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The flavour of beer is a significant component for beer producers. It is important to consistently produce
quality beer with the expected flavour and aroma. However, after packaging, flavour compounds in
beer are not in a state of chemical equilibrium but are involved in chemical reactions that occur until
the beer is consumed. These reactions typically result in a decrease of the expected fresh flavour and
an increase in compounds that correspond to what is known as aged flavours. These aged flavours are
unpleasant and include cardboard and green apple flavour. One of the compounds that contributes to
aged flavour in beer is acetaldehyde.
The aim of this thesis was to analyse the concentration of acetaldehyde in the lager beer called Helles
produced by Kahakka Breweries in Kokkola, Finland. Three different batches of Helles produced approximately four months apart were analysed using GC-MS. Due to the volatile nature of acetaldehyde,
the beer was derivatized first using O-(2,3,4,5,6-Pentafluorobenzyl)hydroxylamine hydrochloride to
form more stable acetaldehyde oxime isomers and extracted via liquid-liquid extraction before GC-MS
analysis.
The results showed that the levels of acetaldehyde in the beer were below the flavour threshold of approximately 10 mg/L, with the maximum detection at 7.98 mg/L and the lowest at 1.40 mg/L. The
method used proved that it could be used for the detection of acetaldehyde in beer. However, the accuracy and repeatability of the method could not be proved as the experiment was conducted once.
Furthermore, the method used was extremely time consuming (approximately 6 hours) and had many
steps which increased the potential for errors and inaccurate results. It is proposed that a different
method such as headspace, solid phase microextraction or stir-bar sorptive analysis is employed
which are less time consuming and have less potential for errors. These methods could then be repeated to determine their accuracy and repeatability before conducting the experiment for more accurate results.
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CONCEPT DEFINITIONS

BU

Bitterness Units

GC

Gas Chromatography

GC-MS

Gas Chromatography Mass Spectrometry

IS

Internal standard

LLE

Liquid-liquid extraction

MSD

Mass Selective Detector

PFBHA

O-(2,3,4,5,6-Pentafluorobenzyl)hydroxylamine

RF

Response factor

RPM

Rounds per minute

ROS

Reactivity oxygen series

RRF

Relative response factor

SIM

Selected ion monitoring

SRM

Selected reaction monitoring

Formulas of chemical compounds

C6F5CH2ONH2

O-(2,3,4,5,6-Pentafluorobenzyl)hydroxylamine hydrochloride

CH3CHO

Acetaldehyde

CH3CH2OH

Ethanol

C6H12O6

Sugar

C7H2F4O

2,3,5,6 – Tetrafluorobenzaldehyde

C9H6F5NO

Acetaldehyde-O-pfbo

CO2

Carbon dioxide

H2O2

Hydrogen peroxide

H2SO4

Sulphuric acid
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1 INTRODUCTION

Beer flavour occurs due to the complex interactions of hundreds of chemical compounds. Taste-compounds are sensed directly on the tongue, while aroma is based on volatized compounds that are
sensed nasally or retro-nasally through the back of the mouth. However, these flavour-inducing compounds are not in chemical equilibrium in freshly packaged beer and are subject to chemical reactions
during storage. Some of these chemical reactions include Strecker degradation, aldol condensation, furanic ether formation, degradation of hop bitter acids, Maillard reactions, and acetate esters. These reactions result in a decrease of fresh flavour notes and a rise in some typical aged flavours, such as
cardboard flavour. Some of the volatile compounds that are formed during storage of the beer include
linear aldehydes, ketones, ethyl esters, and lactones. (Vanderhaegen, Neven, Verachtert & Derdelinckx
2006, 358-363.) One common aged flavour is acetaldehyde. This compound gives the flavour of green
apples or cut grass in beer which is often undesirable. (Briggs et al. 2004, 456.) This instability of beer
flavour during aging is of great concern to brewers, especially since customers expect to recognize the
flavour of a particular brand of beer that they typically drink, even after the beer has been stored for a
particular amount of time. Thus, beer flavour is thought to be the most important quality parameter of
the product. (Saison, De Scutter, Uyttenhove, Delvaux & Delvaux 2009a, 1206.)
The changes in beer compounds during storage were first analysed in the 1960’s due to the introduction of gas chromatography (GC) (Vandehaegen et al. 2006, 359). GC is a method of separating components in a mixture using two phases; the stationary phase which is a stationary bed having a large
surface area, and the mobile phase, which is an inert gas that percolates through the stationary bed. The
sample is vaporized and carried with the mobile gas phase through the stationary phase. The components of the sample are separated based on their relative vapor pressures and affinity for the stationary
bed. (McNair & Miller 2009, 3.)
The aim of this thesis was to find out the concentrations of acetaldehyde in the lager ‘Helles’ from
Kahakka Brewery in Kokkola, Finland. This thesis planned to compare the concentrations of acetaldehyde from three different batches with different brew dates that span a year, to note if there are any
significant differences between the batches due to age, and find out if any of the batches exceed the
flavour threshold of acetaldehyde which is approximately 10 mg/L. The analysis was done using gas
chromatography mass spectrometry (GC-MS). The results are limited to the beer produced in Kahakka
and cannot be generalized to other lagers.

