetyltetrahydropyridine and 2-acetylpyrroline 

(Walker, D. pers. comm. 2007), are produced in wine as a consequence of the action of 

wild yeasts, predominantly lactic acid bacteria and Dekkera species (Snowdon et al. 

2006). However, such a production has not been demonstrated in whisky fermentations. 

 

Oily character was markedly increased in spirits made from mid level ion-supplemented 

water samples, and reduced in iron- and zinc-spiked water samples compared to that of 

deionised water samples. This was inversely proportional to levels of vicinal diketones in 

wash, which are among the compounds responsible for ‘oily’ character, suggesting 

variations in the distillation process were responsible for a change in ‘oily’ character. 

 

Comparison between sensory results and composition of wash showed that little 

correlation existed between levels of acetaldehyde in wash and green / grassy aromas in 

resulting spirits. This was due in part to levels of aldehydes in wash being vastly reduced 

during distillation (Suomalainen and Nykänen 1970). Also, despite the high levels of amyl 

alcohols found in wash, cereal aromas for spirits produced from iron-spiked waters 

received relatively low scores in sensory analysis. No correlation existed between ethyl 

hexanoate and octanoate levels in wash and the appropriate sensory attributes. Nor did 

any correlation exist between levels of vicinal diketones and the ‘oily’ attribute in sensory 

analysis. 

 

Overall, no general trends were observed from the sensory character of spirits made 

from deionised water up to those made from waters with high levels of ionic content. 

The high level ionic waters produced spirits with lower scores for a number of attributes 

than those made from other levels, primarily for solventy, floral and clean attributes, 

suggesting an inhibitory effect in the production of certain flavour-active congeners. 

However, this was not borne out from analysis of key congeners in wash. 
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Spirits made from waters containing iron and zinc in the highest levels found in industrial 

process waters were scored as less pungent, solventy, fruity / estery, sweet, oily and 

soapy than those made from deionised water. This could in part be explained by the 

slightly slower rate of wash distillation with these samples, which would lead to fewer 

compounds responsible for ‘heavy’ spirit character passing through the distillation. 

 

PCA was applied to the data, and the sample scores and loadings are shown in figure 

4.10. PC 1 accounted for 51% of total variation, with PC 2 describing 24%. The spirits 

made from iron- and zinc-supplemented waters were distinct from the other samples on 

the basis of their higher scores for the stale attribute and lower scores for a number of 

attributes mentioned above. Spirits made from deionised and mid level ionic-spiked 

waters co-localised in the positive region of PC 1 due to their solventy, floral, sweet and 

green / grassy characters. PC 2 represented heavy character in spirit, with those made 

from high and low level ionic waters located in the positive region of this component due 

to their relatively sulphury and meaty character. No overall trend was observed as the 

ionic content of mashing waters was increased. 

 

Figure 4.10  PCA Biplot of sensory analysis sample scores and loadings 
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In addition to the QDA carried out on composite samples, sensory analysis was 

undertaken on replicates of the spirit samples made from ionic-spiked waters with the 

most differing sensory profiles (made from deionised and high level ionic waters) to 

ensure between-sample variation was greater than within-sample variation. PCA was 

applied to the data and plots of sample scores and loadings can be seen in figure 4.11, 

with full results in table B.22. The PCA plot shows clear groupings for deionised and high 

level samples across PC 1, which accounted for 44% of total variation. The positive region 

of PC 1 was determined by heavier attributes, such as sulphury and feinty, whereas the 

negative region was dominated by lighter, sweeter attributes. 

 

Figure 4.11  PCA Biplot of reproducibility sample scores and loadings 
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from iron- and zinc-spiked samples were also outliers in the negative end of both PCs due 

to their slight stale and peaty characters. PC 2 was inversely proportional to the peatiness 

of the spirit. 

 

Figure 4.12  PCA biplot of sensory data for laboratory and industrial new-make spirits 
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production. However, the similar high levels found in spirits made from iron- and zinc-

spiked waters conflict with this conclusion. 

 

Fruity / estery character was found to be higher in the mid level samples from the 

sensory analysis carried out, and this was borne out by higher levels of esters in the spirit 

headspace of these samples, although the sweet attribute was no higher than found in 

other samples. Levels of ethyl hexanoate (‘apple’ and ‘fruity’ aromas), ethyl octanoate 

(‘fruity’ and ‘fat’ aromas), 3-methylbutyl octanoate (isoamyl acetate, responsible for 

‘banana’ aromas) and ethyl decanoate (‘grape’ aromas) were among those found in 

highest quantities in these samples. 

 

Figure 4.13  Concentrations of aroma compounds in new-make spirit 
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The absence of compounds such as hexanol, ethyl lactate and furfural in the spirit 

headspace suggests that little or no microbial contamination existed in the wash during 

fermentation. Such compounds are found in industrial spirits as a consequence of 

bacterial contamination (Ramsay and Berry 1983). 

 

The data in figure 4.13 were analysed by PCA, and the sample scores and loadings can be 

seen in figure 4.14. PC 1 accounted for 83% of total variation, with PC 2 describing 10%. 

Iron and zinc samples were found to be outliers due to their higher levels of volatile 

compounds in spirit headspace. Spirits made from waters with mid level ionic 

composition were also located in the positive region of PC 1, with spirits made from high 

level and low level ionic waters and deionised water co-localised in the negative region of 

both PCs due to their low levels of volatile compounds in spirit headspace. 

 

 

Figure 4.14  PCA biplot of sample scores and loadings for volatile congeners in headspace 
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exhibiting the highest overall levels (figure 4.15, full results shown in table B.24). This 

implied that levels of ions in spirit were entirely independent of those found in mashing 

water. 

 

Numerous ions are known to chelate with various wort components, and are thus non-

bioavailable, such as calcium which binds to polyphenols or zinc to amino acids (Jacobson 

and Lie 1977). In addition, yeast cells are adept at removing metal ions from their 

environment irrespective of whether they are essential as trace nutrients, either by 

passive biosorption or active bioaccumulation (Boulton and Quain 2001). Such ions are 

less likely to pass through the distillation process, and will therefore be found in low 

concentrations in spirit. 

 

Figure 4.15  Concentrations of anions and cations in new-make spirit 
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in this study. Therefore, none of the differences in spirit character observed in the 

sensory analysis were a direct consequence of the ionic concentration of new-make 

spirit. 

 

Another consideration with regards to ion concentration is that the laboratory-scale 

processes carried out in this study were considerably less efficient in terms of alcohol 

yield than those on an industrial scale. Spirits produced during this study were in the 

region of 250 LA tonne-1, whereas industrial ethanol production can exceed 400 LA tonne-

1 (Nicol 1989). As such, a greater volume of water must be used to produce the same 

amount of ethanol, so any effects from changes in water composition are likely to be 

more pronounced in this study than those found in full-scale industrial processes. 
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4.4 Conclusions 

 

Analysis of worts for fermentable sugars showed little variation between samples of 

differing ionic profile, which showed that the mashing process was largely unaffected by 

changes in ionic composition at the levels used in this study. Also, negligible effects were 

observed on alcohol yield as a consequence of varying ionic or metal composition, with 

metal-supplemented mashing waters producing slightly lower yields. Minimal variation 

was observed in levels of sugar utilisation by yeasts, or in the levels of biomass found 

throughout the fermentation process from using mashing waters with varying ionic 

composition. 

 

Overall effects of increased ionic concentration in mashing waters on the fermentation 

process were minimal, with high ionic concentration waters having a slight positive effect 

on production of some volatile wash components, and a slight negative effect on the 

production of others during fermentation. Spirits made using deionised water for 

mashing showed little differentiation from those with ions added in terms of yeast by-

product synthesis. Wash made from mashing waters spiked with iron and zinc showed 

little difference in final higher alcohol, ester or vicinal diketone profile, despite these 

metals being present at levels in excess of those recommended for optimal yeast 

performance. Nevertheless, an inhibitory effect on certain congener production was 

found in early stages of fermentation. 

 

No general trends were observed in the sensory character of spirits made from deionised 

water up to those made from waters with high levels of ionic content. Spirits made from 

deionised and mid level ionic waters exhibited cleaner, sweeter aromas while those 

made from high level ionic waters possessed heavier notes. The extent of variation was 

limited however, with only sulphury, meaty, cereal, feinty and oily attributes showing 

significant variation, this being in part as a consequence of carrying out spirit cuts on the 

basis of volume and differences in levels of copper contact in the lyne arm (Jack et al. 

2008). Also, despite variations being found in concentrations of flavour-active congeners 

in wash, no correlations were observed with levels of relevant sensory attributes. 
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Levels of ions found in spirit suggest that water is not the primary source of ions in spirit 

production, as no correlation existed between these factors. The implication of this was 

that the majority of ions present during fermentation are instead sourced from wort as a 

consequence of the breakdown of biomolecules such as amino acids from malted barley. 
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5. Production of New-make Spirit Using Artificially Spiked Waters –  

Part Two – Organic Species 
  

5.1 Introduction 

 

In chapter 2 of this study, the organic composition of distillery process waters was shown 

to vary considerably, particularly with regard to humic substances sourced from peat or 

soil. The composition of these waters was determined chiefly by the nature of the 

surrounding vegetation and the size of the river basin traversed, which affected the level 

of carbon flux into the water. The organic composition of waters from northern and 

western areas of Scotland reflected the greater influence of peatlands, whereas those 

from eastern and southern sites were more influenced by arable vegetation. 

 

In chapter 3, the spirit produced with water containing the highest overall levels of 

dissolved and total organic carbon exhibited unique character, dominated by cereal, 

meaty and sulphury notes, although the differences observed were minimal. Significant 

correlations between levels of certain types of aquatic humic substances and sensory 

character were found, in contrast to those observed for ionic composition and sensory 

character, therefore it was expected that a greater level of variation in sensory character 

should be found with samples made from peat-supplemented waters. 

 

The geographic location of the process water source was found to affect the character of 

the resulting spirit, presumably due to chemical differences in the proportion and 

concentration of organic species present. It was also found that some correlation existed 

between certain classes of peat-derived compounds in water and sensory character, with 

spirits made from waters with high levels of humic substance content possessing lighter, 

sweeter character. However, higher overall dissolved organic carbon concentration in 

water was found to produce spirits with ‘heavier’ character. Waters with differing levels 

of each of these seemingly contradictory variables were produced, in order to assess the 

effect of each in isolation. 
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The initial phase of this part of the study was concerned with developing a method to 

produce a series of waters which mimicked natural waters in terms of carbon flux from 

peat matter in a replicable and representative manner. Following this, these waters were 

used to produce new-make spirit for sensory and chemical analysis. Levels of flavour-

important higher alcohols and residual sugars were measured, along with analysis of 

wash pH, biomass and alcohol strength to ascertain any effects of process water 

composition on the fermentation process, primarily in terms of yeast growth and by-

product excretion. Possible effects from the inclusion of peat-derived organic compounds 

in mashing water include a decrease in solubility of oxygen in wort (Boulton and Quain 

2001) or stimulated yeast growth and higher alcohol production as a consequence of 

increased supply of precursors (Taylor et al. 1979) 

 

An additional water was made up which contained not only peat-derived compounds, 

but also inorganic species to assess whether complexation of such species occurs and the 

potential effects on the fermentation process and resultant spirit arising from reduction 

of the bioavailability of ions to yeast. Jacobsen and Lie (1977) state that amino acids, 

peptides, polyphenols and organic acids can all affect the distribution of ions in wort, all 

of which are present in natural waters as part of humic macromolecules. Jacobsen et al. 

(1977) have shown that the presence of chelating agents in model solutions can affect 

levels of free ions in solution, which in turn has been demonstrated to affect yeast 

performance, particularly in terms of production of key higher alcohols.  
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5.2 Methods, Materials and Method Development 

 

5.2.1  Artificially-spiked Water Samples 

 

Waters matching the compositions shown in table 5.1 as closely as possible were made 

up, with deionised water used as a blank. ‘Islay’ and ‘Highland’ samples were produced 

to represent average levels of aquatic humic substances found in Islay and Highland 

process water samples analysed in chapter 2. Islay waters had a mixed guaiacyl, p-

coumaryl and syringyl content with relatively low dissolved organic carbon (DOC), 

whereas Highland samples were guaiacyl-dominated with a relatively high DOC level. 

 

An additional ‘high humic’ was prepared with an artificially high DOC level. This sample 

was produced in order to examine the flavour impact, if any, of high levels of humic 

material. Another sample, ‘Islay & minerals’, was made up containing levels of ions and 

metals as found for an average of the process waters previously analysed to assess any 

interactions between organic and inorganic species.  

Table 5.1  Water compositions 

 
Aliph. 

% 
Carb. 

% 
Syringyl 

% 
p-coumaryl 

% 
Guaiacyl 

% 
Unass. 

% 
DOC 

(mg L-1) 
Zinc 

(mg L-1) 
Iron  

(mg L-1) 

Islay 67 0 9 7 10 7 9.9 - - 

Highland 65 0 3 3 14 15 11.2 - - 

High humic 67 0 9 7 10 7 25.0 - - 

Islay & minerals 67 0 9 7 10 7 9.9 0.84 1.09 

 

5.2.2  Peat Soaking Trials 

 

Trials were carried out whereby varying amounts of dried peat were soaked in deionised 

H2O to attempt to produce waters representative of natural waters. Fresh peat was 

sourced from bogs in Gartbreck, Islay. This was heat-dried at 105oC for 4 h to minimise 

the effect of moisture content, then homogenised using a Bosch AXT RAPID 180 garden 

shredder (Bosch Ltd, UK) to reduce the effect of particle size. Samples of dried peat of 

between 20 g and 70 g were added to a series of 5 L polyethylene bottles containing 
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deionised H2O and soaked for between 2 and 7 days in darkness to avoid any additional 

breakdown as a consequence of UV radiation. 

 

These waters were analysed for humic substances using methods described in section 

2.1.1 and correlations between the results and humic substance results for actual Islay 

waters were calculated. Despite the large range of soaking times and peat weights, 

Pearson correlations for levels of peat-derived compounds ranged from 0.1902 to 

0.3490, showing minimal correlation with actual Islay industrial process waters. A 

Pearson Correlation of 1 indicates a positive linear relationship between the two factors, 

whereas a correlation of 0 indicates no relationship is present. 

 

Following this inability to create representative waters using a simple peat soaking 

method, a method was developed whereby water was passed over peat samples in a way 

which would more accurately mimic the passage of natural waters over peat sediments, 

and thus the flux of organic species into the water. A system comprising of peat samples 

contained within a large pore semi-permeable membrane was utilised to avoid physical 

resuspension of organic matter and ensure the system did not become blocked. Aerated 

water was passed over the peat samples at a controlled rate using a peristaltic pump to 

determine the optimum length of peat exposure, amount of peat utilised and rate of 

recirculation. 

 

Trials on this system were again carried out using Gartbreck peat, heat-dried and 

homogenised as described above. Following initial trials to determine the approximate 

exposure time and amount of peat, the waters were passed through the system for 1 to 2 

h, with between 10 and 40 g of peat utilised to determine the optimum conditions for 

creating representative waters. As before, Pearson correlations for humic substance 

levels were calculated against results from analysis of actual Islay waters, with these 

varying between -0.0266 and 0.2220, therefore little or no correlation existed and this 

method required modification. Additionally, levels of DOC and POC were measured using 

methods detailed in section 2.2.2, with levels obtained being considerably higher than 

desired. 
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The use of a drying stage was thought to affect the chemical nature of the peat samples, 

therefore the experiment was repeated using fresh Gartbreck peat samples. To minimise 

the effect of varying water content, the peats were pressed and drained to remove as 

much interstitial pore water as possible. Following initial trials, circulation times between 

1 and 2 h using between 10 g and 40 g of peat were deemed to be optimal. Experimental 

conditions and Pearson correlations with aquatic humic substance (AHS) results for Islay 

process waters are shown in table 5.2. 

 

Table 5.2  Conditions and Pearson correlations for Islay peated water trials 

Sample 
No. 

Peat 
(g) 

Exposure time 
(h) 

 AHS 
Corr. by Indiv. 

Compound 

AHS Corr. 
by Compound 

Type 

1 10 1.0 0.6177 0.8792 

2 20 1.0 0.4768 0.7003 

3 40 1.0 0.7234 0.9660 

4 10 2.0 0.3791 0.4306 

5 20 2.0 0.6650 0.7534 

 

For Islay peat extract 3, the aquatic humic substance pyrolysis products by individual 

compound showed a strong correlation with those of industrial Islay process waters 

(Pearson correlation = 0.7234, p < 0.05), therefore this exposure time and amount of 

peat was chosen. Also, aquatic humic substance pyrolysis products by compound type 

(such as guaiacyl-derived, syringyl-derived - shown in figure 5.1) showed a strong Pearson 

correlation of 0.966 (p < 0.05) for this sample. DOC levels were higher at 27.7 mg L-1 than 

the desired 9.9 mg L-1, therefore samples were diluted to the appropriate level with 

deionised H2O. Minimal dilution was required to create the High humic waters with DOC 

at 25.0 mg L-1.  
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Figure 5.1  Aquatic humic substance levels for Islay peat extract and industrial process 

water samples 

  

Consideration was given to the use of Speyside or Highland peat, however a previous 

study (Harrison 2007) showed that variation in peat composition between the two areas 

was mainly on the basis of carbohydrate derivatives, which are largely absent from 

aquatic humic substances due to their low recalcitrance. Levels of other compound types 

were largely similar between regions. 

 

Fresh peat sourced from Highland region varied greatly in nature from that of Islay 

regions, primarily due to a significantly lower moisture content. Additionally, the peat 

was darker in appearance and contained less non-humified matter, such as strands of 

grassy material. As such, the amounts of peat utilised and exposure time were liable to 

differ from those of Islay peats in order to produce waters representative of natural 

Highland process waters. Following initial trials, exposure times ranging from 1 – 2 h 

using 20 – 30 g of peat were deemed optimal. Following this, several waters were made 

up for analysis. The range of exposure times and peat weights and their correlation with 

aquatic humic substance results for natural waters are shown in table 5.3. 
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Table 5.3  Conditions and Pearson correlations for Highland peated water trials 

Peat 
Extract 

Peat 
(g) 

Exposure time 
(h) 

 AHS 
Corr. by Indiv. 

Compound 

AHS Corr. 
by Compound Type 

1 30 2.0 0.7705 0.9882 

2 30 1.0 0.6214 0.9866 

3 20 2.0 0.8053 0.9903 

4 20 1.0 0.2855 0.9410 

 

Highland peat extract 3 showed the highest correlation with that of Highland process 

waters, in terms of individual aquatic humic substance pyrolysis products (Pearson 

correlation = 0.8053, p < 0.05) and by pyrolysis product type (Pearson correlation = 

0.9903, p < 0.05), shown in figure 5.2. The shorter exposure time than with Islay samples 

is a consequence of the greater humidification, which provides a more concentrated 

form of humic substances. For this extract, the DOC level was 21.8 mg L-1, so the extract 

was diluted with deionised H2O to achieve the desired DOC concentration of 11.2 mg L-1. 

 

Figure 5.2  Aquatic humic substance levels for Highland peat extract and industrial 

process water samples 
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5.2.3  Final Conditions for Artificially Peating Water Samples 

 
The conditions used for peating water are shown in table 5.4. The 15 L Islay & mineral-

supplemented sample was also augmented with the compounds listed in table 5.5, giving 

the ionic profile shown in table 5.6. A 1000 mg L-1 solution of zinc (as zinc nitrate) and a 

1000 mg L-1 solution of iron (as iron (III) nitrate) were added to produce solutions of 0.84 

mg L-1 and 1.09 mg L-1 respectively. 

 

Table 5.4  Final conditions for peating water 

 
Deionised 

H2O (L) 
Peat Type 

Peat 
(g) 

Circulation 
time (h) 

Notes 

Islay 15 
Gartbreck, 
Bowmore 

40 2.0 
Diluted to 9.9 mg 

L-1 DOC 

Highland 15 
St Fergus, 
Peterhead 

20 2.0 
Diluted to 11.2 

mg L-1 DOC 

High humic 15 
Gartbreck, 
Bowmore 

40 2.0 
Diluted to 25.0 

mg L-1 DOC 

Islay + 
minerals 

15 
Gartbreck, 
Bowmore 

40 2.0 
Diluted to 9.9 mg 

L-1 DOC 

 

Table 5.5  Additions to Islay & minerals sample 

MgSO47(H20) 
(g) 

NaHCO3 

(g) 
NaCl 
(g) 

CaCl2 

(g) 
H3PO4 

(mL) 
Zn(NO3)2 (mL) Fe(NO3)3 (mL) 

0.695 0.687 0.056 0.770 0.818 12.600 16.350 

 

Table 5.6  Ionic profile for Islay & minerals sample  

pH 
Calcium 
(mg L-1) 

Sulphate 
(mg L-1) 

Magnesium 
(mg L-1) 

Sodium 
(mg L-1) 

Chloride 
(mg L-1) 

Carb. 
(mg L-1) 

Hardness 
(mg L-1) 

Alkalinity 
(mg L-1) 

7.1 14 15 8 13 27 33 54 27 

 

5.2.4  Spirit Production 

 

Waters were frozen until required for mashing. The waters were used for mashing to 

create wort for fermentation and distillation, as per methods detailed in section 3.2.2. 

Once again, each fermentation and distillation was carried out in triplicate (as detailed in 

table 5.7) to assess any inherent variation present as a consequence of the spirit 



 138 

production method and to create composite samples to overcome this variation. 

Distillation progress was measured by volume as detailed in section 4.2.2. Samples of 

wash were taken at 24 h intervals to monitor key fermentation parameters to assess the 

effect of humic composition. 

 

Alcohol strength of wash, low wines and spirit was measured as detailed in section 4.2.2, 

with wash biomass measurement methods outlined in section 4.2.3. Residual sugar 

analysis methods are outlined in section 4.2.4. Methods for analysis of wash pH are 

explained in section 4.2.5 and section 4.2.6 details analysis of esters, higher alcohols, 

vicinal diketones and acetaldehyde in wash. Alcohol strength of wash during 

fermentation was carried out as described in section 4.2.7. 

 

Table 5.7  Spirit production plan for humic waters 

Day Mashing and Fermentation Distillation Yeast Batch 

1 Deionised 1 Islay 1    
2 Highland 1 Islay & Minerals 1    
3      

4   Deionised 1 Islay 1 1 
5   Highland 1 Islay & Minerals 1  
6      

7      

8 High humic 1 Deionised 2    
9 Islay 2 Highland 2    

10      
11   High humic 1 Deionised 2 2 
12   Islay 2 Highland 2  

13      
14      

15 Islay & Minerals 2 High humic 2    
16 Deionised 3 Islay 3    
17      
18   Islay & Minerals 2 High humic 2 3 

19   Deionised 3 Islay 3  
20      
21      

22 Highland 3 Islay & Minerals 3    
23 High humic 3     
24     4 

25   Highland 3 Islay & Minerals 3  
26   High humic 3   
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5.2.5 Analysis of Spirits 

 

The resulting spirits were subjected to sensory and chemical analysis as carried out in 

previous chapters. Sensory analysis was carried out using Quantitative Descriptive 

Analysis (QDA) as detailed in section 3.2.4, where samples were nosed and scored for 16 

key flavour attributes. Principal Component Analysis (PCA) was performed on the results. 

Replicates from the two samples with most variation in spirit character were also 

subjected to QDA to ensure variation between samples was greater than that within 

samples. Analysis of volatile compounds in spirit headspace by SPME - GC/MS was 

carried out as detailed in section 3.2.5, and levels of ions in spirit analysed as outlined in 

section 4.2.10.  
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5.3 Results and Discussion 

 

5.3.1 Wash Biomass Analysis 

 

Rates of yeast growth varied between samples, with wash made from high level humic-

supplemented waters showing considerably slower growth (shown as grams of dry 

weight per litre of wash in figure 5.3, with full results shown in table B.25 in Appendix B), 

possibly as a consequence of reduced oxygen solubility due to higher concentrations of 

organic matter in wash. This would lead to yeast growing purely anaerobically, which can 

be considerably slower and less efficient (Kirsop 1973). 

 

Wash made from Islay & mineral-supplemented waters also showed reduced yeast 

growth, with those made from deionised and Islay-peated waters showing the greatest 

biomass accumulation. Such differences can affect production of flavour-active 

congeners and ethanol production during fermentation. 

 

 

Figure 5.3  Wash biomass during fermentation process 
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Taylor et al. (1979) state that an increase in lipid concentration, including fatty acids in 

wort can stimulate yeast growth and corresponding rate of fermentation. As fatty acids 

were a large proportion of the aliphatic compounds found in aquatic humic substances in 

this study, a similar effect was expected. However, only the samples made from Islay 

peat-supplemented waters showed increased yeast growth compared with those made 

from deionised water. The other peated samples showed a reduced yeast growth despite 

the presence of higher concentrations of such compounds, suggesting a possible 

inhibitory effect from compounds present in peat. 

 

5.3.2 Wash Residual Sugars Analysis 

 

The concentration of total residual sugars in wash, and therefore the rate of sugar uptake 

by yeast during fermentation was measured, with significant variation observed between 

samples (figures 5.4A-D, with full results in table B.26 in Appendix B). Sucrose was also 

measured, but was absent from all samples during fermentation. Sugar concentrations 

found were slightly higher than those from the previous chapter, with total levels ranging 

from 118 – 160 g L-1, a greater degree of variation than found in ionic-supplemented 

waters. These sugars provide an energy source for various catabolic pathways (primarily 

production of ethanol via acetaldehyde) in yeast and a carbon skeleton for anabolic 

pathways. 

 

Initial concentrations of all four sugars were slightly higher in wort made from water 

supplemented with Islay peat & minerals, with wort made from deionised water 

containing lower levels of glucose and maltose. Variation existed in initial levels of 

glucose, maltose and fructose, which could have potentially affected the formation of 

higher alcohols during fermentation. The wort produced using deionised water exhibited 

lower levels of maltose and glucose, whereas wort produced using Highland peat-spiked 

water showed lower levels of fructose. 
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Figure 5.4A-B  Levels of glucose and fructose in wash   Figure 5.4C-D  Levels of maltose and maltotriose in wash 

during fermentation       during fermentation
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As seen in the previous chapter, glucose and fructose were initially assimilated by yeast at a 

similar rate in all samples. The exception was uptake of glucose, which was slower in the 

wash made from Islay peat and mineral-supplemented waters between 0 and 48 h, 

reflecting a slower biomass growth in these samples (figure 5.3). Maltose utilisation was also 

rapid, with all samples using this sugar completely between 24 and 48 h. Only wash made 

from high level humic-supplemented mashing water showed a slower uptake of maltose, 

which again was reflected in a slower accumulation of biomass (figure 5.3). Maltotriose 

uptake was largely similar for all samples, this being the sugar last utilised by yeast in the 

absence of other sugars. Only wash samples made from high level humic- and Islay peat and 

mineral-supplemented waters showed a lower rate of maltotriose uptake between 0 and 24 

h. 

 

Initial levels of glucose and maltose were slightly higher in humic samples than found in ionic 

samples, although it was unlikely the variation would affect production of higher alcohols to 

any great degree. Rates of utilisation of sugars were broadly similar in humic-supplemented 

samples to those of ionic-supplemented samples (section 4.3.2). 

 

Comparison between the sugar uptake by yeast in Islay & minerals-spiked waters and mid 

level ionic waters from the previous chapter showed uptake of glucose continuing for longer 

in the peat-spiked samples, mainly on the basis of an increased initial wort concentration. 

Uptake of fructose, maltose and maltotriose was not affected by the addition of peat. 

Comparison between the sugar uptake of yeast in Islay peat and mineral-spiked waters and 

Islay peat-spiked waters showed little difference, with uptake rates largely similar 

throughout. 

 

5.3.3 Wash pH Analysis 

 

Minimal differences in pH were observed between the five samples during the 60 h 

fermentation, with initial pH ranging from 5.1 – 5.3 (figure 5.5, with full results in table B.27 

in Appendix B), seemingly unaffected by the presence of acidic peat-derived compounds. As 

fermentation progressed, the pH of all samples dropped to almost 4.0 due to the excretion 

of organic acids by yeast. A slight increase was observed towards the end of the 
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fermentation to between pH 4.3 – 4.5 as a consequence of assimilation of organic acids by 

yeast and an increase in α-amino nitrogen due to yeast autolysis (Berry 1979). 

 

Figure 5.5  Wash pH during fermentation process 
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samples (table 5.8). Ester production was elevated in peated samples, particularly in wash 

made from high level humic-supplemented waters, possibly as a result of an increased 

supply of fatty acids and amino acids for esterification by yeast enzymes (Berry 1981). 

 

Table 5.8  Final wash congener concentrations (results in mg L-1) 

 Sample Deionised Islay Highland 
High 

humic 
Islay & 

minerals 
Acetaldehyde 10.0 3.7 4.0 6.1 4.2 
Ethyl acetate 13.7 9.4 13.6 20.5 13.4 
Isobutyl acetate 0.0 0.0 0.0 0.1 0.1 
Ethyl butyrate 0.1 0.0 0.1 0.1 0.1 
Propanol 48.8 45.2 46.9 51.4 52.4 
Isobutanol 63.7 53.0 50.8 53.6 61.2 
Isoamyl acetate 0.3 0.3 0.7 0.9 0.5 
2-methyl butanol 42.6 36.0 33.3 29.4 32.2 
3-methyl butanol 84.9 76.8 76.8 73.8 76.1 
Ethyl hexanoate 0.1 0.2 0.2 0.4 0.3 
Ethyl octanoate 0.3 1.1 1.4 1.7 1.4 
Butanedione 0.1 0.0 0.0 0.0 0.1 
Pentanedione 0.0 0.0 0.0 0.0 0.0 

 

Production of a number of these congeners was slower in wash made from Islay peat and 

minerals-supplemented waters and those containing artificially high levels of peat, primarily 

as a consequence of a lower rate of fermentation (Watson 1983), shown in this study by a 

reduced biomass growth (figure 5.3). One of the key determinants of congener production 

by yeast is the fermentation temperature, however this was controlled using fermentation 

baths in this study, thus no variation was present. 

 

Acetaldehyde (figure 5.6A), responsible for grassy aroma, was produced in significantly 

higher amounts in wash made from deionised water in the early stages of fermentation, 

despite lower levels of wort sugars in these samples. Samples produced from water 

containing Islay peat also showed a slight increase in acetaldehyde levels between 0 and 24 

h, whereas the remaining samples all exhibited a gradual decline throughout fermentation, 

due to conversion to ethanol or acetate by alcohol dehydrogenase (Geiger and Piendl 1976). 

Acetaldehyde levels for peat-spiked samples were generally lower than those of ionic-spiked 

samples, despite higher concentrations of glucose and fructose in the wort of peat-spiked 

samples, which are broken down firstly by the glycolytic pathway and then by the yeast 

enzyme pyruvate decarboxylase to produce acetaldehyde (Briggs et al. 2004).  



 146 

Ethyl acetate (figure 5.6B), responsible for ‘fruity’ and ‘solvent’ aromas, increased gradually 

in all samples, with wash made from high level humic-supplemented waters showing 

increased production between 24 and 48 h. Only samples made from Islay peat-

supplemented waters showed a decreased overall production of ethyl acetate. Overall levels 

were similar to those found in ionic-spiked waters from the previous chapter. Ethyl acetate is 

formed by reactions between an alcohol, either ethanol or a higher alcohol, and a fatty-acyl-

CoA ester (Nordstrom 1962). Levels of free esters are known to be increased during 

distillation, as a large proportion of these compounds remain bound to yeast cells during 

fermentation (Berry 1981).  

 

Isobutyl acetate (‘banana’ / ‘fruity’ aromas – shown in figure 5.6C) and ethyl butyrate 

(‘pineapple’ aroma – shown in figure 5.6D) are produced during fermentation from reactions 

between alcohols and a fatty acyl-CoA ester and by the action of esterases (Nordstrom 

1962). Overall levels of these compounds were low in all samples, with only a slight increase 

observed throughout the fermentation process. 

 

1-propanol (figure 5.6E), responsible for ‘pungent’ and ‘alcohol’ aromas, is synthesised from 

wort carbohydrates via pyruvate (Boulton and Quain 2001) or by the catabolic Ehrlich 

pathway, where amino acids (in this case threonine) are enzymatically assimilated and 

converted via precursors, the α-keto acids (Ayrapaa 1968). Levels of this compound 

increased rapidly between 0 – 24 h, with the rate of production slightly higher in Islay and 

Highland peat-spiked waters in early stages of fermentation, and the rate of production in 

high level humic- and Islay & mineral-supplemented waters greater towards the end of the 

fermentation. 
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Figure 5.6A-B  Levels of acetaldehyde and ethyl acetate    Figure 5.6C-D  Levels of isobutyl acetate and ethyl butyrate 

during fermentation process       during fermentation process 
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Figure 5.6E-F  Levels of 1-propanol and isobutanol    Figure 5.6G-H  Levels of isoamyl acetate and 2-methyl butanol 

during fermentation process      during fermentation process 
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Figure 5.6I-J  Levels of 3-methyl butanol and ethyl hexanoate  Figure 5.6K-L  Levels of ethyl octanoate and butanedione 

during fermentation process      during fermentation process 
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Figure 5.6M  Levels of pentanedione during fermentation process 

 

Isobutanol (figure 5.6F), responsible for ‘wine’, ‘solvent’ and ‘bitter’ aromas, was 

produced in relatively higher rates in wash made from deionised water whereas the 

samples made from Islay & mineral-supplemented waters increased at a slower initial 

rate, but continued increasing throughout the fermentation. Isobutanol may be 

produced from wort carbohydrates, but also as by-products of assimilation of the amino 

acid valine (Ayrapaa 1968). This compound was identified by Jacobsen et al. (1977) as 

being directly correlated to free ion concentration in wort. However, the Islay peat and 

minerals-supplemented sample showed similar isobutanol production to samples made 

from mid level ionic-supplemented waters in the previous chapter, which implied 

chelation is not having a significant effect on yeast congener production, at least at levels 

used in this study. Alternatively, a large proportion of the ions from water bind to organic 

solids to form chelates which are removed from the system during mashing. 

 

Overall, isoamyl acetate levels (‘banana’ and ‘apple’ aromas – figure 5.6G) were low, 

although this compound has a very low odour threshold. Levels were elevated in samples 
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described above for isobutanol, but from the amino acids isoleucine and leucine 

respectively. Levels were largely similar between samples, with samples made from 
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deionised water showing greater production, with those made from high level humic and 

Islay & mineral-supplemented waters showing a more gradual production. 

 

Samples made from high level humic and Islay & mineral-supplemented waters showed 

greater production of ethyl hexanoate (figure 5.6J), responsible for ‘apple’ and ‘aniseed’ 

aromas, although overall levels were low. Production of ethyl octanoate levels (‘fruity’ 

and ‘fat’ aromas – shown in figure 5.6K) was similarly increased in the early stages of 

fermentation in these samples, but slowed considerably towards the end of 

fermentation. Samples made from deionised water showed relatively low production of 

both ethyl hexanoate and ethyl octanoate. 

 

The rate of production of the vicinal diketones (VDK); butanedione (or ‘diacetyl’) and 

pentanedione (figures 5.6L and M) varied between 0 and 24 h, then decreased sharply, 

becoming absent in all samples after 48 h. Samples made from high level humic- and Islay 

peat & mineral-supplemented waters showed the highest rate of production between 0 

and 24 h, with those made from deionised water showing the lowest rate of production. 

The early rise in VDK levels was due to the oxidative decarboxylation of α-acetohydroxy 

acids present in fermenting wort into butanedione and pentanedione, mediated chiefly 

by amino acid content of wort. As fermentation progresses, these compounds are 

metabolised by yeast cell reductases to form the less flavour-active compounds, acetoin, 

2,3-butanediol or pentanediol (Boulton and Quain 2001). 

 

Comparison between congener production in washes made from Islay & mineral-

supplemented waters and those of mid level ionic samples from the previous chapter 

(containing the same ionic profile) showed the peated water resulting in greater 

production of isobutanol in later stages of fermentation. A considerably lower rate of 

production of 3-methylbutanol was observed for the peated water sample, suggesting 

the presence of organic compounds has an inhibitory effect on production of certain 

congeners. However, little difference was found in production of other congeners, which 

suggested that complexation of ions to organic species was having little effect on yeast 

performance. 
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Production of a number of these yeast by-products in samples made from Islay peat & 

mineral-supplemented waters was slower than those made from Islay peat-spiked waters 

in the initial stages of the fermentation, increasing to higher levels only in the later 

stages. This may be due to the inhibitory effect of the metals present in the samples, as 

observed in iron- and zinc-spiked samples in the previous chapter. This also suggests that 

little complexation of iron and zinc is taking place and that these metals, potentially toxic 

to yeast, are affecting the fermentation process. 

 

Production of higher alcohols and other key congeners was similar between Islay and 

Highland peat-supplemented waters, with the exception of isoamyl acetate and ethyl 

hexanoate which were present in lower concentrations in the Islay samples. This showed 

that concentrations and proportions of peat-derived compounds at levels measured in 

distillery process waters do not have an important role in the production of most flavour-

active congeners by yeast during fermentation. 

 

At dissolved organic carbon concentrations higher than that found in natural waters 

(samples made from high level humic waters), an increased production of certain yeast 

by-products was observed, particularly esters, whereas lower production of alcohols was 

observed. This was a consequence of reduced yeast growth (shown as reduced biomass 

in figure 5.3) which favours production of esters (Boulton and Quain 2001). The 

depressed higher alcohol production found in peated samples, especially those made 

from high level humic-supplemented waters may be in part due to the presence of fine 

organic solids in wash (Berry and Ramsay 1983) from peat-derived matter. 

 

Engan (1971) showed increased production of a number of higher alcohols in elevated 

fructose concentrations, however this pattern is not replicated in this study with 

Highland water worts showing the lowest original levels of fructose, yet deionised water 

worts showed the lowest levels of higher alcohol production during fermentation. The 

implication of this is that the levels of variation in carbohydrate utilisation and initial 

concentrations in this study were not significant enough to affect wash higher alcohol 

production, although the higher levels of glucose, fructose and maltose in worts made 
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from high level humic- and Islay & mineral-supplemented waters could explain the 

resultant increased production of certain higher alcohols in these samples. 

 

5.3.5 Wash Alcohol Strength Analysis 

 

All five samples showed a similar trend of ethanol production during fermentation, rising 

fastest in the first 24 h (figure 5.7, with full results shown in table B.29 in Appendix B), 

although overall rates varied between samples. Samples made from waters containing 

Islay peat showed considerably greater alcohol production between 0 and 24 h, which 

corresponded with an increased yeast biomass growth in these samples (shown in figure 

5.3), although assimilation of sugars was not similarly increased. 

 

 

Figure 5.7  Wash alcohol strength during fermentation process 

 

In samples made from Islay peat-supplemented waters, production of higher alcohols 

and other flavour-active compounds during fermentation was not increased, with Islay 

samples often among the lowest for such compounds. In the case of acetaldehyde, this 

was likely to be due to increased conversion to ethanol by alcohol dehydrogenase 

(Geiger and Piendl 1976) and ester formation was due to reduced yeast growth as 

discussed previously. Samples made from deionised water showed slightly higher ethanol 
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production than other samples, again with a corresponding increased biomass but no 

equivalent increase in rate of sugar uptake. 

 

The rate of ethanol production was largely similar to that of ionic samples from the 

previous chapter, with the exception of wash made from Islay peat-supplemented 

waters, which was significantly greater. 

 

5.3.6 Spirit Production 

 

The mean timings for wash distillations show similar trends for all five samples, with only 

the samples made with Islay peat being distilled at a slightly slower rate between 500 – 

600 mL figure 5.8, with full results for each replicate in table B.30-32 in Appendix B). 

Taylor et al. (1979) suggested that fatty acids within wash had an anti-foaming effect, 

however the addition of such compounds to process water appeared to have minimal 

influence, with all samples foaming at a similar rate early in the wash distillation. 

 

 

Figure 5.8  Mean wash distillation progress 

 

The mean timings for spirit distillations show the samples distilled at a similar rate, with 

the exception of spirits made from deionised water, which were distilled at a marginally 
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slower rate between 100 and 120 mL (figure 5.9, with full results for each replicate 

shown in tables B.30-32 in Appendix B).  

 

 

Figure 5.9  Mean spirit distillation progress 

 

Alcohol strengths for wash, low wines and spirit are shown in table 5.9. Spirits made from 

water with Islay peat showed a considerably higher alcohol yield for wash, with a slightly 

higher yield for both low wines and spirit. 