2
2 THE THEORY OF BEER

In this chapter, the theory of beer is discussed. Firstly, the basics of how beer is brewed is outlined,
followed by a discussion on the chemistry of beer flavours (which also reviews some of the most common beer flavours including acetaldehyde), then a brief discussion on beer aging and the aging reactions
that results in acetaldehyde concentrations rising in beer.

2.1 Basics of beer brewing

Beer is a popular alcoholic beverage whose four main ingredients are water, malt (barley), hops and
yeast. Occasional additional ingredients, known as adjuncts, may be used. Adjuncts are materials used
to supplement the malt by adding starch or sugar. (De Keukeleire 2000, 108.) To better understand the
different flavours of beer, it is important to know the brewing processes to see which reactions and
ingredients contribute to the flavours.

There are a multitude of methods for brewing beer throughout the world. To limit the scope of this thesis,
a summary of the most common brewing method in Europe will be discussed. In the brewing process,
carbohydrates from malted barley are extracted and broken down to make a sugar solution known as
wort. This solution contains the necessary nutrients for yeast growth. In yeast fermentation, the simple
sugars in the wort are consumed, releasing energy and making ethanol and flavourful metabolic byproducts. (Willaert 2007, 444.)

Before beginning the brewing process, malt must be obtained from barley grains. This is done in a process known as malting. The barley is first steeped in water, and the water seeps into the barley grains
through a small opening known as the micropyle. This triggers the production of enzymes. These enzymes breakdown the starchy endosperm of the grains, which is the part that makes the grains hard and
difficult to mill. This process of softening the grain takes about four to six days. During this time, the
grains begin to germinate. When the germination stage is believed to have progressed for a long enough
period of time, the grains are heated up in a process known as kilning, so that the germination can cease.
The aim of this process is also to dehydrate the grains until the moisture level in them is below 5 %. This
heating process must be done carefully, as the enzyme amylase, in the grain, that was produced during
the germination, is needed in the brewing process. Enzymes are susceptible to heat and high levels of

3
moisture, and so the kilning begins at a relatively low temperature (approximately 50 °C) and is slowly
and steadily increased. After the kilning, the grains are now called finished malt. (Bamforth 2003, 5152.)

Malt used for ale production are kilned at higher temperatures, which results in darker malts. During
kilning, the sugars and amino acids that were released from the proteins and carbohydrates during germination combine to form melanoidins, which are coloured. The higher the temperature, the darker the
color, though this depends on how many sugars and amino acids are present in the first place. The higher
kilning temperatures also results in the development of complex flavours in the malt. Malt that is kilned
to particularly high temperatures develop flavours described as “smoky” and “burnt”. (Bamforth 2003,
52-53.)

The brewing process begins with milling and mashing. The aim of these processes is to convert the
starch in the malt to sugar. The malt grains are crushed using a mill in order to increase their surface
area. The crushed grains are known as grist. The grist is then mixed with hot water in the second stage
of brewing (mashing). The mashing is done in a mash tun (a tun is a type of tank used for holding beer
and wines). The starch in the grist is converted to sugars via the amylase that was in the grains. As much
of the starch as possible should be converted into sugars. The sugary solution formed is known as wort.
(Barth 2013, 132 – 133.)

After milling and mashing, when no more starch worth recovering is still in the grist, the wort must be
separated from the spent grains in a process known as wort separation. This is a filtration process that
can be performed in the mash tun. Many mash tuns, especially those used in craft breweries, have a false
bottom. This false bottom has some holes that keep back the grain while the wort flows through. The
spent grain settles and forms the filtration layer. The wort is pumped through the grain bed and recirculated until it runs clear. (Barth 2013, 149 – 150.)