 

Table 5.9  Mean alcohol strengths (SD in brackets) 

  
Wash 

(% abv) 
Low wines 

(% abv) 
Spirit 

(% abv) 

Deionised 7.76 (0.29) 21.88 (0.75) 76.24 (0.77) 

Islay 9.11 (0.22) 23.48 (0.30) 78.17 (0.44) 

Highland 7.38 (0.08) 22.61 (0.93) 76.86 (1.99) 

High humic 7.59 (0.44) 21.58 (1.30) 77.35 (1.09) 

Islay & minerals 6.91 (0.07) 21.67 (0.21 74.32 (0.61) 

 

Although variation existed between samples in terms of alcohol concentration in low 

wines and spirits, the level of variation observed was thought to have had a minimal 

effect on spirit cuts and therefore spirit character.  
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5.3.7 Sensory Analysis of New-make Spirits 

 

Prior to sensory and chemical analyses, all replicates of spirit samples were checked by 

sensory screening for consistency and the presence of off-notes. One of the replicates 

made from Islay peat & mineral-supplemented water was found to possess a excessively 

sulphury character, therefore this sample was not used to produce a composite sample 

for analysis. The concentration of copper in the spirits was measured using a colorimetric 

method to assess the level of copper contact during distillation, but little variation 

existed between samples, thus the reason for this off-note was unclear. 

 

The results from Quantitative Descriptive Analysis (QDA) of the composite spirit samples 

by aroma attribute are shown in table 5.10, and shown as a spider plot in figure 5.10. As 

before, a two-way analysis of variance (ANOVA) was carried out, with the p-value giving 

the significance of the variation present. When p < 0.05, a statistically significant variance 

not occurring due to natural variation is present (shown in dark type). Significant variance 

was found for cereal, clean, meaty, stale and sweet attributes. 

 

Table 5.10  Mean sensory scores per attribute (attributes with significant variation 

shown in dark type) 

 
Deionised Islay Highland High 

humic 
Islay & 

minerals 
ANOVA 
p-value 

Pungent 1.2 1.2 1.3 1.3 1.3 0.2131 
Sulfury 0.6 0.6 0.7 0.9 0.6 0.2680 
Meaty 0.2 0.4 0.5 0.6 0.3 0.0045 

Solventy 0.7 0.7 0.8 0.9 0.7 0.1870 
Fruity/ estery 0.5 0.7 0.8 0.7 0.7 0.0757 
Green/ grassy 0.5 0.5 0.5 0.6 0.6 0.7397 

Floral 0.4 0.5 0.4 0.4 0.4 0.9143 
Cereal 0.3 0.4 0.7 0.7 0.6 0.0031 
Sweet 0.4 0.7 0.9 0.8 0.7 0.0001 

Soapy 0.5 0.6 0.5 0.6 0.7 0.7397 
Peaty 0.4 0.3 0.3 0.4 0.3 0.6269 
Feinty 0.8 0.9 1.0 0.9 1.0 0.7928 

Oily 0.8 0.7 0.8 1.0 0.8 0.3563 
Sour 0.7 0.8 0.6 0.7 0.7 0.6550 
Stale 1.0 0.5 0.5 0.5 0.5 0.0001 

Clean 1.1 1.6 1.6 1.5 1.6 0.0090 
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The meaty attribute was found to vary significantly, with samples made from high level 

humic-spiked waters showing the highest score. Despite this, significant variation was not 

found for sulphury character, which is closely related, although a similar pattern was 

found between samples. Spirits described as ‘meaty’ in sensory analysis correlate with an 

increased number of sulphur species present, whereas spirits described as ‘sulphury’ 

generally correlate with dimethyl disulphide (DMDS) or dimethyl trisulphide (DMTS) 

concentration (Anon 2006b). As in the previous chapter, a degree of this variation may be 

due to changes in the level of copper contact in the lyne arm, which can reduce and 

remove sulphur-containing compounds, especially in the wash still (Leppänen et al. 

1983). 

 

The relatively slower rate of distillation for samples made from deionised and Islay peat-

spiked waters could in part explain the lower scores for sulphury, meaty and feinty 

attributes, as the compounds responsible for these attributes are less likely to pass 

through the distillation process than in faster distillations. The practice of using volume 

to determine spirit cuts may also influence the carry-over of such compounds into spirit. 

In addition, industrial distillations involve recycling of feints into low wines, so more 

‘heavy’ spirit constituents are likely to pass into the spirit, so such character may actually 

be underestimated in this study. 

 

The cereal attribute also exhibited significant variation at the 95% confidence level, with 

Highland peat-, high level humic- and Islay & mineral-supplemented samples possessing 

the highest scores. Maillard reactions from reaction between amino acids and residual 

sugars present in wash during distillation is a major contributor to cereal aroma. Only low 

levels of sugars are required, therefore it is possible that some sugars may have 

remained in wash below the level of detection in this study, in addition to other sugars, 

such as pentoses which are not catabolised by the yeast. 

 

The sweet attribute showed significant variation, primarily due to a lower score for 

samples made from deionised water. Samples made from Highland peat- and high level 

humic-supplemented waters were among the highest scores for this attribute. The fruity 
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/ estery attribute also showed variation at the < 95% but > 90% confidence level, mainly 

on account of the lower scores for the samples made from deionised water. 

 

The stale attribute was significantly different, due entirely to the higher scores for 

samples made from deionised water than those for peat-spiked samples. This may be 

due to the presence of methional, a precursor of several sulphur-containing compounds, 

occurring as a consequence of degradation of the amino acid methionine (Conner, J. pers. 

comm., 2008). Stale character can also be an indicator of contamination by microflora 

such as wild yeasts and bacteria (Watson 1983), although this was unlikely in the 

carefully-controlled conditions used in this study where any microbial contamination 

would have been limited to that from the malted barley, and thus relatively consistent. 

The spirit distillation for samples made from deionised water was marginally slower than 

that of other samples, therefore the increased stale character of these samples was not 

due to more feints-related compounds entering the spirit. 

 

Significant variation was also found for the clean attribute, as a consequence of the lower 

score for samples made from deionised waters, mainly due to the lack of stale character 

in other samples. This variation may also be due to a difference in contact with copper in 

the lyne arm, which can reduce the overall amounts by up to 70% and affect the 

speciation of sulphur-containing compounds passing into the spirit (Berry 1981), although 

little variation was found in copper levels in the spirits produced in this study. 

 

No significant difference was observed in sensory character between the Islay and Islay & 

minerals samples, with only the cereal attribute scored higher in the sample containing 

ions and metals. However, comparison between sensory results for the Islay peat & 

mineral-supplemented sample and the mid level ionic sample from the previous chapter 

(which contained the same ionic profile) showed the unpeated sample scoring higher for 

solventy, fruity / estery, green / grassy and floral aromas, with the peat-containing 

sample only significantly higher for the sour attribute. This suggested that a degree of 

chelation did occur between ions and organic species, which restricted the production of 

congeners responsible for specific attributes, although sensory analysis was carried out in 

separate sessions, therefore comparison of data can be unreliable. 
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Figure 5.10  Spider plot of new-make spirit sensory results 

 

PCA was applied to the sensory data, with the results shown in figure 5.11. PCs 1 and 2 

accounted for 55% and 24% of total variance respectively. The majority of the separation 

across PC 1 was due to cleaner yet more complex spirit character towards the positive 

end, with the positive region of PC 2 being dominated by heavier attributes such as green 

/ grassy, oily, sulphury and stale. A grouping was observed between high level humic-, 

Highland peat- and Islay & mineral-supplemented samples due to their similar clean, 

sweet and cereal characters. Spirits made from deionised water showed the greatest 

difference, due to their lower scores for lighter attributes and higher scores for stale 

character and the consequent reduced score for the ‘clean’ attribute. Spirits made from 

Islay-peated waters differed due to their less cereal and meaty characters. 
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Figure 5.11  PCA Biplot of new-make spirit sensory sample scores and loadings 

 

The PCA plot showed that spirits made from peated waters differed in character from 

those made from deionised water, with variation present between samples made from 

differing levels of peatiness in water and composition of peat-derived compounds. Spirits 

made from waters containing Highland peat showed a more complex character. Spirits 

made from artificially-high level humic waters showed greater ‘heaviness’, especially in 

terms of sulphury character, with DOC concentration positively correlated at the 95% 

confidence level with meaty, solventy and sulphury character. 

 

The concentration of syringyl-derived humic substances had no significant effect on spirit 

character, despite these factors showing some correlation in chapter 3. Levels of other 

peat-derived humic substances also showed little or no correlation with spirit character. 

 

In addition to the QDA carried out on composite samples, sensory analysis was 

undertaken on replicates of the samples with the most differing sensory profiles 

(deionised and high level humic) to ensure between-sample variation was greater than 

within-sample variation. PCA was applied to the data using only significant sensory 

attributes and plots of sample scores and loadings can be seen in figure 5.12, with full 
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results in table B.33 (Appendix B). PC 1 accounted for 56% of total variation, whereas PC 

2 accounted for 20%. Good separation was observed between spirits made from 

deionised and high level humic waters across PC 1, which accounted for the majority of 

variation present, primarily on the basis of the stale and green / grassy character of 

spirits made from deionised water. 

 

 

Figure 5.12  PCA Biplot of reproducibility sample scores and loadings 

 

In order to place these samples in context, the sensory data were compared with new-

make spirit sensory data for 76 industrial new-make spirits (Anon 2006c). These data are 

shown on figure 5.13, with PCs 1 and 2 accounting for 34% and 27% of total variation 

respectively. This shows the five laboratory spirits, especially those made from deionised 

water tending towards the positive end of PC 1, which represents heavier spirit 

characteristics. PC 2 is inversely proportional to the peatiness of the spirit, with all 

laboratory samples being in the positive region of this component. 
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Figure 5.13  PCA biplot of sensory data for laboratory and industrial new-make spirits 

 

Figure 5.14 shows the results of PCA of sensory analysis for samples made from 

deionised water, ion-supplemented waters, zinc- and iron-supplemented waters and 

peat-supplemented waters. Good grouping between each type of sample was found over 
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pungent character. Separation on PC 2 was accounted for by the difference in certain 

ionic-supplemented waters to other samples due to greater sulphury, meaty and cereal 

character. PC 3 described the difference between samples made from peated waters and 

deionised water, with peated water samples producing a generally heavier, more 

complex spirit. 
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Figure 5.14  PCA plot of sample scores for sensory analysis of spiked waters 
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5.3.8 Headspace-Solid Phase Micro Extraction-Gas Chromatography/Mass Spectrometry 

Analysis 

 

The results for volatile compounds in spirit headspace by HS-SPME-GC/MS analysis 

(figure 5.15 with full results shown in table B.34 in Appendix B) showed a great degree of 

variation, with spirits made from deionised water containing significantly lower 

abundances. All samples were dominated by ethyl esters, accounting for between 81 – 

89% of total volatiles. Higher alcohols accounted for 10 -18% of the remaining volatile 

compounds, with fatty acids, acetates and other compounds accounting for less than 1% 

in all samples. 

 

Higher levels of esters found in the spirits produced from peated waters may be due to a 

greater supply of fatty acids from humic substances (Berry 1981), which may not have 

been as evident in analysis of wash samples during fermentation, but liberated from 

yeast cells during distillation. Free fatty acids in spirit headspace were consistently low in 

all samples, which suggested esterification or another chemical transformation by yeast 

or during distillation may have occurred. Levels of esters in spirit headspace were 

strongly correlated to fruity / estery and sweet character in sensory analysis, with 

samples made from deionised water possessing considerably lower scores for these 

attributes. Levels of 3-methylbutyl ethanoate (or isoamyl acetate, responsible for 

‘banana’ aromas), ethyl hexanoate (‘apple’ and ‘fruity’ aromas), ethyl octanoate (‘fruity’ 

and ‘fat’ aromas) and ethyl decanoate (‘grape’ aromas) also followed this trend. Ethyl 

dodecanoate, responsible for ‘floral’ and ‘fruity’ aromas showed similar trends, although 

scores for the floral attribute in sensory analysis showed little variation between 

samples. Levels of ethyl acetate, which was not abundant in spirit headspace, are often 

affected by matrix interactions with long-chain esters (Steele et al. 2004), of which a 

number were detected. 
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Figure 5.15  Concentrations of aroma compounds in new-make spirit detected by HS-SPME-

GC/MS 
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PCA was applied to the data, and the sample scores and loadings can be seen in figure 
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Figure 5.16  PCA biplot of volatile congeners in new-make spirit sample scores and loadings 
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found in spirits, which has been demonstrated to be regulated by organic compounds 

such as polyphenols (Jacobsen and Lie 1977) further reinforced this hypothesis. 

 

Figure 5.17  Levels of anions and cations in spirit 
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5.4 Conclusions 

 

Using laboratory-scale spirit production methods detailed in sections 3.2.2 and 3.2.3, 

water samples with varying degrees of dissolved organic carbon and differing proportions 

of peat-derived compounds were used to produce a series of spirits with sensory 

characters representative of industrially-produced new-make spirits. Analysis of yeast 

growth in these samples during fermentation showed decreased accumulation of 

biomass in samples made from water containing artificially high levels of dissolved 

organic carbon. Only samples made from Islay peat-supplemented waters showed an 

increased yeast growth, with consequent increased ethanol production. The rate of 

maltose assimilation was reduced in these samples, although overall sugar assimilation 

did not vary at levels thought to influence yeast performance. The rate of change in wash 

pH during fermentation was largely similar in all samples, including those made from 

ionic-supplemented waters. 

 

Overall ester production by yeasts during fermentation was stimulated in samples made 

from peat-supplemented waters, possibly as a consequence of greater concentrations of 

precursors, and was especially pronounced in samples made from waters with high 

dissolved organic carbon. Ester production was found to be inversely proportional to 

yeast biomass growth. Vicinal diketone production was also increased in samples made 

from high level dissolved organic carbon waters and humic- and ionic-spiked waters. 

Higher alcohol production occurred at a slower rate in peated waters compared to the 

ionic-supplemented waters from the previous chapter. The inhibitory effect by zinc and 

iron on yeast congener production observed in the previous chapter occurred in samples 

made from the Islay & mineral-supplemented waters, implying that little complexation of 

these metals with organic species was occurring. 

 

Overall, the sensory profile of spirits made from peated waters differed in character from 

those made from deionised water, with some variation present between samples varying 

in levels of peatiness in water and composition of peat-derived compounds. Spirits made 

from waters containing Highland peat showed a more complex character, whereas those 
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made from waters containing Islay peat scored lower for ‘heavy’ attributes, such as 

cereal and meaty. 

 

Comparison of analysis for key flavour-active congeners during fermentation from Islay 

peat- & mineral-supplemented samples with those of the corresponding unpeated 

samples from the previous chapter showed little difference between the two samples, 

which suggested that the role of inorganic ions in water was minimal at the 

concentrations used in this study and that complexation of ions was having a negligible 

effect on the fermentation process. 

 

The presence of dissolved organic carbon in artificially high levels produced spirits with 

‘heavier’ characteristics such as meaty, solventy and sulphury, which confirmed the 

findings from industrial process waters in chapter 3. While concentrations of syringyl-

derived compounds in water had shown some correlation with spirit character when 

using industrial process waters to produce spirit, this was not replicated when using 

artificially-spiked waters. Moreover, no significant correlation was found between levels 

of other humic substance classes and sensory character. 

 

Analysis of volatile compounds in spirit headspace showed higher levels of esters in 

spirits made from peated water samples, which corresponded to greater fruity / estery 

character in sensory analysis. Similar correlations were not found for other compounds 

and their corresponding sensory attributes, presumably due to undetected compounds 

and interactions between compounds affecting their volatility. 

 

Low levels of ions were found in all spirit samples, including those with ionic-

supplemented mashing waters, suggesting that malted barley is the predominant source 

of ions and that the majority of ions in water are lost to the system during mashing by 

complexation to organic species from malted barley and peat-derived compounds, which 

are largely filtered from the wort. 
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6. Concluding Discussion 
 

A method was developed allowing reproducible isolation and analysis of peat-derived 

compounds from distillery process waters, in the form of aquatic humic substances. The 

use of thermochemolysis and pyrolysis with GC/MS permitted an understanding of the 

nature of aquatic peat-derived compounds, and accurate concentrations were calculated 

using the dissolved organic carbon (DOC) levels of these extracts. Additional analyses 

were carried out for phenolic compounds by HPLC, anions and cations by ion 

chromatography, metals and colour by spectrophotometric methods. Several water 

quality parameters were also measured. 

 

Over 70 pyrolysis products were identified, with varying abundances of long-chained 

fatty acids, alkanes, alcohols and a variety of lignin-derived phenolic compounds. Overall 

levels of DOC also varied significantly between samples. Process waters from northern 

and western areas of Scotland contained higher levels of peat-derived compounds, 

whereas waters from eastern and southern areas were dominated by compounds 

sourced from arable land. The distance traversed by a watercourse, and the resulting 

degree of carbon flux was found to determine the overall levels of organic compounds.  

 

Ionic concentration of waters was closely related to the underlying geology of the 

surrounding areas, with waters abstracted from underground aquifers containing the 

greatest ionic content. Little variation was found between samples in other 

measurements of water chemistry, with only minimal amounts of free phenolic 

compounds existing in solution, implying such breakdown products are microbially 

converted into larger macromolecules in water. 

 

A reproducible method was developed for the laboratory-scale production of new-make 

spirit, which created spirits with consistent alcohol yield and sensory character 

representative of industrial new-make spirits. The industrial process water samples were 

used for mashing, producing spirits with notable differences in character, with Speyside 

and Island waters producing spirits with ‘heavier’ character and those from Highland and 

Lowland regions producing lighter, sweeter spirits. The ‘peaty’ descriptor was scored low 
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in all samples, showing that in new-make spirit this flavour attribute was sourced 

exclusively from kilning of malted barley and not from process water. Correlations were 

observed between concentrations of certain groups of humic substances in water and 

sensory character and a tentative link was made between DOC concentration in water 

and sensory character. 

 

Chemical analysis of the headspace of these spirits highlighted significant differences in 

levels of volatile compounds present, with ethyl esters and higher alcohols found in the 

highest abundances. Analysis of sulphur-containing compounds in spirit headspace 

showed variation between samples, although this did not correlate with scores for 

sulphury and meaty attributes in sensory analysis. 

 

A series of spirits was produced from waters with ionic content representative of 

industrial distillery process waters. Little variation was found in ethanol production or 

assimilation of sugars by yeast during fermentation. Production of key flavour-active 

congeners by yeast was largely unaffected by variations in ionic profile of mashing 

waters, although the presence of iron and zinc had an inhibitory effect on production of 

specific congeners. 

 

Limited variation was observed in the sensory character of the spirits produced, with no 

general trends present from waters with increasing ionic content. Spirits made from 

mashing waters containing iron and zinc possessed reduced sweet, oily and solventy 

character compared to those made from deionised water. No discernable pattern was 

observed between samples from analysis of volatile organic compounds in spirit 

headspace. Also, little correlation existed between the ionic content of process waters 

and the concentration of ions in spirit, which implied that malted barley was the main 

source of ions, rather than process water. 

 

A series of new-make spirits was produced from waters containing concentrations of 

humic substances and DOC representative of those found in industrial distillery process 

waters. Additional samples were produced containing peat-derived compounds and 
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representative ionic content to assess the influence of complexation of ions to organic 

matter in process water. 

 

Yeast growth and subsequent ethanol production during fermentation were stimulated 

in samples made from Islay peat-supplemented waters, whereas those made from 

waters with high DOC showed reduced yeast growth. Assimilation of wort sugars by yeast 

varied between samples, although not at levels thought to influence yeast performance. 

Ester production by yeast was increased in samples made from peat-supplemented 

waters, especially those with artificially-high DOC levels, whereas higher alcohol 

production was lowered in samples made from peated waters. The relative proportions 

of organic species appeared to have little effect on yeast congener production. 

 

Sensory analysis of spirit samples made from peat-supplemented waters showed some 

between-sample variation, with spirits made from waters containing Highland peat 

possessing a heavier, more complex character than those made from Islay peat-

supplemented waters. High levels of DOC in mashing water also increased the presence 

of heavier spirit attributes. 

 

Complexation to organic species was thought to be affecting the bioavailability of ions to 

yeast cells, with sensory character varying between spirits made from peated waters and 

corresponding unpeated samples. However, minimal effect was observed on production 

of key flavour-active congeners during fermentation. An inhibitory effect from metals 

present in process water was also observed in samples made from peated waters and 

these metals, suggesting complexation was having negligible effects on the fermentation 

process at ionic concentrations used in this study. Again, little correlation was found 

between process water ionic composition and that of spirits, which implied that the 

majority of ions were sourced from malted barley, but lost to the system during filtration 

of wort. 

 

It was shown that samples made from deionised water, ion-supplemented waters, peat-

supplemented waters and metal-supplemented water varied. While a degree of the 

separation found may be due to variation in batches of yeast, modern yeast production 
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methods should ensure consistent quality and reproducibility of product. The extent of 

separation found showed that the presence or absence of ions, peat-derived compounds 

and metals was affecting the character and quality of new-make spirit to an extent. The 

differences found, however minimal, are an integral part of the process which creates 

the unique character of Scotland’s whiskies, where modifications to over 100 processing 

parameters can produce the vast array of malt whisky styles found in the modern 

marketplace. 

 

With predicted changes in climate leading to a greater flux of carbon from peatlands, this 

study shows the type and extent of potential changes to spirit character that would be 

expected. Also, proposed changes to water abstraction regimes and potential threats to 

water supplies could force distillers to consider alternative process water sources in 

order to remain economically viable. The results elucidated will allow informed decisions 

to be made to facilitate such changes. 

 

Suggestions for Future Studies 

 

From previous studies on brewing, dissolved oxygen has been shown to affect 

fermentation performance, with higher dissolved oxygen levels during fermentation 

resulting in faster yeast growth and greater higher alcohol and aldehyde production 

(Walker 1983), therefore this factor may warrant further investigation. However, 

dissolved oxygen is fundamentally affected by processing parameters such as 

fermentation temperature, where a higher temperature decreases oxygen solubility and 

wort concentration, which is inversely proportional to oxygen solubility (Briggs et al. 

2004). Also, Piggott et al. (1989) state that as distiller’s yeast is propagated aerobically, it 

contains sufficient sterols and unsaturated fatty acids, allowing it to grow under purely 

anaerobic conditions if necessary. 

 

The lipid content (fatty acids and sterols) of humic substances in the wort may have been 

supplementing the effect of oxygen supplied in the wort. Numerous fatty acids were 

identified in humic substances in industrial process waters and phytosterols have been 
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identified previously in aquatic humic substances (del Rio et al. 1998), although they 

were not found in this study possibly as a consequence of the pyrolysis conditions used. 

 

α-amino nitrogen levels in wort are known to affect the production of higher alcohols, as 

Berry (1981) demonstrated that an increase in a particular amino acid would stimulate 

production of the corresponding higher alcohol during fermentation. However, this paper 

also states that little variation exists in α-amino nitrogen levels in wort, and is also 

unlikely to be affected greatly by process water composition, thus was not considered 

worthy of investigation in this study. 

 

Further refinements could be made to the spirit production method, as the method of 

introducing sacrificial copper into the system was thought to be a source of 

inconsistencies in sulphury character of spirits. Also, further investigation into the 

copper-catalysed mechanisms and reactions involved in the formation of sulphur-

containing compounds is necessary. Analysis for sulphur-containing compounds in spirits 

using an improved method could further elucidate the sources of significant variations in 

sulphury character found throughout samples in this project. 

 

The use of heating mantles, rather than direct firing, combined with a form of 

temperature monitoring would give more consistent, reproducible distillations with less 

potential for charring on the surface of the stills which can affect heat transfer (Nicol 

1989) and affect levels of furfural and other compounds (Goodall and Fotheringham 

1996). A greater understanding of the role of the distillation process is also necessary, as 

the influence of subtle changes in the chemical composition of wash on eventual spirit 

character was often unclear. 

 

Samples varied in terms of frothing during wash distillations, therefore temperature 

attenuation was carried out as necessary to avoid a foul distillation, however this may 

affect the transfer of congeners into low wines. Further studies including recycling of 

feints, possibly several times to achieve equilibrium, as carried out in industrial 

distillations would also be of interest, as heavier spirit character is likely to be more 

abundant in such situations. 
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Nitrate in process water, which can be reduced to nitrite in fermentations by bacterial 

contamination in industrial situations (Smith 1994), may also warrant further 

investigation, not only in terms of effects on nitrosamine concentration but also on spirit 

character. Manganese also functions as an essential co-factor for a number of yeast and 

malt enzymes, so may warrant further research. Investigation into the effects of 

individual ions in process water could also be carried out, although the minimal influence 

of ionic composition found in this study suggests this may be unnecessary. 

 

An investigation into organic compounds from process water passing through the 

distillation process into spirit was attempted. Such compounds may have a direct effect 

on flavour, as Steele et al. (2004) showed flavour-active lignin degradation products such 

as vanillin present in new-make spirit. While such compounds were thought to be 

sourced from malted barley, compounds of a comparable chemical nature were found in 

process waters in this study, thus would be expected to behave in a similar manner 

during distillation. Initial trials were conducted to detect such compounds, with little or 

no humic substances found in spirit samples, although this may have been due to 

difficulties with the extraction method. 

 

Further method development work was necessary to remove ethanol from spirit samples 

in order to allow effective ion-exchange isolation of organic compounds by the DEAE-

cellulose method and ascertain levels of recovery from these samples. Also, Howie and 

Swan (1984) showed that only 3.4% of phenolic compounds from wort passed through 

the system into spirit, thus a similar purification would be expected in compounds of a 

comparable nature sourced from process water. Direct flavour impacts are therefore 

likely to be minimal. 
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Appendix A – Site Maps 

 

 

Figure A.1  Location of Teaninich distillery (OS Ref. NH653692) 

 

Figure A.2  Location of Clynelish distillery (OS Ref. NC897057) 
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Figure A.3  Location of Glen Ord distillery (OS Ref. NH518508) 

 

Figure A.4  Location of Glenlossie distillery (OS Ref. NJ217574) 
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Figure A.5  Location of Linkwood distillery (OS Ref. NJ232613) 
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Figure A.6  Location of Talisker distillery (OS Ref. NG376320) 

 

Figure A.7  Location of Caol Ila distillery (OS Ref . NR428709) 
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Figure A.8  Location of Bowmore distillery (OS Ref. NR309598) 
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Figure A.9  Location of Lagavulin distillery (OS Ref. NR 405455) 

 

Figure A.10  Location of Glenkinchie distillery (OS Ref. NT443668)
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Appendix B – Raw Data 
 

B.1 Characterisation of Process Waters 

 
B.1.1 Analysis of Aquatic Humic Substances by Ion Exchange, Thermochemolysis & Pyrolysis-GC/MS 

 
Table B.1  Mean aquatic humic substances in distillery process waters by Py-GC/MS  

 Teaninich % SD Clynelish % SD Glen Ord % SD Linkwood % SD Glenlossie % SD 

anisole 0 0 0 0 0 0 0 0 0 0 

1,3-dimethoxy-2-propanol 0 0 3112304 1.9 0 0 0 0 0 0 

phosphoric acid 0 0 0 0 0 0 0 0 0 0 

benzaldehyde 408909 0 1516270 0 0 0 1264867 0 3690094 0 

succinic acid, polymaleic acid 0 0 1374254 7.1 582029 0 10832871 0 3628129 0 

2-ethyl-1-hexanol 2506247 4.0 0 0 4611266 3.1 0 3.1 0 0 

3-cyclohexene-1-carboxylic acid 1643769 0.6 0 0 0 0 0 0 0 0 

nonanal 0 0 0 0 0 0 0 0 0 0 

benzoic acid 81747091 2.2 82252877 0 86430334 2.2 4435573 2.2 3386503 2.8 

glutaric acid 624931 7.1 577924 7.1 0 0 0 0 0 0 

1,4-benzenediol 0 0 1451276 7.1 0 0 0 0 0 0 

decanal 1953751 3.3 317695 7.1 2193314 5.4 0 5.4 0 0 

nonanoic acid 2901195 3.9 1378497 2.3 2144204 2.8 3283888 2.8 0 0 

hexanedioic acid 1272370 0 1634955 7.1 1179056 0 0 0 0 0 

benzothiazole 480933 7.1 734314 7.1 0 0 0 0 0 0 

4-methoxybenzaldehyde 0 0 0 0 0 0 0 0 0 0 

capric acid 4548806 4.5 2591857 3.6 4299258 4.3 2726166 4.3 3262306 4.6 

3-methoxybenzoic acid 1331846 0.4 3284971 0.5 0 0 0 0 1277967 0.2 

4-methoxybenzoic acid 4951127 0.7 13568883 0.1 461637 7.1 0 7.1 3977330 4.4 

1,3,5-trimethoxybenzene 0 0 2624023 1.6 0 0 0 0 0 0 

cinnamic acid 0 0 0 0 0 0 0 0 0 0 

dodecanal 0 0 0 0 0 0 0 0 0 0 

methyl 3-methoxy-4-methylbenzoate 749743 0.5 1774129 0.9 0 0 0 0 0 0 

1,3,5-trimethyl-2,4-pyrimidinedione 0 0 0 0 0 0 0 0 0 0 

cyclododecane 0 0 0 0 1606023 0.5 656118 0.5 2794569 0.9 

vanillin 0 0 1237393 7.1 0 0 0 0 987279 0.5 

lauric acid 0 0 1930608 3.8 1170196 7.1 1592594 7.1 7115758 0.2 

azelaic acid 817195 7.1 816384 1.8 0 0 0 0 1204053 1.0 

2,3-dimethoxybenzoic acid 7852619 0.3 13105494 6.6 0 0 0 0 0 0 

dodecanoic acid 1864328 7.1 493284 7.1 0 0 0 0 0 0 

4-methyldodecanoic acid 1529039 7.1 387210 7.1 1882773 3.5 3498884 3.5 26030815 0.5 

3,5-dihydroxybenzoic acid 7702258 0.0 1593596 1.2 0 0 674166 0 3537316 5.2 

vanillic acid 4321410 5.8 1342796 0.1 0 0 1460668 0 3605710 5.3 

syringaldehyde 0 0 1195393 0.5 0 0 1459707 0 4565882 5.9 

2-methylbenzothiazole 0 0 0 0 498784 7.1 0 7.1 0 0 

benzophenone 3504823 5.1 0 0 10355420 2.5 0 2.5 0 0 

tetradecanal 501636 7.1 0 0 1314177 7.1 0 7.1 0 0 

cyclotetradecane 1055566 7.1 0 0 2937770 0.2 0 0.2 0 0 

p-coumaric acid 0 0 2133959 0.8 0 0 0 0 433650 7.1 
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syringic acid 2311944 0.0 8221920 0.3 0 0 0 0 0 0 

methyl tetradecanoate 4232765 5.0 8030534 0.7 21732182 3.2 5935672 3.2 22684358 5.8 

pentadecanoic acid 2497322 4.9 4870100 0.9 14509335 3.4 4183717 3.4 31248548 0.5 

3,3-diphenyl-2-propenenitrile 1252862 7.1 0 0 5451847 0.2 543472 0.2 1029938 0.2 

isopropyl myristate 0 0 410468 7.1 502945 7.1 0 7.1 0 0 

1,2,4-benzenetricarboxylic acid 0 0 1059259 1.1 0 0 767378 0 3345280 2.7 

myristic acid 9850115 4.3 4136969 4.2 3381082 1.1 0 1.1 0 0 

ferulic acid 1075070 0.0 2982332 1.2 0 0 0 0 0 0 

palmitoleic acid 24627761 3.9 11910690 3.3 11728336 0.9 5908858 0.9 20938622 0.2 

palmitic acid 83722697 5.0 31005660 1.1 85567050 3.8 8506691 3.8 25725563 0.0 

n-hexadecanoic acid 14547956 3.9 6941606 3.6 5760916 0.7 1198580 0.7 7663582 0.2 

isopropyl palmitate 0 0 510652 7.1 815490 7.1 0 7.1 0 0 

margaric acid 0 0 1221233 0.6 914669 7.1 1087951 7.1 7705149 0.2 

5-dodecyldihydro-2(3H)-furanone 0 0 0 0 0 0 0 0 0 0 

1-octadecanol 8364388 4.9 1349580 2.3 1664093 2.0 1682940 2.0 6584768 2.1 

stearate 21096650 4.9 9337682 0.9 28683051 4.6 1304554 4.6 12135060 0.1 

6-heptyltetrahydro-2H-pyran-2-one 0 0 430281 7.1 0 0 0 0 0 0 

tricosane 0 0 564347 7.1 0 0 0 0 0 0 

arachidic acid 2224842 4.4 0 0 1542464 7.1 0 7.1 0 0 

3-(4-methoxyphenyl)-2-propenoic acid 0 0 0 0 0 0 0 0 0 0 

tridecane 3242394 0.7 726669 7.1 1762557 4.2 1913669 4.2 1638403 1.3 

tetracosane 3170138 7.1 31116735 4.9 5698046 2.4 2622931 2.4 1323764 0.2 

pentacosane 0 0 1389800 7.1 0 0 0 0 0 0 

2-ethylhexanoic acid, hexadecyl ester 0 0 0 0 0 0 0 0 0 0 

docosanoic acid 0 0 0 0 0 0 601879 0 2644865 0.3 

hexacosane 0 0 0 0 0 0 0 0 0 0 

tetracosanoic acid 1002548 7.1 0 0 0 0 1118035 0 5210965 0.6 

pentacosanoic acid 9411768 2.2 1384755 7.1 4363318 7.1 0 7.1 0 0 

 

 Talisker % SD  Caol Ila % SD Bowmore % SD Lagavulin % SD Glenkinchie % SD 

anisole 1384163 1.5  1710373 7.1 0 0 986461 7.1 0 0 

1,3-dimethoxy-2-propanol 1044481 7.1  0 0 322229 7.1 453639 7.1 2282080 7.1 

phosphoric acid 7814600 3.6  0 0 0 0 0 0 13612173 6.7 

benzaldehyde 5970037 2.7  0 0 4388252 0 9634324 0 521808 0 

succinic acid, polymaleic acid 17299222 0.7  0 0 49718445 7.1 29126071 6.3 0 0 

2-ethyl-1-hexanol 4964417 3.2  8898510 6.0 5112107 3.9 9321703 4.4 5278869 5.2 

3-cyclohexene-1-carboxylic acid 0 0  0 0 0 0 0 0 0 0 

nonanal 4278944 7.1  2089131 7.1 0 0 0 0 0 0 

benzoic acid 398676 0  3312198 7.1 4856890 1.8 5965887 7.1 36437645 7.1 

glutaric acid 0 0  0 0 1312166 1.5 464202 7.1 0 0 

1,4-benzenediol 1183604 0.6  0 0 2732360 0.5 808761 7.1 0 0 

decanal 1136949 7.1  3645545 1.0 1722294 0.7 876808 3.4 0 0 

nonanoic acid 1474532 7.1  2854899 2.0 621369 7.1 2886216 3.2 2202775 7.1 

hexanedioic acid 0 0  0 0 0 0 0 0 0 0 

benzothiazole 0 0  3031114 7.1 2796002 7.1 6325346 2.2 0 0 

4-methoxybenzaldehyde 5573323 2.0  0 0 1730030 7.1 2248943 1.9 0 0 

capric acid 4976674 1.0  2286575 2.7 1295698 1.6 3218674 3.0 5665955 5.4 

3-methoxybenzoic acid 0 0  0 0 3589692 1.2 1952205 2.3 927749 7.1 

4-methoxybenzoic acid 3596430 0.5  0 0 3155515 1.6 4511943 5.8 0 0 
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1,3,5-trimethoxybenzene 0 0  0 0 1568203 1.8 1979561 2.4 0 0 

cinnamic acid 2770810 0.1  0 0 1196848 1.5 0 0 0 0 

dodecanal 1046287 0.9  0 0 0 0 0 0 0 0 

methyl 3-methoxy-4-methylbenzoate 0 0  0 0 0 0 0 0 0 0 

1,3,5-trimethyl-2,4-pyrimidinedione 4978634 1.1  0 0 0 0 0 0 0 0 

cyclododecane 0 0  1777143 1.5 500365 7.1 2328188 0.9 1984651 7.1 

vanillin 1256880 1.9  0 0 4768269 1.5 2914425 2.0 0 0 

lauric acid 13374193 1.6  2780243 2.9 2699815 0.3 6415149 1.8 6449157 3.8 

azelaic acid 1516215 1.9  394792 7.1 694343 7.9 1199817 2.6 806297 7.1 

2,3-dimethoxybenzoic acid 0 0  0 0 1692169 2.3 305150 18.7 0 0 

dodecanoic acid 2818267 0  594731 7.1 3747736 1.5 2848981 1.0 0 0 

4-methyldodecanoic acid 20244783 0.8  1881722 4.0 1885934 2.0 1605699 1.0 31902502 5.7 

3,5-dihydroxybenzoic acid 0 0  0 0 1163772 2.5 1297502 1.8 0 0 

vanillic acid 1456056 3.5  0 0 2089527 1.8 1298464 1.8 0 0 

syringaldehyde 3549392 5.5  327379 7.1 3503958 1.6 1617884 2.1 0 0 

2-methylbenzothiazole 0 0  0 0 1577522 1.8 1339464 7.1 0 0 

benzophenone 0 0  5419935 3.3 2108637 3.2 10839958 2.6 1674465 1.0 

tetradecanal 1503131 7.1  957294 0.8 0 0 0 0 788242 7.1 

cyclotetradecane 798258 7.1  1652547 2.1 632472 7.1 1914947 2.5 223957 7.1 

p-coumaric acid 0 0  0 0 4249123 1.2 1842785 2.3 0 0 

syringic acid 0 0  0 0 12675340 1.2 6410484 1.7 0 0 

methyl tetradecanoate 1332815 1.8  12840375 4.3 2672260 2.7 23940835 2.9 6642021 4.5 

pentadecanoic acid 1236359 1.8  8710020 4.4 1581802 3.2 15689197 3.0 4777239 3.3 

3,3-diphenyl-2-propenenitrile 0 0  12740403 0.9 3976784 0.4 8685791 3.6 3563158 4.3 

isopropyl myristate 0 0  572390 7.1 1426560 0.6 6276469 3.4 0 0 

1,2,4-benzenetricarboxylic acid 4137478 4.4  0 0 2944656 1.0 946716 2.5 0 0 

myristic acid 0 0  6044978 2.2 9100843 1.9 9446929 0.8 0 0 

ferulic acid 393036 7.1  0 0 5662252 1.2 2077537 2.1 0 0 

palmitoleic acid 26956452 0.7  10498843 1.2 14411250 2.0 14887038 0.6 16714442 3.7 

palmitic acid 2028739 1.3  5891137 4.9 3508359 4.7 10369291 3.3 17613031 4.5 

n-hexadecanoic acid 6916966 0.6  10645012 1.6 14517562 1.6 13180644 0.1 6687725 5.1 

isopropyl palmitate 2752835 1.1  2456935 0.5 2693673 1.2 3125787 2.7 0 0 

margaric acid 2775744 3.2  2613306 4.7 468490 7.1 4366198 3.1 15560621 6.2 

5-dodecyldihydro-2(3H)-furanone 1256341 7.1  0 0 0 0 0 0 0 0 

1-octadecanol 3862996 0.5  5784642 2.9 3748959 2.7 9330113 2.8 8026356 5.2 

stearate 10799860 0.2  7962072 4.9 4342083 2.1 12088571 3.0 11014726 5.1 

6-heptyltetrahydro-2H-pyran-2-one 10842887 4.2  0 0 0 0 0 0 0 0 

tricosane 0 0  0 0 0 0 0 0 0 0 

arachidic acid 0 0  0 0 0 0 0 0 1359037 7.1 

3-(4-methoxyphenyl)-2-propenoic acid 6671188 4.3  2840098 1.0 1704073 0.1 2026017 2.7 446533 7.1 

tridecane 6938745 5.7  15412590 0.2 18162659 0.8 23441910 3.1 1009114 0.9 

tetracosane 10131554 1.6  7981590 0.5 10248919 2.5 13623564 2.0 1500640 2.9 

pentacosane 0 0  0 0 0 0 431270 7.1 0 0 

2-ethylhexanoic acid, hexadecyl ester 3248312 0.1  7126635 0.3 3602058 0.1 4209905 2.6 0 0 

docosanoic acid 2477177 5.0  873036 7.1 0 0 1859652 3.1 3157690 5.2 

hexacosane 0 0  0 0 0 0 441621 7.1 0 0 

tetracosanoic acid 3152921 4.3  1615004 7.1 0 0 3745059 2.7 9287386 6.1 

pentacosanoic acid 9473803 0.2  3525937 2.6 0 0 0 0 151502 7.1 
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B.1.2 Total and Organic Carbon Analysis of Distillery Process Waters 

 

Table B.2  Carbon Analysis of distillery process waters (% SD in brackets) 

Distillery 
POC 

(mg L-1) 
AHS DOC 
(mg L-1) 

DOC 
(mg L-1) 

TOC 
(mg L-1) 