After wort separation, comes wort boiling. This is a complex process in which a wide range of reactions
occur including chemical, physical, physio-chemical, and biochemical. It is also the most energy-intensive stage of the brewing process. The wort is typically boiled for about an hour. Wort boiling is done
to kill off bacteria and wild yeast, deactivate the enzymes, dissolve the hops (which are added during
boiling) and cause the hop resins to change molecular form. Bad flavour compounds go off with the
steam (they are volatized), and grain proteins clump together making it easier to remove them. The setup of the boiling process is to bring all parts of the boiling wort to the surface where it can come in
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contact with steam. (Barth 2013, 152 -153.) The hops added during the wort boiling can be whole or
milled and pelletized. The hops added at the beginning of the boiling will lose nearly all their oils.
Therefore, some more hops are added towards the end of the boiling, which allows essential oils to
survive and provide essential and distinctive aroma notes. (Bamford 2003, 55 -56.) When the wort boiling is done, the coagulated proteins (known as trub) and other solids are removed. This can be done via
a whirlpool or through settling. A whirlpool is a tank where the wort flows in a circular motion, causing
the solids to collect at the bottom centre of the tank. (Barth 2013, 157.)

The next step is fermentation, but before this can occur the hot wort should be chilled from approximately 100 °C to between 22 °C – 7 °C. The chilling occurs rapidly to avoid the formation of off-flavour
compounds. This is done using a counter current heat exchanger. The hot wort flows through channels
while cold water or other coolants flow in channels in the opposite direction. Heat is transferred from
the wort to the cold water. After the wort is chilled to the desired temperature, a small amount of oxygen
is bubbled through the wort before the yeast is added. The fermentation process is anaerobic but the
yeast does require some oxygen to help it make parts of its cell membrane and grow. (Bamforth 2003,
57.)

Fermentation occurs when yeast is added (an action known as pitching) because yeast feeds on the sugars
in the wort and produces ethanol, carbon-dioxide and energy. This conversion of sugars to alcohol is
depicted in equation 1 (Barth 2013):
C6H12O6 (sugar) → 2CH3CH2OH (ethanol) + 2CO2 (carbon-dioxide) + energy

(1)

The rate at which fermentation occurs is directly proportional to temperature and the amount of yeast
added. Ale fermentations can take two to three days, while traditional lager can take up to a fortnight to
ferment. This process also involves the production of a mixture of subtle flavour compounds that gives
beer certain characteristics. The balance of these flavours depends on the yeast strain used. (Bamforth
2003, 57.) Many different yeast strains exist for use in distilling and brewing. Having alternative yeast
strains allows for more efficient fermentations and diverse flavour characteristics in beers. (Stewart
2017, 7.)

After fermentation, the beer is chilled to stabilize it. It is chilled to as low a temperature as possible
without freezing the beer, which is approximately -1 °C, for about three days. Cold-sensitive proteins
are filtered out, and materials can be added to the beer to improve its stability. Proteins and polyphenols
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are removed by some of the added materials, while others act as antioxidants which prevents beer from
staling. The beer is then filtered into beer tanks to await packaging. The packaging should be done such
that there is no oxygen added in the beer as this results in rapid staling. (Bamforth 2003, 58.) A summary
of the beer-making process is depicted in Figure 1.

FIGURE 1. A general process flow diagram of beer production (adapted from Lordan, O’Keefe,
Tsoupras & Zabetakis 2019, 5)

2.2 The chemistry of beer flavour

The flavours in beer vary widely depending on how much flavour compounds are present and how strong
the flavour is. For example, the amount of ethanol in beer is approximately 40 grams per litre. Ethanol
can be detected at a level of 14 grams per litre, which is its flavour threshold. When the total weight per
litre is divided by the flavour threshold, the result is known as the flavour units (thus ethanol has approximately 2.9 flavour units in beer). (Barth 2013, 201.)

Additionally, a large aspect of beer flavour is attributed to the beer aroma. There are in fact relatively
few compounds that contribute to the true taste of beer (bitter, sweet, salt, and sour). In contrast, multiple
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different compounds influence the aroma. Many of these are produced during fermentation such as aldehydes, esters, and fusel alcohols. (Bamforth 2003, 74.) A few of the compounds contributing to the
overall taste and aroma of beer will be discussed below.