TIC 
(mg L-1) 

Teaninich 2.53 (0.10) 7.05 (0.19) 8.24 (0.10) 10.76 (0.12) 1.57 (0.93) 
Clynelish 3.62 (0.09) 6.65 (0.09) 10.20 (0.03) 13.82 (0.04) 1.56 (1.19) 

Glen Ord 1.12 (0.12) 6.99 (0.16) 7.86 (0.09) 8.98 (0.17) 1.47 (1.26) 
Linkwood 1.16 (0.12) 6.46 (0.13) 7.35 (0.16) 8.51 (0.12) 1.44 (0.86) 
Glenlossie 5.70 (0.09) 6.77 (0.14) 13.00 (0.06) 18.70 (0.10) 1.57 (0.74) 

Talisker 1.48 (0.15) 6.40 (0.20) 9.30 (0.07) 10.77 (0.13) 1.41 (0.83) 
Caol Ila 1.23 (0.10) 4.44 (0.08) 8.37 (0.03) 9.60 (0.10) 1.44 (0.93) 
Bowmore 3.97 (0.13) 9.21 (0.13) 10.81 (0.12) 14.78 (0.18) 1.65 (0.88) 

Lagavulin 3.99 (0.12) 3.94 (0.11) 10.73 (0.25) 14.72 (0.32) 1.54 (0.64) 
Glenkinchie 1.15 (0.14) 5.12 (0.14) 6.35 (0.08) 7.50 (0.11) 1.40 (0.35) 

 

B.1.3 Phenolic Compounds in Distillery Process Waters by HPLC 

 

Table B.3  Phenolic Compounds by HPLC Results (results in mg L-1) 

Distillery Phenol Guaiacol 
m/p-
Cresol 

o-
Cresol 

4-Methyl 
Guaiacol 

4-Ethyl 
Phenol 

4-Ethyl 
Guaiacol 

Teaninich 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Clynelish 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Glen Ord 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Linkwood 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

 Glenlossie 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Talisker 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Caol Ila 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

 Bowmore 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Lagavulin 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
 Glenkinchie 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
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B.1.4 Detection of Anions and Cations by Dionex Ion Chromatography 

 

Table B.4  Dionex Ion Chromatography Results (all results expressed in mg L-1) 

 

 

 

 
 

Distillery Sodium Potassium Magnesium Calcium Fluoride Chloride Nitrate Phosphate Sulphate 

 Teaninich 11.44 1.94 6.38 22.27 0.00 22.52 18.63 0.00 17.24 
 Clynelish 6.07 0.61 1.29 4.90 0.00 12.39 5.79 0.00 10.55 
 Glen Ord 14.22 1.65 8.71 15.48 0.00 22.01 8.87 0.00 24.66 
 Linkwood 9.95 1.76 2.47 12.08 0.00 18.21 6.72 0.00 8.81 

 Glenlossie 6.22 0.90 1.99 4.05 0.00 10.44 4.15 0.00 4.54 
 Talisker 16.86 0.08 7.72 18.30 0.00 15.90 0.00 0.00 5.92 
 Caol Ila 10.45 0.66 5.36 11.35 0.00 21.50 6.05 0.00 10.87 

 Bowmore 20.77 1.25 4.95 8.92 0.00 43.46 6.83 0.00 13.00 
 Lagavulin 12.80 0.61 3.66 4.20 0.00 26.30 6.01 0.00 12.06 
 Glenkinchie 27.80 3.15 39.56 35.57 0.32 78.70 55.09 0.00 46.91 
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B.1.5 Correlations Between Analytical Measures 

 

Table B.5  Pearson Correlation r value Matrix (significant results in bold; p = 0.05, Df = 8) 

 
 

Carb. Gua. p-cou. Syr. Total HS TOC DOC Colour Na K Mg Ca F Cl NO3 SO4 Fe Zn 

Ali. -0.073 0.290 0.046 0.370 0.941 0.177 0.158 0.087 0.015 0.004 0.010 0.054 -0.102 -0.051 0.028 0.202 -0.008 0.067 

 Carb. -0.296 0.514 -0.213 -0.068 -0.080 0.036 -0.233 0.184 -0.474 -0.027 0.147 -0.122 -0.184 -0.273 -0.279 -0.172 0.908 

  Gua. 0.194 0.096 0.551 0.029 -0.079 0.471 -0.095 0.276 0.114 0.164 0.164 0.093 0.318 0.280 -0.078 -0.396 

   p-cou. 0.554 0.220 0.473 0.517 0.672 -0.064 -0.686 -0.370 -0.406 -0.358 -0.237 -0.448 -0.458 0.395 0.663 

    Syr. 0.430 0.493 0.477 0.718 0.005 -0.337 -0.350 -0.543 -0.344 -0.021 -0.325 -0.177 0.644 0.181 

     Total HS 0.149 0.117 0.265 -0.017 -0.011 -0.024 0.042 -0.116 -0.065 0.028 0.200 -0.017 0.053 

      TOC 0.985 0.740 -0.430 -0.518 -0.523 -0.729 -0.427 -0.383 -0.472 -0.563 0.723 0.070 

       DOC 0.683 -0.459 -0.637 -0.587 -0.772 -0.509 -0.466 -0.581 -0.649 0.693 0.195 

        Colour -0.283 -0.362 -0.394 -0.624 -0.272 -0.159 -0.278 -0.318 0.639 -0.043 

         Na 0.555 0.818 0.730 0.742 0.903 0.695 0.745 0.068 0.218 

          K 0.744 0.742 0.744 0.739 0.866 0.844 -0.178 -0.617 

           Mg 0.867 0.976 0.898 0.944 0.925 -0.299 -0.153 

            Ca 0.782 0.711 0.834 0.809 -0.484 -0.069 

             F 0.893 0.955 0.888 -0.245 -0.261 

              Cl 0.883 0.869 0.062 -0.175 

               NO3 0.933 -0.261 -0.417 

                SO4 -0.289 -0.339 

                 Fe 0.071 
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B.2 Analysis of New-make Spirits 

 

B.2.1 Consistency of Spirit Production Method 

 

Table B.6  Replicate 1 distillation timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 750 mL 0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Caol Ila 00:48 01:10 01:33 01:53 02:20 02:37 03:01 03:24 03:35 00:15 00:23 00:32 00:38 00:43 00:47 00:57 01:10 01:20 

Bowmore 00:46 01:09 01:32 01:53 02:18 02:35 02:56 03:19 03:29 00:13 00:21 00:29 00:34 00:40 00:46 00:54 01:01 01:10 

Clynelish 00:37 01:09 01:38 02:10 02:41 03:05 03:22 03:40 03:49 00:11 00:30 00:40 00:47 00:54 01:02 01:10 01:19 01:25 

Glen Ord 00:38 01:06 01:34 02:05 02:38 03:05 03:24 03:41 03:49 00:12 00:30 00:39 00:48 00:54 01:02 01:10 01:19 01:25 

Glenkinchie 00:47 01:23 01:44 02:10 02:32 02:58 03:20 03:41 03:49 00:18 00:25 00:32 00:39 00:48 00:55 01:02 01:08 01:18 

Lagavulin 00:43 01:20 01:40 02:00 02:32 03:00 03:20 03:38 03:47 00:15 00:22 00:28 00:36 00:48 00:57 01:07 01:15 01:22 

Teaninich 00:36 01:08 01:34 02:01 02:25 02:51 03:17 03:34 03:43 00:14 00:21 00:27 00:32 00:43 00:51 01:00 01:10 01:17 

Glenlossie 00:56 01:27 01:59 02:35 03:00 03:26 03:55 04:20 04:29 00:13 00:22 00:30 00:38 00:46 00:54 01:04 01:14 01:22 

Talisker 00:36 01:08 01:43 02:12 02:35 02:57 03:20 03:40 03:50 00:13 00:22 00:30 00:39 00:49 00:57 01:05 01:13 01:20 

Linkwood 00:48 01:21 02:09 02:41 03:12 03:49 04:20 04:32 04:40 00:14 00:22 00:28 00:34 00:41 00:53 01:08 01:19 01:23 
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Table B.7  Replicate 2 distillation timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 750 mL 0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Caol Ila 00:35 01:07 01:38 02:08 02:32 02:53 03:13 03:33 03:45 00:12 00:21 00:28 00:36 00:46 00:56 01:03 01:11 01:16 

Bowmore 00:32 00:57 01:26 02:00 02:34 03:03 03:23 03:41 03:51 00:14 00:22 00:30 00:37 00:46 00:55 01:05 01:15 01:22 

Clynelish 00:33 00:52 01:19 01:58 02:32 03:01 03:22 03:42 03:50 00:16 00:24 00:31 00:40 00:49 00:57 01:06 01:16 01:22 

Glen Ord 00:47 01:10 01:37 02:02 02:31 02:56 03:22 03:44 03:54 00:15 00:22 00:30 00:39 00:47 00:55 01:05 01:16 01:23 

Glenkinchie 00:42 01:04 01:26 02:03 02:31 02:54 03:18 03:40 03:50 00:14 00:21 00:28 00:35 00:46 00:55 01:03 01:10 01:18 

Lagavulin 00:45 01:08 01:33 02:02 02:30 02:55 03:18 03:41 03:51 00:17 00:22 00:30 00:38 00:45 00:53 01:05 01:17 01:24 

Teaninich 00:48 01:19 01:43 02:09 02:35 03:02 03:26 03:49 03:58 00:14 00:21 00:28 00:34 00:46 00:56 01:05 01:13 01:20 

Glenlossie 00:44 01:24 01:47 02:09 02:38 03:10 03:32 03:49 04:02 00:18 00:25 00:33 00:41 00:48 00:58 01:06 01:18 01:23 

Talisker 00:48 01:14 01:35 02:00 02:32 03:01 03:25 03:45 03:55 00:15 00:21 00:28 00:37 00:48 00:57 01:05 01:13 01:20 

Linkwood 00:46 01:20 02:04 02:41 03:10 03:32 03:58 04:22 04:35 00:15 00:22 00:28 00:34 00:43 00:54 01:07 01:15 01:22 

 

Table B.8  Replicate 3 distillation timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 750 mL 0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Caol Ila 00:48 01:12 01:38 02:03 02:31 02:59 03:23 03:44 03:53 00:16 00:24 00:31 00:39 00:47 00:55 01:04 01:11 01:17 

Bowmore 00:49 01:10 01:35 02:03 02:30 02:51 03:14 03:35 03:45 00:19 00:24 00:31 00:38 00:45 00:53 01:04 01:14 01:22 

Clynelish 00:37 01:09 01:38 02:10 02:41 03:05 03:22 03:40 03:49 00:11 00:30 00:40 00:47 00:54 01:02 01:10 01:19 01:25 

Glen Ord 00:38 01:06 01:34 02:05 02:38 03:05 03:24 03:41 03:49 00:12 00:30 00:39 00:48 00:54 01:02 01:10 01:19 01:25 

Glenkinchie 00:44 01:05 01:25 01:57 02:28 02:52 03:20 03:43 03:52 00:17 00:22 00:29 00:36 00:46 00:56 01:03 01:11 01:18 

Lagavulin 00:36 01:08 01:34 01:56 02:23 02:55 03:19 03:38 03:47 00:19 00:25 00:33 00:39 00:47 00:55 01:02 01:11 01:19 

Teaninich 00:43 01:04 01:25 02:03 02:28 02:53 03:20 03:43 03:52 00:15 00:23 00:30 00:40 00:49 00:56 01:05 01:14 01:20 

Glenlossie 00:38 01:05 01:32 02:04 02:40 03:09 03:30 03:50 04:03 00:15 00:24 00:34 00:43 00:55 01:04 01:12 01:19 01:23 

Talisker 00:44 01:05 01:25 01:55 02:30 02:56 03:20 03:43 03:52 00:17 00:24 00:30 00:37 00:48 00:55 01:05 01:13 01:20 

Linkwood 00:50 01:26 02:07 02:36 03:04 03:32 03:54 04:17 04:28 00:12 00:20 00:29 00:40 00:49 00:58 01:06 01:15 01:22 
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B.2.2 Sensory Analysis of New Make Spirits 

 

Table B.9  Mean QDA scores for reproducibility analysis 

 
Glenlossie 

1 
Glenlossie 

2 
Glenlossie 

3 
Lagavulin 

1 
Lagavulin 

2 
Lagavulin 

3 
Sulphury 0.64 0.72 0.69 0.44 0.56 0.57 

Meaty 0.40 0.36 0.36 0.19 0.28 0.29 
Cereal 0.81 0.97 0.96 0.43 0.47 0.51 
Feinty 0.83 0.87 0.95 0.63 0.68 0.71 

Sweet 0.41 0.31 0.46 0.33 0.48 0.35 
Green/Grassy 0.41 0.44 0.39 0.48 0.65 0.59 
Clean 1.27 1.37 1.55 1.49 1.63 1.82 

 

B.2.3 Major Volatile Congeners by Headspace-Solid Phase Micro Extraction-Gas Chromatography / 

Mass Spectrometry 

 

Table B.10  Mean responses for HS-SPME analysis 

Compound Teaninich 
% 
SD 

Clynelish 
% 
SD 

Glen Ord 
% 
SD 

Linkwood 
% 
SD 

Glenlossie 
% 
SD 

ethyl acetate 642284 0.5 794288 0.7 658358 0.4 734799 0.4 536739 0.5 
ethanol 106499749 2.9 152263884 0.2 149887343 0.0 110489078 2.9 105739337 2.9 
decane 164432 0.2 145458 0.7 137381 0.9 125678 0.1 103331 0.4 
2-methylpropyl acetate 38907 0.7 51429 0.7 32629 0.4 39031 0.4 30689 0.6 
ethyl butanoate 169438 0.6 204081 0.7 152065 0.4 186799 0.4 141860 0.5 
2-methylhexyl butanoate 88958 2.4 194009 2.8 92996 5.3 67728 2.3 228346 2.1 
undecane 129185 0.2 153952 0.6 119903 0.5 121239 0.2 93830 0.2 
1-propanol, 2-methyl 1736769 0.2 1807256 0.3 1770469 0.2 1526499 0.1 1635577 0.2 
pentane, 1,1-diethoxy 15710 0.4 10552 0.7 13277 0.4 8953 0.5 8088 0.8 
3-methylbutyl ethanoate 3484681 0.4 4156464 0.6 2632930 0.3 2941607 0.3 2184678 0.4 
1-butanol 33548 0.4 35769 0.5 38961 0.3 33101 0.2 34544 0.3 
pentyl propanoate 25441 0.6 33711 0.7 22785 0.8 16853 0.6 14191 0.8 
1-butanol, 3-methyl 14739814 0.4 15369920 0.5 15335014 0.4 12267980 0.4 12566488 0.4 
methyl hexoate 1745469 0.6 2098725 0.8 1435384 0.5 1877047 0.5 1490026 0.6 
phenol, 2,6-dimethyl 16766 0.6 16256 0.8 15739 0.6 12552 0.7 11282 1.0 
styrene 67430 0.7 79557 1.0 72974 0.5 51989 0.7 48649 0.8 
hexyl acetate 30859 0.5 39770 0.6 20797 0.4 22352 0.5 15109 0.6 
heptane, 1,1-diethoxy- 11612 0.6 15879 0.6 7098 0.4 6819 0.5 3598 0.8 
methyl heptanoate 58428 0.6 69261 0.8 53429 0.4 54604 0.5 51587 0.6 
1-hexanol 9387 0.6 11952 0.6 10096 0.5 7919 0.7 7812 0.6 
2-methylpropyl hexanoate 14889 0.7 17914 0.7 12367 0.6 11442 0.5 10280 0.8 
heptyl acetate 11268 0.6 16290 0.7 7731 0.3 8534 0.4 5392 0.5 
1,3,5-undecatriene 128305 0.6 62600 0.2 117829 0.7 122242 0.7 135540 1.0 
unknown 12559 0.7 9025 0.8 10000 1.0 10135 0.7 9456 0.5 
ethyl octanoate 61435980 0.2 59066953 0.2 45185482 0.1 52098791 0.1 44725285 0.3 
2-methylbutyl hexanoate 127323 0.6 123541 0.6 125578 0.5 98065 0.6 92172 0.8 
octyl acetate 23383 0.5 24957 0.5 13641 0.3 19181 0.4 14453 0.6 
propyl octanoate 40964 0.6 44708 0.5 33063 0.4 37426 0.4 34428 0.7 
methyl nonanoate 283235 0.4 364256 0.5 243374 0.4 254708 0.4 232185 0.7 
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butyl caprylate 216481 0.5 231787 0.5 181737 0.5 164306 0.4 153055 0.7 
ethyl-3-nonenoate 6973 0.8 11160 0.6 8058 0.4 8106 0.6 6510 0.8 
2-undecanone 13798 0.3 18063 0.5 15146 0.4 12716 0.3 15309 0.6 
3-methylbutyl octanoate 371726 0.3 377762 0.2 383467 0.2 288789 0.3 271263 0.2 
ethyl decenoate 0 0 4415 0.6 836 2.9 0 0 0 0 
decyl acetate 40219 0.4 47862 0.4 33756 0.3 44441 0.3 39617 0.3 
ethyl benzoate 64906 0.2 55228 0.5 83157 0.4 45176 0.2 55025 0.2 
propyl decanoate 35139 0.2 38541 0.2 39584 0.1 40109 0.3 38438 0.1 
ethyl undecanoate 3782 0.2 4930 0.3 4520 0.0 5027 0.2 4636 0.2 
pentyl decanamide 127022 0.2 130623 0.1 144939 0.1 114451 0.3 108662 0.2 
1-decanol 37744 0.3 35104 0.4 36336 0.3 38996 0.2 44614 0.1 
methyl dodecanoate 7928 0.2 8122 0.3 8974 0.1 9403 0.3 7983 0.7 
2-phenylethyl acetate 480737 0.3 470998 0.4 448581 0.4 467127 0.2 470722 0.1 
ethyl decanoate 121556035 0.0 119850877 0.0 106555725 0.1 116272135 0.0 107183691 0.2 
ethyl dodecanoate 11763923 0.3 11930190 0.1 10885135 0.4 17550681 0.2 13661672 0.4 
3-methylbutyl 

 

202553 0.2 183518 0.0 228298 0.3 152637 0.2 147476 0.4 
dodecyl acetate 5370 0.3 7077 0.1 5523 0.3 6357 0.3 5778 0.4 
ethanol, 2-phenyl 39505 0.4 38123 0.3 56958 0.9 42930 0.2 54045 0.5 
1-methylpropyl dodecanoate 3060 3.0 3739 0.6 4144 0.6 4289 0.5 4116 0.4 
unknown alcohol 31512 2.9 52474 0.2 57854 0.3 49949 0.3 58945 0.7 
unknown methylated alcohol 21422 2.9 27162 0.3 35987 0.5 23865 0.1 25286 0.2 
ethyl pentadecanoate 155380 2.9 154201 0.3 147449 0.3 255613 0.2 230113 0.2 
3-methylbutyl dodecanoate 11460 2.9 14413 0.1 15705 0.2 13827 0.1 13731 0.5 
tetradecanoic acid 25347 2.9 28403 0.2 28831 0.4 32305 0.4 30341 0.4 
1-tridecanol 73627 2.9 110859 0.2 128221 0.1 159565 0.3 166745 0.3 
propanoic acid, 2-methyl, 2-

   

31939 2.9 60601 0.2 51933 0.5 33641 0.2 39395 0.1 
ethyl hexadecanoate 3258 2.9 4229 0.3 3795 0.4 2979 0.2 4185 0.2 
unknown 11256 2.9 13717 0.4 18811 0.7 10533 0.3 12667 0.2 
ethyl hexadecenoate 44621 2.9 48318 0.1 51113 0.2 55812 0.3 70974 0.1 
farnesol 10013 2.9 10601 0.4 16631 0.7 11760 0.3 14420 0.0 
1-hexadecanol 24921 2.9 36743 0.5 47448 0.5 28417 0.2 46410 0.1 
2-phenylethyl octanoate 74873 2.9 134637 0.2 134738 0.3 76113 0.2 81003 0.3 

 

 

 

Compound Talisker 
% 
SD 

Caol Ila 
% 
SD 

Bowmore 
% 
SD 

Lagavulin 
% 

 SD 
Glenkinchie 

% 
SD 

ethyl acetate 623104 0.3 142468
 

0.6 790041 0.9 493087 1.1 137456 0.7 
ethanol 14089015

 
0.1 158907

 
0.1 14954585

 
0.1 11246182

 
1.2 144885406 0.2 

decane 134394 1.0 183650 0.9 125194 1.0 92350 0.5 147263 0.9 
2-methylpropyl acetate 33722 0.3 69403 0.7 39546 0.8 26542 0.7 21225 0.6 
ethyl butanoate 149871 0.4 322347 0.7 163895 0.9 128110 0.6 132672 0.6 
2-methylhexyl butanoate 159369 1.4 143161 2.1 74759 2.8 47756 3.6 109366 3.2 
undecane 126146 0.9 179597 0.6 131299 1.0 202088 4.2 135626 0.9 
1-propanol, 2-methyl 1581050 0.1 211100

 
0.5 1764684 0.5 1301278 0.5 1982279 0.1 

pentane, 1,1-diethoxy 16226 0.5 33510 0.8 17663 0.8 7012 3.0 12609 0.8 
3-methylbutyl ethanoate 2871493 0.4 526562

 
0.7 3205442 0.8 2198371 0.4 3082161 0.5 

1-butanol 30605 0.3 47697 0.5 36607 0.6 23143 1.2 44069 0.5 
pentyl propanoate 18742 0.6 39539 0.9 21748 1.1 12163 2.1 29620 0.8 
1-butanol, 3-methyl 13033724 0.3 193847

 
0.3 15804975 0.6 10222421 0.6 19733772 0.5 

methyl hexoate 1390074 0.4 295554
 

0.8 1577414 0.9 1197402 0.5 2172510 0.5 
phenol, 2,6-dimethyl 9810 0.3 25610 0.7 15818 0.9 10049 0.6 9874 0.7 
styrene 46612 0.5 125326 0.8 58560 1.0 44219 0.6 32483 0.6 
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hexyl acetate 24076 0.3 46078 0.7 29147 0.8 20298 0.5 29372 0.4 
heptane, 1,1-diethoxy- 12068 0.5 19426 0.9 15932 0.9 6666 0.3 17725 0.8 
methyl heptanoate 44188 0.3 92768 0.8 51894 0.9 40920 0.4 73129 0.5 
1-hexanol 8391 0.4 16546 0.7 11733 0.8 6946 0.6 11826 0.6 
2-methylpropyl hexanoate 10489 0.3 22651 0.8 12900 0.9 9432 0.3 16787 0.6 
heptyl acetate 8578 0.4 17620 0.6 11805 0.8 7693 0.6 11060 0.6 
1,3,5-undecatriene 46573 1.2 90606 0.6 58195 0.8 68201 0.6 119970 1.0 
unknown 10059 0.5 11606 0.7 10547 0.7 7832 0.9 35144 0.4 
ethyl octanoate 44607551 0.2 515755

 
0.1 45392391 0.1 44227965 0.4 68259763 0.2 

2-methylbutyl hexanoate 92291 0.3 162734 0.8 115576 0.8 82650 0.2 125034 0.6 
octyl acetate 17359 0.3 31315 0.8 22660 0.7 16557 0.2 21525 0.4 
propyl octanoate 29578 0.3 53394 0.8 37708 0.7 28140 0.2 38751 0.5 
methyl nonanoate 222374 0.2 373590 0.5 287466 0.6 227439 0.1 317602 0.4 
butyl caprylate 166024 0.2 268654 0.7 195969 0.8 151407 0.1 208809 0.5 
ethyl-3-nonenoate 6071 0.4 13463 0.8 9081 1.0 6370 0.4 9004 0.3 
2-undecanone 12202 0.2 20297 0.5 15443 0.6 12518 0.1 16873 0.5 
3-methylbutyl octanoate 351784 0.2 420514 0.6 372140 0.5 295748 0.3 361382 0.2 
ethyl decenoate 781 5.8 2464 1.0 2974 0.9 391 5.8 811 5.8 
decyl acetate 41531 0.2 58023 0.7 52217 0.6 44523 0.4 32610 0.4 
ethyl benzoate 69177 0.3 100008 0.8 79944 0.6 58059 0.6 68118 0.5 
propyl decanoate 36511 0.1 46885 0.7 40836 0.6 34916 0.4 30744 0.2 
ethyl undecanoate 4148 0.4 6237 0.8 5272 0.6 4505 0.8 3200 0.2 
pentyl decanamide 137556 0.1 177352 0.7 145701 0.6 130598 0.5 110398 0.2 
1-decanol 40597 0.3 63511 0.6 49271 0.5 41103 0.6 39915 0.5 
methyl dodecanoate 9556 0.3 10938 0.2 9593 0.3 8618 0.5 8888 0.2 
2-phenylethyl acetate 582138 0.3 789302 0.7 764283 0.6 450765 0.6 589791 0.4 
ethyl decanoate 10256471

 
0.1 103321

 
0.1 10140122

 
0.2 10609944

 
0.2 124934735 0.2 

ethyl dodecanoate 12000846 0.1 155267
 

0.5 13123821 0.5 12719599 0.5 9013050 0.1 
3-methylbutyl 

 

221074 0.1 288872 0.8 224513 0.5 205294 0.6 174270 0.3 
dodecyl acetate 6214 0.1 9718 0.8 8486 0.5 8089 0.6 3575 0.3 
ethanol, 2-phenyl 101536 0.6 87050 1.2 75344 0.2 49721 1.1 69008 0.9 
1-methylpropyl dodecanoate 4829 0.3 6172 0.9 5543 0.7 4806 0.9 2899 0.8 
unknown alcohol 48532 0.1 79094 1.0 64652 0.6 58497 0.5 34809 0.4 
unknown methylated alcohol 31325 0.3 40553 0.8 35634 0.7 28105 0.6 35442 0.3 
ethyl pentadecanoate 216164 0.3 279290 0.7 227108 0.6 197330 0.5 153132 0.3 
3-methylbutyl dodecanoate 18228 0.1 25569 0.8 21057 0.5 16421 0.5 10165 0.3 
tetradecanoic acid 39392 0.2 54375 0.9 45175 0.7 41455 0.7 27507 0.7 
1-tridecanol 120431 0.1 209500 0.9 159474 0.5 134007 0.7 78857 0.3 
propanoic acid, 2-methyl, 2-

   

43415 0.4 68699 0.8 63179 0.8 40670 0.7 56201 0.6 
ethyl hexadecanoate 4684 0.3 6525 0.7 5994 0.6 4251 0.5 2906 0.3 
unknown 18054 0.4 25386 0.6 22448 0.5 17245 0.8 15544 0.3 
ethyl hexadecenoate 65544 0.4 92642 0.9 79036 0.7 64835 0.7 44989 0.5 
farnesol 17883 0.4 21762 1.0 20571 0.8 14282 0.8 19629 0.5 
1-hexadecanol 39457 0.5 49082 0.9 47716 0.7 42671 1.0 27102 0.6 
2-phenylethyl octanoate 117524 0.5 183412 0.6 164130 0.5 97630 0.8 114852 0.5 
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B.2.4 Sulphur-containing Compounds in Spirit Headspace by Gas Chromatography 

 

Table B.11  Static headspace analysis results 

 
Teanin

ich 
Clynel

ish 
Glen 
Ord 

Linkw
ood 

Glenlo
ssie 

Talis
ker 

Caol 
Ila 

Bowm
ore 

Lagav
ulin 

Glenkin
chie 

Dimethyl sulphide 0.071 0.148 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
Unknown 22.480 32.06

 
0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

Thiophene 0.000 0.000 0.000 0.124 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
S-Methylthioacetate 6.752 6.292 5.469 8.331 0.730 7.94

 
8.21

 
8.825 4.337 3.402 

Diethyl sulphide 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
Thiazole 0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

Dimethyl disulphide 0.043 0.246 0.046 0.199 0.000 0.30
 

0.35
 

0.517 0.130 0.209 

Unknown 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
2-methyl thiophene 0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

3-ethyl thiophene 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 

4-methyl thiazole 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
5-methyl thiazole 0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

Diethyl sulphite 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 

2,5-dimethyl thiophene 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
Diethyl disulphide 0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

4,5-dimethyl thiazole 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 

3-methyl thiopropanol 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
Thiophene-3-

 
0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

Dimethyl trisulphide 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
Thiophene-2-

 
0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

4-methyl 5-vinyl thiazole 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
5-methyl-2-thiophene 

 
0.000 0.000 0.000 0.000 3.229 0.00

 
0.00

 
0.000 0.000 0.000 

Ethyl-2-thiophene 
 

0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
Methyl 2-methyl 3-furyl 

 
0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

Thianapthene 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 

Benzothiazole 0.000 0.000 0.000 0.000 0.000 0.00
 

0.00
 

0.000 0.000 0.000 
4-methyl-5-thiazole 

 
0.000 0.000 0.000 0.000 0.000 0.00

 
0.00

 
0.000 0.000 0.000 

 
Table B.12  Dynamic headspace results 

 
Teanin

ich 
Clynel

ish 
Glen 
Ord 

Linkw
ood 

Glenlo
ssie 

Talis
ker 

Caol 
Ila 

Bowm
ore 

Lagav
ulin 

Glenkin
chie 

Dimethyl sulphide 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Unknown 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Thiophene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

S-Methylthioacetate 179.30

 

179.6

 

173.4

 

182.45

 

111.87

 

182.8

 

178.9

 

185.18

 

169.4

 

164.545 

Diethyl sulphide 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Thiazole 0.000 0.000 0.000 0.000 0.097 0.000 0.000 0.000 0.000 0.000 

Dimethyl disulphide 3.044 15.11

 

2.596 8.159 0.180 13.13

 

8.776 19.186 5.854 12.935 

Unknown 371.41

 

453.6

 

419.0

 

292.11

 

0.000 683.9

 

389.1

 

590.10

 

0.000 0.000 

2-methyl thiophene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3-ethyl thiophene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4-methyl thiazole 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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5-methyl thiazole 0.432 0.000 0.360 0.506 0.418 0.476 0.463 0.501 0.000 0.000 

Diethyl sulphite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2,5-dimethyl thiophene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Diethyl disulphide 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4,5-dimethyl thiazole 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3-methyl thiopropanol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Thiophene-3-

 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Dimethyl trisulphide 0.219 2.621 0.179 2.243 2.465 1.222 3.495 4.748 2.656 4.193 
Thiophene-2-

 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4-methyl 5-vinyl thiazole 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

5-methyl-2-thiophene 
 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ethyl-2-thiophene 

 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Methyl 2-methyl 3-furyl 
 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Thianapthene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Benzothiazole 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
4-methyl-5-thiazole 

 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

 

 

B.2.5 Correlations Between Water and Spirit Analysis 

 

Table B.13  Pearson correlation coefficients (significant results in italics) 

Attributes Type† 
Pearson       

Correlation 

Sensory / Total volatiles in spirit headspace SPME -0.2021 

Sensory / Carbonyl compounds in spirit headspace SPME 0.3042 

Sensory / Ethyl esters in spirit headspace SPME 0.2875 

Sensory / Fatty acids in spirit headspace SPME 0.0710 

Sensory / Higher alcohols in spirit headspace SPME 0.1309 

Sensory / Acetates from higher alcohols in spirit headspace SPME 0.0784 

Sensory / Other compounds in spirit headspace SPME 0.1449 

Sensory / Phenolic compounds in spirit headspace SPME 0.0032 

Sensory / Total static headspace sulphur compounds Sulphur -0.2396 

Sensory / Total dynamic headspace sulphur compounds Sulphur -0.3154 
Sensory / Static HS Dimethyl sulphide Sulphur -0.2187 

Sensory / Static HS Unknown Sulphur -0.2376 

Sensory / Static HS S-Methylthioacetate Sulphur -0.3881 

Sensory / Static HS Dimethyl disulphide Sulphur -0.3054 

Sensory / Static HS 5-methyl-2-thiophene carboxaldehyde Sulphur 0.7672 

Sensory / Dynamic HS S-Methylthioacetate Sulphur -0.6730 

Sensory / Dynamic HS Thiazole Sulphur 0.7672 

Sensory / Dynamic HS Dimethyl disulphide Sulphur -0.3193 

Sensory / Dynamic HS Dimethyl trisulphide Sulphur -0.0238 

Sensory / Aliphatic-derived Humic -0.4547 

Sensory / Carbohydrate-derived Humic 0.0992 

Sensory / Guaiacyl-derived Humic -0.3160 

Sensory / p-coumaryl-derived Humic -0.3244 
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Sensory / Syringyl-derived Humic -0.6206 

Sensory / Unassigned Humic -0.5725 

Sensory / Total Humic -0.5722 

Sensory / anisole Humic -0.2108 

Sensory / 1,3-dimethoxy-2-propanol Humic -0.1699 

Sensory / phosphoric acid Humic 0.0464 

Sensory / benzaldehyde Humic -0.0887 

Sensory / succinic acid, polymaleic acid Humic -0.2559 

Sensory / 2-ethyl-1-hexanol Humic -0.6393 

Sensory / 3-cyclohexene-1-carboxylic acid Humic -0.1925 

Sensory / nonanal Humic 0.0450 

Sensory / benzoic acid Humic -0.3842 

Sensory / glutaric acid Humic -0.4865 

Sensory / 1,4-benzenediol Humic -0.3424 

Sensory / decanal Humic -0.5287 

Sensory / nonanoic acid Humic -0.3771 

Sensory / hexanedioic acid Humic -0.3449 

Sensory / benzothiazole Humic -0.5507 

Sensory / 4-methoxybenzaldehyde Humic -0.1046 

Sensory / capric acid Humic 0.0384 

Sensory / 3-methoxybenzoic acid Humic -0.3101 

Sensory / 4-methoxybenzoic acid Humic -0.1483 

Sensory / 1,3,5-trimethoxybenzene Humic -0.4570 

Sensory / cinnamic acid Humic 0.0152 

Sensory / dodecanal Humic 0.1168 

Sensory / methyl 3-methoxy-4-methylbenzoate Humic -0.2122 

Sensory / 1,3,5-trimethyl-2,4-pyrimidinedione Humic 0.1168 

Sensory / cyclododecane Humic 0.2400 

Sensory / vanillin Humic -0.2946 

Sensory / lauric acid Humic 0.2860 

Sensory / azelaic acid Humic 0.0914 

Sensory / 2,3-dimethoxybenzoic acid Humic -0.2697 

Sensory / dodecanoic acid Humic -0.4662 

Sensory / 4-methyldodecanoic acid Humic 0.5579 

Sensory / 3,5-dihydroxybenzoic acid Humic 0.0706 

Sensory / vanillic acid Humic 0.3373 

Sensory / syringaldehyde Humic 0.5439 

Sensory / 2-methylbenzothiazole Humic -0.5083 

Sensory / benzophenone Humic -0.6248 

Sensory / tetradecanal Humic -0.1869 

Sensory / cyclotetradecane Humic -0.5950 

Sensory / p-coumaric acid Humic -0.3631 

Sensory / syringic acid Humic -0.4842 

Sensory / methyl tetradecanoate Humic 0.0689 

Sensory / pentadecanoic acid Humic 0.4746 

Sensory / 3,3-diphenyl-2-propenenitrile Humic -0.4844 

Sensory / isopropyl myristate Humic -0.4823 

Sensory / 1,2,4-benzenetricarboxylic acid Humic 0.4410 
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Sensory / myristic acid Humic -0.7360 

Sensory / ferulic acid Humic -0.4524 

Sensory / palmitoleic acid Humic 0.1002 

Sensory / palmitic acid Humic -0.2116 

Sensory / n-hexadecanoic acid Humic -0.5703 

Sensory / isopropyl palmitate Humic -0.4897 

Sensory / margaric acid Humic 0.2629 

Sensory / 5-dodecyldihydro-2(3H)-furanone Humic 0.1168 

Sensory / 1-octadecanol Humic -0.1347 

Sensory / stearate Humic -0.2934 

Sensory / 6-heptyltetrahydro-2H-pyran-2-one Humic 0.1116 

Sensory / tricosane Humic -0.1397 

Sensory / arachidic acid Humic -0.2906 

Sensory / 3-(4-methoxyphenyl)-2-propenoic acid Humic -0.1175 

Sensory / tridecane Humic -0.5084 

Sensory / tetracosane Humic -0.4099 

Sensory / pentacosane Humic -0.2535 

Sensory / 2-ethylhexanoic acid, hexadecyl ester Humic -0.3780 

Sensory / docosanoic acid Humic 0.4285 

Sensory / hexacosane Humic -0.3780 

Sensory / tetracosanoic acid Humic 0.3055 

Sensory / pentacosanoic acid Humic -0.1937 

Sensory / pH Chem 0.2948 

Sensory / TOC OC 0.2549 

Sensory / DOC OC 0.2668 

Sensory / TIC OC -0.1081 

Sensory / DIC OC -0.1754 

Sensory / Abs @ 440nm Colour -0.2069 

Sensory / Aromaticity (Abs @ 254nm :DOC) Colour/OC -0.1516 

Sensory / Sodium Ionic -0.3158 

Sensory / Potassium Ionic -0.0068 

Sensory / Magnesium  Ionic -0.1045 

Sensory / Calcium Ionic -0.1187 

Sensory / Fluoride Ionic -0.0162 

Sensory / Chloride  Ionic -0.2722 

Sensory / Nitrate Ionic -0.1158 

Sensory / Sulphate  Ionic -0.3055 

Sensory / Iron Metals 0.0147 

Sensory / Zinc Metals -0.1565 

† SPME=Volatile Congeners in Spirit Headspace by SPME-GC/MS 
Sulphur=Sulphur Analysis by HS-GC 
Humic=Humic Substances by Py-GC/MS 
Chem=Basic Chemical Parameters 
OC=Organic Carbon Analysis by Elemental Analysis 
Colour=Colour Analysis by Spectrophotometry 
Ionic=Anion and Cations by Dionex Ion Chromatography 
Metals=Metal Analysis by Colorimetric Analysis 
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B.3 Production of New-make Spirit Using Artificially Spiked Waters – Part One: Inorganic Species 

 

B.3.1 Wash Biomass Analysis 

 

Table B.14 Wash biomass during fermentation process (g L-1, 

SD in brackets) 

 
Time (h) 

Sample 0 24 48 60 

Deionised 41.43 (0.41) 24.31 (1.09) 15.13 (1.15) 12.49 (0.88) 

Low level 38.46 (0.46) 37.97 (0.86) 28.39 (1.13) 24.92 (1.06) 
Mid level 40.42 (0.52) 20.88 (0.29) 8.36 (1.04) 5.46 (0.97) 
High level 36.85 (0.29) 21.15 (0.47) 11.79 (0.48) 9.66 (0.62) 

Iron 43.86 (0.06) 21.86 (0.09) 12.14 (0.43) 12.00 (0.43) 
Zinc 44.00 (0.23) 26.57 (0.09) 13.71 (1.47) 11.00 (0.73) 

 

B.3.2 Residual Sugars in Wash 

 

Table B.15i  Mean total residual sugars in wash during fermentation process (mg L-1, SD shown in brackets) 

 
Deionised Low level Mid level High level 

 
Time (h) Time (h) Time (h) Time (h) 

 
0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 

Glucose 8079 (12) 387 (9) 0 (0) 0 (0) 10709 (1947) 686 (485) 0 (0) 0 (0) 12104 (1921) 685 (79) 0 (0) 0 (0) 8079 (1092) 387 (127) 0 (0) 0 (0) 

Fructose 4529 (221) 118 (20) 0 (0) 0 (0) 4336 (381) 117 (82) 0 (0) 0 (0) 4495 (43) 184 (11) 0 (0) 0 (0) 4529 (181) 118 (20) 0 (0) 0 (0) 

Sucrose 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Maltose 87324 (1221) 5923 (1191) 0 (0) 0 (0) 93003 (2007) 4303 (2301) 0 (0) 0 (0) 94889 (1955) 16328 (832) 0 (0) 0 (0) 87324 (139) 5923 (292) 0 (0) 0 (0) 
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Table B.15ii  Mean total residual sugars in wash during fermentation process 

(mg L-1, SD shown in brackets) 

 Iron Zinc 

 Time (h) Time (h) 

 0 24 48 60 0 24 48 60 

Glucose 12084 (1450) 1042 (207) 0 (0) 0 (0) 11532 (1030) 1041 (4) 0 (0) 0 (0) 

Fructose 3732 (337) 0 (0) 0 (0) 0 (0) 3690 (222) 0 (0) 0 (0) 0 (0) 

Sucrose 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Maltose 104614 (10570) 12093 (2527) 0 (0) 0 (0) 95544 (5889) 13825 (2964) 0 (0) 0 (0) 

 

 

B.3.3 Wash pH Analysis 

Table B.16  Wash pH during fermentation process 

(SD in brackets) 

 
Time (h) 