2.2.1 Hops flavour

Hops in beer, account, not only for the bitter taste, but also a distinct, delicate hoppy flavour. The hoppy
aroma in beer is due to a complex of sensory impressions which comes from many different volatile
compounds, many of which act in synergism. Throughout the multi-staged brewing process, hop-derived
components arise, that may contribute to the overall sensory characteristics of the beer. (De Keukeleire
2000, 109.)

Hop flowers produce a yellow sticky powder known as lupulin. Lupulin contains many components, but
the most significant is a family of compounds known as alpha acids (or α-acids). In organic chemistry,
alpha denotes the first carbon atom that is attached to a functional group. During the wort boiling, the
alpha acids are converted to iso-alpha acids in a reaction known as isomerization. In isomerization, a
compound is converted to another form having the same molecular formula but different structure. Isoalpha acids (or iso-α acids) are the source of the bitterness taste in beers. (Barth 2013, 153.)

Alpha acids and iso-alpha acids can have multiple functional groups at the same time, including ketones,
alcohols and alkenes. Under the conditions of boiling, approximately 40 % of the alpha acids are converted to iso-alpha acids. In the end, there are only trace amounts of alpha acids left in the beer since the
unconverted acids are nearly insoluble at the cold temperature that is used for conditioning (stabilizing).
The most abundant alpha acid is known as humulone. (Barth 2013, 153.)

The bitterness of beer is measured on a scale known as bitterness units (BU), or sometimes called International Bitterness Units (IBU). This is roughly equal to one milligram of iso-humulone per litre. However, there are often other compounds that contribute to the overall bitterness of the beer, and so the
perceived bitterness may be higher than the BU value. (Barth 2013, 202.)

2.2.2 Esters and fusel alcohols
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During fermentation, yeast cells produce various minor products that can have a significant effect on the
beer’s flavour. The production of these products depends on the strain of yeast used and the fermentation
conditions. One group of these minor products is esters. (Barth 2013, 174.) Esters are organic compounds
that are derived (usually) from a carboxylic acid and an alcohol in a reaction known as a condensation
reaction. The functional group of a carboxylic acid is -COOH, and in an ester, the hydrogen is replaced
by a hydrocarbon group such as alkyl, phenyl or benzyl from the alcohol. During the reaction, water is
produced from the hydrogen in the carboxylic acid and the -OH group of the alcohol. An example of
such a reaction is the reaction between acetic acid and ethanol to form the ester ethyl acetate (Clark
2019.) This reaction is depicted in Figure 2.

O
H3C

C
OH

O

HO

+

CH2 CH3

H3C

C
O

CH2 CH3

+

H2O

FIGURE 2. Reaction between acetic acid and ethanol to form ethyl acetate and water. (Adapted from
Clark, 2019)

The flavours from esters are fruity and flowery. These are considered good flavours for most ale type
beers but not for lagers. In beer, the most common esters are formed from acetic acid (CH3COOH). The
alcohol reacting with the acetic acid can be the ethanol or fusel alcohols, which are higher alcohols
produced in trace amounts during fermentation. When acetic acid and ethanol react, they produce ethyl
acetate, which is the most prevalent ester in beer. At low concentrations, ethyl acetate has a flowery
aroma, but at higher concentrations the flavour becomes solvent-like. (Barth 2013, 174.)

Fusel alcohols are alcohols with more than two carbon atoms. Their concentration increases with increased fermentation temperature, though they are also affected by the yeast strain and wort composition.
Fusel alcohols contributing to beer flavour include n-propanol, iso-butanol, 2-methylbutanol and 3methylbutanol. Other than being precursors of esters, they also contribute to the overall flavour of beer
by intensifying the ethanol flavour. (Briggs, Boulton, Brookes & Stevens 2004, 460.) Fusel alcohols are
formed when the yeast absorbs amino acids from the wort so that it can incorporate the amino group into
its own structure. The remainder of the amino acid (α-keto acid) is then involved in an irreversible chain
reaction, ultimately resulting in fusel alcohols as a by-product. (Pires, Teixeira, Brányik & Vicente 2014,
1938.)
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2.2.3 Acetaldehyde

An aldehyde is an organic compound having a carbonyl group (a carbon atom double bonded to an
oxygen atom) at the end of the chain (Hill & Holman 2011, 306). Up to 200 carbonyl compounds contribute to the flavours of fresh beer and other alcoholic beverages. These carbonyl compounds are mostly
aldehydes and vicinal diketones. Carbonyl compounds significantly influence beer flavour stability. In
excess concentrations, they can cause stale flavour in beer. (Stewart 2017, 11.) Some of the significant
aldehydes found in beer are described in Table 1.