Sample 0 24 48 60 

Deionised 5.16 (0.08) 4.24 (0.53) 4.21 (0.87) 4.26 (1.21) 

Low level 5.18 (0.16) 4.33 (0.36) 4.21 (0.83) 4.25 (0.88) 

Mid level 5.29 (0.39) 3.93 (0.65) 4.04 (0.97) 4.34 (0.37) 

High level 5.09 (0.25) 3.86 (0.32) 3.94 (0.34) 4.20 (0.62) 

Iron 5.28 (0.64) 4.38 (0.88) 4.09 (1.00) 4.38 (0.67) 

Zinc 5.64 (0.43) 4.44 (0.67) 4.07 (0.95) 4.36 (0.45) 
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B.3.4 Analysis of Volatile Esters, Higher Alcohols, Vicinal Diketones and Acetaldehyde in Wash 

 

Table B.17  Total higher alcohols in wash during fermentation process – inorganic spiked waters (mg L-1, SD in brackets) 

 
 Deionised Low level Mid level High level Iron Zinc 

 
 Time (h) Time (h) Time (h) Time (h) Time (h) Time (h) 

 
0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 

acetaldehyde 23.0 
(0.7) 

24.9 
(0.4) 

13.1 
(0.3) 

10.0 
(0.3) 

26.8 
(1.0) 

20.3 
(0.6) 

13.9 
(0.4) 

11.0 
(0.6) 

23.9 
(0.8) 

13.4 
(2.0) 

11.4 
(1.3) 

8.7 
(0.7) 

25.4 
(0.4) 

17.3 
(0.4) 

13.5 
(0.4) 

10.6 
(0.5) 

19.1 
(0.2) 

10.6 
(0.1) 

6.1 
(0.1) 

4.9 
(0.2) 

9.0 
(0.5) 

5.8 
(0.6) 

4.6 
(0.9) 

4.5 
(0.7) 

ethyl acetate 0.2  
(0.0) 

6.1 
(0.2) 

8.5 
(0.0) 

13.7 
(0.1) 

0.2 
(0.0) 

3.5 
(0.1) 

9.6 
(0.6) 

13.9 
(0.1) 

0.2 
(0.0) 

6.9 
(0.9) 

17.5 
(1.0) 

17.5 
(1.9) 

0.1 
(0.0) 

6.0 
(0.6) 

13.4 
(0.7) 

15.3 
(0.5) 

0.3 
(0.0) 

3.6 
(0.4) 

9.2 
(0.5) 

12.8 
(0.3) 

0.2 
(0.0) 

3.0 
(0.3) 

9.2 
(0.3) 

15.2 
(0.7) 

isobutyl acetate 0.0  
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

ethyl butyrate 0.0  
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

propanol 1.7  
(0.5) 

40.9 
(0.6) 

48.3 
(0.9) 

48.8 
(1.0) 

1.6 
(0.1) 

34.5 
(3.4) 

45.6 
(2.7) 

45.4 
(4.1) 

1.1 
(0.3) 

38.1 
(2.9) 

50.0 
(2.2) 

48.4 
(2.4) 

1.2 
(0.2) 

36.5 
(1.5) 

46.4 
(1.0) 

45.6 
(1.3) 

2.4 
(0.1) 

34.7 
(0.2) 

40.3 
(0.3) 

56.4 
(0.7) 

1.5 
(0.3) 

33.6 
(0.6) 

43.0 
(0.2) 

44.4 
(0.4) 

isobutanol 1.1  
(0.4) 

48.0 
(0.7) 

60.7 
(2.0) 

63.7 
(2.2) 

1.1 
(0.2) 

40.6 
(3.0) 

56.7 
(3.1) 

53.1 
(2.4) 

0.6 
(0.2) 

35.4 
(1.1) 

55.7 
(2.1) 

55.2 
(0.3) 

0.9 
(0.1) 

39.6 
(2.7) 

56.5 
(2.0) 

56.5 
(1.4) 

1.5 
(0.4) 

32.0 
(2.2) 

45.4 
(2.1) 

67.5 
(5.1) 

1.1 
(0.3) 

33.4 
(1.2) 

52.5 
(2.1) 

56.0 
(3.3) 

isoamyl acetate 0.0  
(0.0) 

0.1 
(0.0) 

0.2 
(0.0) 

0.3 
(0.1) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.3 
(0.0) 

0.0 
(0.0) 

0.3 
(0.0) 

0.6 
(0.2) 

0.5 
(0.0) 

0.0 
(0.0) 

0.2 
(0.1) 

0.4 
(0.1) 

0.5 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.3 
(0.0) 

0.3 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.3 
(0.0) 

0.5 
(0.1) 

2-methyl butanol 0.7  
(0.0) 

29.6 
(0.1) 

40.4 
(2.0) 

42.6 
(3.8) 

0.6 
(0.1) 

24.9 
(0.1) 

36.8 
(4.0) 

38.3 
(0.8) 

0.4 
(0.1) 

19.7 
(0.9) 

36.7 
(1.0) 

37.0 
(0.8) 

0.6 
(0.1) 

22.5 
(0.6) 

36.9 
(2.0) 

37.5 
(2.4) 

0.6 
(0.0) 

17.8 
(0.4) 

28.4 
(0.9) 

45.0 
(1.0) 

0.5 
(0.0) 

19.6 
(0.1) 

35.3 
(0.4) 

37.4 
(0.1) 

3-methyl butanol 5.2  
(3.2) 

67.4 
(3.0) 

80.9 
(2.2) 

84.9 
(1.0) 

5.4 
(0.8) 

54.9 
(6.3) 

72.5 
(5.1) 

74.5 
(3.8) 

4.0 
(0.5) 

56.4 
(5.5) 

81.5 
(3.2) 

81.8 
(3.9) 

4.6 
(0.2) 

54.9 
(4.0) 

73.5 
(1.1) 

74.3 
(2.6) 

7.6 
(2.2) 

50.7 
(3.1) 

65.0 
(2.7) 

101.4 
(10.2) 

5.0 
(5.3) 

54.0 
(3.7) 

77.8 
(3.2) 

81.5 
(3.1) 

ethyl hexanoate 0.0  
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.3 
(0.0) 

0.2 
(0.1) 

0.2 
(0.0) 

0.0 
(0.0) 

0.2 
(0.1) 

0.2 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.2 
(0.1) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.3 
(0.0) 

ethyl octanoate 0.0  
(0.0) 

0.2 
(0.1) 

0.2 
(0.2) 

0.3 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.2 
(0.0) 

0.0 
(0.0) 

0.2 
(0.0) 

0.3 
(0.0) 

0.7 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.2 
(0.0) 

0.3 
(0.0) 

0.0 
(0.0) 

0.2 
(0.0) 

0.6 
(0.1) 

1.1 
(0.4) 

0.0 
(0.0) 

0.3 
(0.0) 

0.6 
(0.0) 

1.4 
(0.2) 

butanedione 0.2  
(0.0) 

2.5 
(0.1) 

0.1 
(0.1) 

0.1 
(0.0) 

0.2 
(0.0) 

2.3 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

4.4 
(0.3) 

0.1 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

4.4 
(0.6) 

0.1 
(0.0) 

0.0 
(0.0) 

0.5 
(0.1) 

5.4 
(0.1) 

0.5 
(0.4) 

0.1 
(0.0) 

0.2 
(0.1) 

4.7 
(0.1) 

0.2 
(0.0) 

0.1 
(0.0) 

pentanedione 0.1  
(0.0) 

1.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.8 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

1.7 
(0.0) 

0.0 
(0.0) 

0.0 
(0.1) 

0.1 
(0.0) 

1.6 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

2.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

2.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 
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B.3.5 Wash Alcohol Strength 

 

Table B.18  Mean wash alcohol strength during fermentation process – inorganic spiked waters (SD in brackets)  

 
Deionised Low level Mid level High level Iron Zinc 

 
Time (h) Time (h) Time (h) Time (h) Time (h) Time (h) 

 
0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 

Alcohol Strength 
(% abv) 

0.3 
(0.1) 

5.9 
(0.2) 

7.1 
(0.1) 

7.8 
(0.1) 

0.3 
(0.1) 

5.5 
(0.5) 

7.4 
(0.3) 

8.3 
(0.6) 

0.2 
(0.1) 

5.3 
(0.2) 

8.3 
(0.1) 

8.4 
(0.1) 

0.2 
(0.1) 

5.4 
(0.0) 

7.5 
(0.4) 

8.7 
(0.1) 

0.3 
(0.0) 

4.8 
(0.4) 

7.0 
(0.0) 

7.4 
(0.0) 

0.2 
(0.0) 

4.7 
(0.0) 

7.0 
(0.0) 

7.5 
(0.2) 

 

B.3.6 Consistency of Distillations 

 

Table B.19  Replicate 1 Distillation Timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 750 mL 0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Deionised 00:50 01:30 02:01 02:31 02:54 03:12 03:35 03:59 04:08 00:19 00:31 00:38 00:46 00:56 01:03 01:11 01:20 01:26 

Low level 00:43 01:30 01:57 02:23 02:52 03:17 03:40 03:59 04:08 00:22 00:33 00:40 00:47 00:56 01:04 01:12 01:21 01:25 

Mid level 00:39 01:04 01:35 02:15 02:43 03:15 03:40 04:05 04:15 00:21 00:35 00:41 00:47 00:53 01:01 01:08 01:14 01:19 

High level 00:36 01:02 01:30 02:03 02:40 03:20 03:51 04:09 04:17 00:22 00:36 00:42 00:47 00:53 01:00 01:09 01:19 01:24 

Iron 00:50 01:18 01:44 02:17 02:51 03:24 03:56 04:20 04:32 00:19 00:28 00:37 00:46 00:55 01:05 01:16 01:20 01:26 

Zinc 00:44 01:13 01:46 02:24 02:52 03:23 03:55 04:25 04:34 00:20 00:30 00:36 00:43 00:54 01:03 01:11 01:19 01:25 
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Table B.20  Replicate 2 Distillation Timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 750 mL 0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Deionised 00:33 01:06 01:40 02:10 02:39 03:17 03:49 04:10 04:21 00:17 00:27 00:35 00:42 00:49 00:57 01:06 01:16 01:23 

Low level 00:39 01:45 02:20 02:45 03:15 03:40 04:02 04:22 04:31 00:19 00:30 00:43 00:50 00:57 01:03 01:10 01:17 01:21 

Mid level 00:38 01:02 01:27 01:52 02:24 02:50 03:18 03:36 03:58 00:20 00:27 00:33 00:40 00:48 00:56 01:06 01:14 01:18 

High level 00:30 00:52 01:24 01:50 02:18 02:47 03:17 03:46 03:56 00:17 00:26 00:35 00:41 00:50 00:57 01:06 01:14 01:19 

Iron 00:42 01:01 01:28 02:02 02:34 03:02 03:31 04:01 04:20 00:20 00:30 00:39 00:46 00:53 01:00 01:09 01:18 01:23 

Zinc 00:46 01:12 01:40 02:05 02:30 02:57 03:31 04:00 04:19 00:20 00:29 00:36 00:43 00:49 00:58 01:06 01:15 01:21 

 

 

Table B.21  Replicate 3 Distillation Timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 

100 
mL 

200 
mL 

300 
mL 

400 
mL 

500 
mL 

600 
mL 

700 
mL 

750 
mL 

0 mL 20 mL 40 mL 60 mL 80 mL 
100 
mL 

120 
mL 

140 mL 
155 
mL 

Deionised 00:43 01:07 01:30 01:59 02:30 02:57 03:21 03:44 03:52 00:23 00:32 00:39 00:46 00:54 01:01 01:11 01:19 01:25 

Low level 00:44 01:08 01:32 02:03 02:32 02:56 03:20 03:45 03:53 00:22 00:30 00:42 00:48 00:56 01:02 01:13 01:20 01:25 

Mid level 00:43 01:20 01:44 02:15 02:49 03:21 03:43 04:02 04:10 00:19 00:28 00:38 00:45 00:50 00:59 01:09 01:20 01:25 

High level 00:44 01:20 01:43 02:15 02:47 03:13 03:37 03:59 04:09 00:19 00:30 00:39 00:46 00:52 00:58 01:07 01:20 01:25 

Iron 00:47 01:10 01:35 02:08 02:44 03:15 03:45 04:11 04:26 00:18 00:28 00:39 00:47 00:55 01:01 01:11 01:18 01:23 

Zinc 00:45 01:13 01:42 02:12 02:40 03:11 03:44 04:10 04:25 00:19 00:28 00:36 00:43 00:50 01:01 01:08 01:16 01:23 
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B.3.7 Sensory Analysis of New-make Spirits Made From Inorganic-spiked Waters 

 

Table B.22  Mean QDA Scores for Reproducibility Analysis 

 
Deionised 

1 
Deionised 

2 
Deionised 

3 
High Level 

1 
High Level 

2 
High Level 

3 
Pungent 1.2 1.2 1.2 1.3 1.2 1.2 
Sulphury 0.7 0.7 0.6 0.9 0.7 0.9 
Meaty 0.5 0.4 0.5 0.7 0.5 0.7 
Solventy 0.6 0.5 0.6 0.5 0.5 0.5 
Fruit / estery 0.9 0.8 0.9 0.8 0.6 0.8 
Green / grassy 0.6 0.6 0.7 0.5 0.6 0.6 
Floral 0.6 0.5 0.5 0.4 0.4 0.4 
Cereal 0.7 0.7 0.8 0.6 0.8 0.9 
Sweet 0.7 0.7 0.6 0.6 0.7 0.7 
Soapy 0.5 0.6 0.5 0.5 0.4 0.6 
Peaty 0.2 0.3 0.3 0.3 0.4 0.3 
Feinty 0.8 0.8 0.8 0.9 1.0 1.0 
Oily 0.6 0.5 0.4 0.5 0.6 0.6 
Sour 0.5 0.4 0.4 0.4 0.4 0.4 
Stale 0.5 0.6 0.5 0.5 0.6 0.5 
Clean 1.5 1.5 1.6 1.5 1.3 1.4 

 



 203 

 
B.3.8 Headspace-Solid Phase Micro Extraction-Gas Chromatography/Mass Spectrometry Analysis 

 
Table B.23  Mean responses for HS-SPME analysis of spirits made from inorganically spiked waters 

Sample ID  Deionised % SD Low Level % SD Mid Level % SD High Level % SD Iron % SD Zinc % SD 

ethyl acetate  0 0 0 0 0 0 0 0 0 0 0 0 
ethanol  168306 4.2 120100 2.8 104382 4.3 43648 7.1 61539 1.4 95862 3.1 
1-butanol, 3-methyl  23912478 1.1 15085217 0.1 16965770 0.9 14536599 1.1 8710172 0.4 9276007 0.3 
decane  86574 1.8 37204 0.3 23222 2.9 49935 1.8 18978 0.0 25750 0.4 
2-methylpropyl acetate  85265 1.4 41031 0.2 72133 1.0 35837 1.6 37289 0.3 35953 0.8 
ethyl butanoate  415036 1.4 191774 0.1 384772 0.7 169063 1.3 202313 0.5 195667 0.5 
undecane  16157 3.2 5371 7.1 24850 2.2 4499 7.1 0 0 0 0 
1-propanol, 2-methyl  0 0 0 0 0 0 0 0 0 0 0 0 
3-methylbutyl ethanoate  7939415 1.1 3554832 0.1 8328158 0.7 3705878 1.4 4133653 0.4 4202719 0.6 
ethyl hexanoate  5966740 1.1 3124789 0.2 5749711 0.8 3084385 1.3 3479132 0.6 3031171 0.6 
styrene  0 0 0 0 0 0 0 0 0 0 0 0 
hexyl acetate  0 0 0 0 0 0 0 0 0 0 0 0 
ethyl heptanoate  282817 1.3 171637 0.2 200592 0.8 176997 1.5 121650 0.7 110369 0.6 
ethyl octanoate  66299554 0.1 47551834 0.1 77214713 0.0 52401783 0.2 74588675 0.0 72920463 0.0 
2-methylbutyl hexanoate  83692 1.1 39572 0.5 55046 1.1 45411 1.9 30509 0.4 31390 0.4 
2-phenylethyl acetate  1795105 0.3 1120183 0.3 1370812 0.8 1109273 1.6 852858 0.5 971793 0.4 
ethyl nonanoate  992298 1.0 517344 0.2 729576 0.7 551603 1.5 505242 0.2 457004 0.4 
propyl octanoate  1945 1.2 0 0 0 0 0 0 0 0 0 0 
butyl caprylate  523726 1.2 271658 0.4 387705 0.7 287757 1.4 225878 0.3 234505 0.5 
ethyl-3-nonenoate  315712 0.0 244009 0.1 3748 2.0 257979 0.2 1807 0.9 325998 0.1 
ethyl decanoate  112948811 0.3 93565153 0.1 131026872 0.2 101503281 0.1 139336669 0.1 131056476 0.0 
decyl acetate  114835 2.0 60713 0.5 77383 1.3 48015 2.2 63148 0.5 54829 0.7 
3-methylbutyl octanoate  498460 1.9 239704 0.6 260755 1.3 239851 1.9 137358 0.4 151911 0.5 
propyl decanoate  145114 2.4 72579 0.6 65646 1.4 63646 2.0 38353 0.3 38739 0.7 
ethyl benzoate  0 0 0 0 0 0 0 0 0 0 0 0 
ethyl undecanoate  0 0 0 0 0 0 0 0 0 0 0 0 
1-decanol  19511900 0.3 7200267 7.1 19970703 0.1 15141588 0.0 20389905 0.0 18988555 0.0 
ethyl dodecanoate  23354609 0.2 17526301 0.3 24041094 0.1 17519480 0.1 24631050 0.0 22948937 0.0 
3-methylbutyl pentadecanoate  454240 3.3 260194 1.9 198491 2.1 251299 2.0 103922 0.8 120303 1.1 
cyclododecane  380822 4.0 240744 1.6 232706 1.2 167304 1.7 145052 0.4 135289 0.3 
1-tridecanol  189292 3.0 107843 1.7 101620 2.8 74710 2.5 55262 0.7 52674 1.7 
ethyl tetradecanoate  904824 3.4 551202 1.8 518999 3.0 416979 2.6 275709 0.8 336715 1.9 
1-methylpropyl dodecanoate  0 2.2 0 0.9 0 1.2 0 1.5 0 0.6 0 0.2 
unknown alcohol  0 0 0 0 0 0 0 0 0 0 0 0 
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ethyl pentadecanoate  0 0 0 0 0 0 0 0 0 0 0 0 
3-methylbutyl dodecanoate  0 0 0 0 0 0 0 0 0 0 0 0 
ethyl hexadecanoate  10197 0 7624 0 4366 0 6295 0 1297 0 1729 0 
propanoic acid, 2-methyl, 2-phenyl ethyl ester  41287 3.5 31636 1.6 15338 2.6 24308 2.4 9685 1.2 10065 1.3 
unknown  0 2.8 0 1.0 0 2.1 0 2.5 0 0.3 0 1.0 
ethyl hexadecenoate  0 0 0 0 0 0 0 0 0 0 0 0 
2-phenylethyl octanoate  0 0 0 0 0 0 0 0 0 0 0 0 

 

B.3.9 Anion and Cation Content of Spirits 

 

Table B.24  Anions and cations in spirits made from inorganic spiked waters (expressed in mg L-1) 

 

Sodium 
(mg L-1) 

Potassium 
(mg L-1) 

Magnesium 
(mg L-1) 

Calcium 
(mg L-1) 

Fluoride 
(mg L-1) 

Chloride 
(mg L-1) 

Nitrate 
(mg L-1) 

Phosphate 
(mg L-1) 

Sulphate 
(mg L-1)  

Deionised 17.12 3.85 1.23 2.48 0.66 0.00 0.00 0.00 0.00 

Low level 13.37 0.21 0.50 1.54 0.59 0.00 0.00 0.00 0.00 

Mid level 10.23 0.22 0.45 1.51 0.00 0.00 0.00 0.00 0.00 

High level 6.77 0.26 0.36 1.49 0.57 0.00 0.00 0.00 0.00 

Iron 4.08 0.25 0.41 1.47 0.00 0.00 0.00 0.00 0.00 

Zinc 3.79 0.26 0.39 1.48 0.00 0.00 0.00 0.00 0.00 

 
 
 
  



 205 

B.4 Production of New-make Spirit Using Artificially Spiked Waters – Part Two: Organic Species 

 

B.4.1 Wash Biomass Analysis 

 

Table B.25  Wash biomass during fermentation process (g L-1, SD in brackets) 