TABLE 1. Significant aldehydes in beer (adapted from Buiatti 2009, 221)

Aldehyde

Concentration (mg/L)

Descriptors

Acetaldehyde

2-20

Green apple, paint, cut grass

Propionaldehyde

0.01-0.3

Green apple, fruity

Butyraldehyde

0.003-0.02

Melon, varnish

Hexanaldehyde

0.003-0.07

Bitter, vinous

Acetaldehyde (the structure is shown in Figure 3) is the most common aldehyde in beer and imparts the
flavour of green apples which is undesirable in most beers. It is produced by yeast as the product of the
decarboxylation of pyruvate, and its flavour threshold is approximately 10 mg/L. It is formed in the early
and mid-stages of fermentation as a precursor to ethanol. The extent of its accumulation is determined
by the yeast strain used and the fermentation conditions. (Stewart 2017, 11 – 12.)

O
H3C

CH

FIGURE 3. Structure of acetaldehyde (Adapted from Pubchem 2019)

There are three main sources of acetaldehyde in beer after fermentation: spoilage from the bacteria Zymomonas and Acetobacter, oxidation and spillover from fermentation. The acetaldehyde concentration
is at its maximum during the peak of the logarithmic growth phase of the yeast, which is typically within

9
the first four days of fermentation. This concentration then gradually decreases during the secondary
stages as it is reduced to ethanol. Spillover levels of acetaldehyde occurs if the yeast is removed prematurely, that is before the reduction to ethanol is complete. (Bickhamb 2001.) Other factors that causes
high concentrations of acetaldehyde in packaged beer are excessively high fermentation temperatures,
poor quality pitching yeast, excessive wort oxygenation and excessive pitching rates (Briggs et al. 2004,
456). Some of the chemical and physical properties of acetaldehyde are depicted in Table 2.

TABLE 2. Chemical and physical properties of acetaldehyde (Adapted from Pubchem 2019)

Property

Value

Molecular weight

44.05 g/mol

Molecular formula

CH3CHO

Boiling point

21.1 °C

Melting point

-123.0 °C

Density at 25 °C

0.785 g/mL

Solubility in water

miscible

2.3 Aging reactions producing acetaldehyde in beer

There are several sensory changes that occur in beer with aging. This is because the varying components
in beer are not in equilibrium after packaging. In terms of thermodynamics, a bottled beer is a closed
system that strives to reach a state of minimal energy and maximum entropy. As a result, many chemical
reactions occur during storage, leading to characteristics of aged beer. One reported change is a constant
decrease in bitterness. There is also an increase in a sweet taste which is partly responsible for the decrease in bitterness as it masks it. The increased sweet taste coincides with an increase of caramel, burnt
sugar and toffee-like aromas. Aging flavours vary between beer types. Factors causing aging flavours
include oxygen in the beer after packaging, storage temperature, and beer type. (Vanderhaegen et al.
2006, 357 – 358, 363.)

Hundreds of different compounds from various chemical groups are attributed to the flavours associated
with aged beer. Molecules form at concentrations above their flavour thresholds which leads to notice-

10
able sensory effects. Meanwhile, other molecules degrade to concentrations below their flavour thresholds therefore decreasing the expected fresh beer flavours. Furthermore, there are interactions between
different aroma volatiles which can either enhance or suppress the impacts of flavour molecules.
(Vanderhaegen et al. 2006, 358.) The chemical reactions attributed to flavour deterioration include Maillard reaction, ester degradation, degradation of hop bittering acids, and formation of linear aldehydes.
These reactions may occur due to the type of beer, the raw materials used, and excess exposure to oxygen
and light, temperature, and time. (Aron 2014.)

When research first began on staling compounds in beer, carbonyl compounds attracted the most attention. These compounds were already known to create flavour changes in many food products such as
milk, butter, and vegetables. One of the first compounds observed to increase in concentration in aged
beer was acetaldehyde. (Vanderhaegen et al. 2006, 356.)