 
Time (h) 

Sample 0     24 48 60 

Deionised 1.697 (0.8) 8.536 (1.0) 9.888 (1.9) 9.840 (1.1) 

Islay 1.446 (0.1) 8.381 (1.8) 10.329 (0.3) 10.062 (0.4) 

Highland 1.503 (0.6) 6.666 (0.4) 8.901 (0.4) 9.192 (0.2) 

High humic 1.714 (0.1) 7.952 (0.6) 9.340 (0.4) 9.441 (0.4) 

Islay & minerals 1.840 (1.6) 5.333 (0.1) 7.802 (0.1) 8.323 (0.3) 

 

B.4.2 Residual Sugars in Wash 
 

Table B.26i  Mean total residual sugars in wash during fermentation process – organic spiked waters 

(mg L-1, SD in brackets) 

 
Deionised Islay Highland 

 
Time (h) Time (h) Time (h) 

 
0 24 48 60 0 24 48 60 0 24 48 60 

Glucose 8079 (12) 387 (9) 0 (0) 0 (0) 11873 (112) 990 (39) 0 (0) 0 (0) 12099 (495) 1291 (215) 0 (0) 0 (0) 

Fructose 4529 (221) 118 (20) 0 (0) 0 (0) 4991 (149) 0 (0) 0 (0) 0 (0) 3687 (708) 0 (0) 0 (0) 0 (0) 

Sucrose 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Maltose 87324 (1221) 5923 (1191) 0 (0) 0 (0) 106660 (150) 12115 (1117) 0 (0) 0 (0) 96021 (3686) 9417 (4067) 0 (0) 0 (0) 
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Table B.26ii  Mean total residual sugars in wash during fermentation 

process – organic spiked waters (mg L-1, SD in brackets) 

 High humic Islay & minerals 

 Time (h) Time (h) 

 0 24 48 60 0 24 48 60 

Glucose 16443 (47) 2479 (102) 0 (0) 0 (0) 20841 (12) 8395 (20) 0 (0) 0 (0) 

Fructose 4869 (97) 0 (0) 0 (0) 0 (0) 5331 (3) 0 (0) 0 (0) 0 (0) 

Sucrose 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Maltose 97741 (952) 29302 (406) 0 (0) 0 (0) 111407 (4200) 16119 (762) 0 (0) 0 (0) 

 

B.4.3 Wash pH Analysis 

Table B.27  Wash pH during fermentation process (SD in 

brackets) 

 
Time (h) 

Sample 0 24 48  60 

Deionised 5.19 (0.4) 4.21 (0.3) 4.26 (0.3) 4.25 (0.2) 

Islay 5.06 (0.1) 4.19 (0.0) 4.02 (0.2) 4.36 (0.1) 

Highland 5.50 (0.3) 4.34 (0.3) 4.15 (0.2) 4.41 (0.3) 

High humic 5.20 (0.4) 4.35 (0.2) 4.32 (0.2) 4.53 (0.2) 

Islay & minerals 5.33 (0.0) 4.23 (0.1) 4.16 (0.2) 4.40 (0.2) 
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B.4.4 Analysis of Volatile Esters, Higher Alcohols, Vicinal Diketones and Acetaldehyde in Wash 

 

Table B.28  Total higher alcohols in wash during fermentation process (SD in brackets) 

 
Deionised Islay Highland High humic Islay & minerals 

 
Time (h) Time (h) Time (h) Time (h) Time (h) 

 
0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 

acetaldehyde 23.0 
(0.3) 

24.9 
(0.4) 

13.1 
(0.1) 

10.0 
(0.3) 

8.7 
(0.7) 

9.7 
(1.2) 

5.0 
(0.7) 

3.7 
(0.2) 

11.4 
(2.3) 

6.1 
(0.7) 

4.7 
(0.0) 

4.0 
(0.3) 

15.5 
(2.5) 

11.8 
(1.1) 

9.6 
(0.9) 

6.1 
(0.1) 

14.4 
(0.1) 

8.3 
(0.1) 

6.6 
(0.2) 

4.2 
(0.3) 

ethyl acetate 0.2  
(0.1) 

6.1 
(0.2) 

8.5 
(0.0) 

13.7 
(0.1) 

0.1 
(0.0) 

7.4 
(1.4) 

7.4 
(0.7) 

9.4 
(2.3) 

0.1 
(0.0) 

5.1 
(0.4) 

9.9 
(2.1) 

13.6 
(3.4) 

0.2 
(0.0) 

4.4 
(1.4) 

15.2 
(1.4) 

20.5 
(2.1) 

0.2 
(0.0) 

3.0 
(0.0) 

7.9 
(0.9) 

13.4 
(0.6) 

isobutyl acetate 0.0  
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.1) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

ethyl butyrate 0.0  
(0.0) 

0.0 
(0.2) 

0.0 
(0.1) 

0.1 
(0.2) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

propanol 1.7  
(0.5) 

40.9 
(0.6) 

48.3 
(0.9) 

48.8 
(1.0) 

1.8 
(0.0) 

40.9 
(2.8) 

43.7 
(1.5) 

45.2 
(0.2) 

1.4 
(0.1) 

44.5 
(0.4) 

45.5 
(0.4) 

46.9 
(0.0) 

1.8 
(0.0) 

35.1 
(0.3) 

47.9 
(2.3) 

51.4 
(1.8) 

1.5 
(0.0) 

37.6 
(2.5) 

46.2 
(0.7) 

52.4 
(2.0) 

isobutanol 1.1  
(0.4) 

48.0 
(0.7) 

60.7 
(2.0) 

63.7 
(2.2) 

1.1 
(0.0) 

43.1 
(0.0) 

50.7 
(4.7) 

53.0 
(2.6) 

0.8 
(0.0) 

41.5 
(0.7) 

48.8 
(0.4) 

50.8 
(0.3) 

1.1 
(0.0) 

32.7 
(0.3) 

49.2 
(4.5) 

53.6 
(2.8) 

0.9 
(0.0) 

38.8 
(1.2) 

52.0 
(1.9) 

61.2 
(3.5) 

isoamyl acetate 0.0  
(0.0) 

0.1 
(0.0) 

0.2 
(0.1) 

0.3 
(0.1) 

0.0 
(0.0) 

0.3 
(0.1) 

0.2 
(0.0) 

0.3 
(0.0) 

0.0 
(0.0) 

0.3 
(0.0) 

0.4 
(0.0) 

0.7 
(0.1) 

0.0 
(0.1) 

0.3 
(0.1) 

0.7 
(0.1) 

0.9 
(0.0) 

0.0 
(0.0) 

0.2 
(0.0) 

0.4 
(0.0) 

0.5 
(0.0) 

2-methyl butanol 0.7  
(0.0) 

29.6 
(0.1) 

40.4 
(2.0) 

42.6 
(3.8) 

0.4 
(0.1) 

26.1 
(2.6) 

34.4 
(4.0) 

36.0 
(3.0) 

0.4 
(0.2) 

25.4 
(0.0) 

31.4 
(0.4) 

33.3 
(0.7) 

0.4 
(0.0) 

17.2 
(0.0) 

27.0 
(2.6) 

29.4 
(1.6) 

0.4 
(0.0) 

19.4 
(1.1) 

27.4 
(1.5) 

32.2 
(2.4) 

3-methyl butanol 5.2  
(3.2) 

67.4 
(3.0) 

80.9 
(2.2) 

84.9 
(1.0) 

4.8 
(0.0) 

66.1 
(2.7) 

73.6 
(4.7) 

76.8 
(3.1) 

4.0 
(0.2) 

67.8 
(1.0) 

73.2 
(1.5) 

76.8 
(1.4) 

5.8 
(0.2) 

50.1 
(0.9) 

68.2 
(3.6) 

73.8 
(1.3) 

5.0 
(0.4) 

52.8 
(2.6) 

66.2 
(1.7) 

76.1 
(3.1) 

ethyl hexanoate 0.0  
(0.0) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.2) 

0.0 
(0.1) 

0.2 
(0.1) 

0.2 
(0.1) 

0.2 
(0.0) 

0.0 
(0.0) 

0.1 
(0.1) 

0.2 
(0.0) 

0.2 
(0.0) 

0.0 
(0.0) 

0.2 
(0.0) 

0.3 
(0.0) 

0.4 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

0.2 
(0.0) 

0.3 
(0.0) 

ethyl octanoate 0.0  
(0.0) 

0.2 
(0.1) 

0.2 
(0.2) 

0.3 
(0.0) 

0.0 
(0.0) 

0.2 
(0.1) 

0.6 
(0.0) 

1.1 
(0.2) 

0.0 
(0.0) 

0.2 
(0.0) 

0.7 
(0.1) 

1.4 
(0.0) 

0.0 
(0.0) 

0.4 
(0.0) 

1.4 
(0.1) 

1.7 
(0.0) 

0.0 
(0.0) 

0.3 
(0.0) 

1.3 
(0.2) 

1.4 
(0.0) 

butanedione 0.2  
(0.2) 

2.5 
(0.1) 

0.1 
(0.1) 

0.1 
(0.0) 

0.2 
(0.1) 

4.1 
(0.0) 

0.1 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

4.1 
(0.1) 

0.1 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

5.8 
(0.1) 

0.1 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

5.3 
(0.1) 

0.6 
(0.0) 

0.1 
(0.0) 

pentanedione 0.1  
(0.0) 

1.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

1.8 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

1.6 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.0) 

3.1 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

2.4 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 
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B.4.5 Wash Alcohol Strength 

 

Table B.29  Mean wash alcohol strength during fermentation process (SD in brackets) 

 
Deionised Islay Highland High humic Islay & minerals 

 
Time (h) Time (h) Time (h) Time (h) Time (h) 

 
0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 0 24 48 60 

Alcohol Strength 
(% abv) 

0.3 
(0.1) 

5.9 
(0.2) 

7.1 
(0.1) 

7.8 
(0.1) 

0.4 
(0.0) 

7.2 
(0.1) 

8.5 
(0.4) 

9.1 
(0.1) 

0.2 
(0.0) 

5.3 
(0.6) 

6.1 
(0.4) 

7.4 
(0.2) 

0.3 
(0.0) 

4.5 
(0.1) 

6.1 
(0.5) 

7.6 
(0.0) 

0.3 
(0.0) 

5.0 
(0.2) 

6.4 
(0.0) 

6.9 
(0.0) 

 

B.4.6 Consistency of Distillations 

 

Table B.30  Replicate 1 Distillation Timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 

750 
mL 

0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Deionised 00:50 01:30 02:01 02:31 02:54 03:12 03:35 03:59 04:08 00:19 00:31 00:38 00:46 00:56 01:03 01:11 01:20 01:26 

Islay 01:00 01:30 01:59 02:26 02:58 03:33 04:01 04:29 04:36 00:20 00:30 00:39 00:45 00:52 01:00 01:07 01:13 01:20 

Highland 00:32 00:55 01:20 01:42 02:34 03:07 03:27 03:48 04:00 00:15 00:22 00:28 00:37 00:47 00:55 01:02 01:11 01:19 

High humic 00:40 00:57 01:20 01:59 02:27 02:49 03:13 03:40 03:52 00:18 00:27 00:34 00:40 00:48 00:56 01:05 01:13 01:18 

Islay & minerals 00:38 01:11 01:32 01:56 02:22 02:49 03:17 03:46 03:57 00:20 00:27 00:33 00:42 00:49 00:58 01:07 01:16 01:21 
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Table B.31  Replicate 2 Distillation Timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 100 mL 200 mL 300 mL 400 mL 500 mL 600 mL 700 mL 

750 
mL 

0 mL 20 mL 40 mL 60 mL 80 mL 100 mL 120 mL 140 mL 155 mL 

Deionised 00:33 01:06 01:40 02:10 02:39 03:12 03:37 04:02 04:13 00:17 00:27 00:35 00:42 00:49 00:57 01:06 01:16 01:23 

Islay 00:52 01:16 01:42 02:20 02:55 03:22 03:50 04:11 04:23 00:15 00:24 00:32 00:42 00:53 00:59 01:05 01:11 01:18 

Highland 00:39 00:57 01:24 01:50 02:21 02:49 03:18 03:45 03:57 00:19 00:25 00:34 00:43 00:49 00:57 01:03 01:10 01:17 

High humic 00:38 01:00 01:23 01:58 02:28 02:56 03:23 03:46 04:00 00:15 00:23 00:30 00:40 00:48 00:56 01:07 01:13 01:18 

Islay & minerals 00:41 01:08 01:35 02:02 02:26 02:52 03:25 03:48 03:58 00:16 00:24 00:34 00:42 00:48 00:57 01:05 01:14 01:20 

 

Table B.32  Replicate 3 Distillation Timings 

 
Wash Distillation (min) Spirit Distillation (min) 

 
0 mL 

100 
mL 

200 
mL 

300 
mL 

400 
mL 

500 
mL 

600 
mL 

700 
mL 

750 
mL 

0 mL 20 mL 40 mL 60 mL 80 mL 
100 
mL 

120 
mL 

140 mL 
155 
mL 

Deionised 00:43 01:07 01:30 01:59 02:30 02:57 03:21 03:44 03:52 00:23 00:32 00:39 00:46 00:54 01:01 01:11 01:19 01:25 

Islay 00:50 01:09 01:34 02:00 02:28 02:54 03:24 03:46 03:58 00:19 00:26 00:34 00:41 00:49 00:55 01:02 01:08 01:15 

Highland 00:38 01:00 01:26 01:52 02:20 02:50 03:19 03:44 03:56 00:18 00:26 00:34 00:43 00:51 00:57 01:03 01:10 01:18 

High humic 00:35 00:57 01:23 01:44 02:32 03:00 03:23 03:49 04:03 00:14 00:23 00:29 00:37 00:47 00:55 01:01 01:11 01:20 

Islay & minerals 00:42 01:06 01:36 02:03 02:27 02:55 03:25 03:45 03:57 00:18 00:26 00:35 00:41 00:47 00:54 01:02 01:09 01:15 
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B.4.7 Sensory Analysis of New-make Spirits 

 

Table B.33  Mean QDA Scores for Reproducibility Analysis 

  Deionised 1 Deionised 2 Deionised 3 Highland 1 Highland 2 Highland 3 

Pungent 1.4 1.2 1.2 1.4 1.2 1.4 
Sulfury 1.0 1.0 1.1 1.1 1.1 1.0 
Meaty 0.7 0.7 0.6 0.7 0.7 0.7 
Solventy 0.8 0.6 0.7 0.8 0.7 0.8 

Fruit / estery 0.8 0.7 0.6 0.9 0.7 1.0 
Green / grassy 1.0 0.9 0.9 0.8 0.8 0.9 
Floral 0.7 0.5 0.6 0.9 0.7 0.7 

Cereal 0.8 0.7 0.8 1.0 0.9 1.0 
Sweet 0.6 0.5 0.5 0.7 0.7 0.8 
Soapy 0.5 0.5 0.5 0.8 0.8 0.7 

Peaty 0.2 0.2 0.3 0.3 0.3 0.2 
Feinty 0.7 0.7 0.8 1.0 0.9 0.9 
Oily 0.5 0.6 0.5 0.7 0.7 0.7 

Sour 0.4 0.5 0.3 0.6 0.6 0.5 
Stale 0.7 0.8 0.8 0.6 0.5 0.6 
Clean 1.2 1.1 1.4 1.4 1.4 1.3 

 

 



 211 

 
B.4.8 Headspace-Solid Phase Micro Extraction-Gas Chromatography/Mass Spectrometry Analysis 

 

Table B.34  Mean responses for HS-SPME analysis of spirits produced using organically spiked waters 

Sample ID Deionised % SD Islay % SD Highland % SD Islay & min. % SD High humic % SD 

ethyl acetate 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

ethanol 168306 4.2 167753 1.9 34147 7.1 72904 7.1 19970 7.1 

1-butanol, 3-methyl 23912478 1.1 14378730 1.2 12098815 0.7 10062252 0.7 8971433 0.4 

decane 86574 1.8 22597 1.6 28126 0.6 21792 0.6 13579 7.1 

2-methylpropyl acetate 85265 1.4 73516 1.0 75159 1.0 68053 1.0 62466 0.8 

ethyl butanoate 415036 1.4 326388 1.3 325653 1.0 239382 1.0 251651 0.7 

undecane 16157 3.2 13447 1.1 20219 0.1 0 0.1 3182 7.1 

1-propanol, 2-methyl 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

3-methylbutyl ethanoate 7939415 1.1 7738999 1.3 9824557 0.9 7017943 0.9 7754172 0.6 

ethyl hexanoate 5966740 1.1 5316662 1.2 5386292 1.0 4191902 1.0 4604539 0.9 

styrene 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

hexyl acetate 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

ethyl heptanoate 282817 1.3 186677 1.2 161926 0.9 146318 0.9 139705 0.8 

ethyl octanoate 66299554 0.1 75013712 0.0 82561060 0.0 72568844 0.0 79811702 0.3 

2-methylbutyl hexanoate 83692 1.1 46810 1.2 42468 1.2 35397 1.2 33852 0.9 

2-phenylethyl acetate 1795105 0.3 1219630 0.8 1692319 1.0 1115449 1.0 1204929 0.3 

ethyl nonanoate 992298 1.0 805614 0.9 733009 0.9 658279 0.9 768951 0.9 

propyl octanoate 1945 1.2 0 0.0 0 0.0 0 0.0 0 0.0 

butyl caprylate 523726 1.2 332641 1.3 290338 1.1 281877 1.1 265932 1.1 

ethyl-3-nonenoate 315712 0.0 175657 6.7 1199 1.5 5527 1.5 1079 0.2 

ethyl decanoate 142948811 0.3 130596545 0.0 136485939 0.0 131551264 0.0 149786583 0.3 

decyl acetate 114835 2.0 108688 1.2 87066 1.2 74013 1.2 77596 0.5 

3-methylbutyl octanoate 498460 1.9 209412 1.3 258741 3.0 213929 3.0 135083 0.5 

propyl decanoate 145114 2.4 56656 1.3 48291 1.1 43214 1.1 41162 0.3 

ethyl benzoate 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

ethyl undecanoate 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
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1-decanol 19511900 4.0 20924713 0.0 21832749 0.0 18815768 0.5 21703047 0.1 

ethyl dodecanoate 23354609 3.0 25249033 0.0 26627162 0.0 22542234 0.6 26525694 0.1 

3-methylbutyl pentadecanoate 454240 3.4 128402 2.2 105386 1.6 118196 1.7 103966 0.7 

cyclododecane 380822 2.2 201125 1.1 144851 1.1 160264 0.8 116915 0.2 

1-tridecanol 189292 0.0 86144 2.1 59347 1.8 63898 2.0 43869 1.2 

ethyl tetradecanoate 904824 0.0 517050 2.2 467780 1.5 375105 2.0 307175 1.3 

1-methylpropyl dodecanoate 0 0.0 0 0.8 0 0.7 0 0.6 0 0.2 

unknown alcohol 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

ethyl pentadecanoate 0 3.5 0 0.0 0 0.0 0 0.0 0 0.0 

3-methylbutyl dodecanoate 0 2.8 0 0.0 0 0.0 0 0.0 0 0.0 

ethyl hexadecanoate 10197 0.0 3224 0.0 1738 0.0 1907 0.0 1192 0.0 

propanoic acid, 2-methyl, 2-phenyl ethyl 
 

41287 0.0 9904 1.6 8080 1.0 11416 0.5 8441 0.8 

unknown 0 0.0 0 1.0 0 0.1 0 0.6 0 1.0 

ethyl hexadecenoate 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

2-phenylethyl octanoate 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

 

B.4.9 Anion and Cation Content of Spirit 

Table B.35  Anions and cations in spirit results (expressed in mg L-1) 

 

Sodium 
(mg L-1) 

Potass. 
(mg L-1) 

Magnes. 
(mg L-1) 

Calcium 
(mg L-1) 

Fluoride 
(mg L-1) 

Chloride 
(mg L-1) 

Nitrate 
(mg L-1) 

Phosph. 
(mg L-1) 

Sulphate 
(mg L-1)  

Deionised 17.12 3.85 1.23 2.48 0.66 0.00 0.00 0.00 0.00 

Islay 6.30 0.41 0.35 1.49 0.00 0.00 0.00 0.00 0.00 

Highland 5.19 0.25 0.37 1.49 0.00 0.00 0.00 0.00 0.00 

Islay & minerals 4.42 0.32 0.38 1.48 0.00 0.00 0.00 0.00 0.00 

High humic 3.82 0.20 0.33 1.48 0.00 0.00 0.00 0.00 0.00 
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