One of the possible aging reactions that results in acetaldehyde is oxidation. Dissolved oxygen molecules
in beer has been attributed to the rise of many staling compounds including acetaldehyde. The pathway
from the dissolved oxygen molecule to oxygen-containing organic compounds such as aldehydes, involves intermediates known as reactive oxygen series (ROS). The majority of these are free radicals
(they have unpaired electrons) such as the hydroxyl radical. The formation of ROS can also be significantly accelerated by certain metals which are often present in the beer at low concentrations. These
metals can form two stable ions such as iron (Fe2+ and Fe3+) and copper (Cu+ and Cu2+). These metals
can reduce oxygen to the superoxide ion as shown in equation 2. (Barth 2013, 255 – 257.)
Fe2+ + O2 → Fe3+ + O2-

(2)

In an acidic solution such as beer, the superoxide ion exists in the acid form as hydroperoxyl radical,
HO2•. Two hydroperoxyl radicals can then react to form hydrogen peroxide (H2O2) and oxygen (O2).
(Barth 2013, 257.) The hydrogen peroxide then takes part in a free radical mechanism (the Fenton reaction) in which ethanol is oxidized to acetaldehyde. The mechanism proceeds as shown in equations 3 6 (Baert, Clippeleer, Hughes, Cooman & Aerts 2012, 11459):
Initiation: Fe2+ + H2O2 → Fe3+ + OH- + •OH (Fenton Reaction)

(3)

Propagation: •OH + CH3CH2OH → CH3•CHOH + H2O

(4)

CH3•CHOH + Fe3+ → CH3CHO (acetaldehyde) + Fe2+ + H+

(5)
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Termination: Fe2+ + •OH → Fe3+ + OH-

(6)

In order to minimize the effects of oxidation, brewers try to minimize the amount of oxygen in packaged
beer. Controlling the oxygen content in beer can be difficult as 20 % of air already consists of oxygen
and it is not typically the practice to package beer in an oxygen-free environment. Brewers prevent
oxygen from mixing with beer during packaging by using equipment that fills the packaging without
splashing. Also, prior to filling the packaging with beer, it is often filled with carbon dioxide thus preventing air from coming in when it is filled with beer. Finally, just before the packaging is closed, the
beer is made to foam which results in driving off air. However, for glass bottles, the plastic liners inside
the crown caps that seals the bottles let in a small amount of oxygen dissolve in the plastic which then
migrates into the bottle via a process known as permeation. For aluminium cans, the seals are all metal
therefore permeation is near zero. (Barth 2013, 260-261.)

Amino acids in stored beer may also be a possible source of acetaldehydes due to a reaction known as
Strecker degradation (Vanderhaegen et al. 2006, 364). Strecker degradation is a reaction discovered by
the German chemist Strecker when he observed the production of acetaldehyde after heating a solution
of alloxan [2,4,5,6-(1H,3H)-pyrimidinetetraone) and the amino acid alanine. Carbon dioxide and ammonia were also produced in this reaction. The feature in alloxan that is essential for the production of
carbon dioxide and acetaldehyde is its α-dicarbonyl structure (with carbonyl compounds, α denotes the
carbon adjacent to the carbonyl functional group) which is why the reaction also works with other αdicarbonyl compounds. An aldehyde produced via Strecker degradation is known as a “Strecker aldehyde”. (Cerny 2009, 241-242.) Figure 4 depicts the formation of acetaldehyde via Strecker degradation.

O

R

O

CH 3

N

R

H 2N

+
R

1

OH

OH

O

CH3

O

a-diketone

1

R

Alanine

O

Imine

NH3

CO2
NH2

R

1

CH3

O
R

O

a-amino ketone

H

CH3

+
R

N

R

H

1

OH

Acetaldehyde

FIGURE 4. Strecker degradation mechanism (Adapted from Croguennec 2016, 141)
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3 GAS CHROMATOGRAPHY

GC is a laboratory technique used in analytical chemistry to separate mixtures into individual components. These individual components can then be identified, and their concentrations determined. (Agilent
Technologies 2002, 9.) GC works by separating vaporized components in a sample by distributing the
sample between a stationary phase and a mobile phase. The mobile phase is an inert gas that carries the
components of the analyte through the heated column. The stationary phase is either one of two things:
a solid adsorbant (gas-solid chromatography) or a liquid situated on an inert support such as silica (gasliquid chromatography). The devices used in GC are typically a gas source, an injection port, a column,
heaters to maintain the temperatures of the injection port and the column, and a detector. The process of
gas chromatography can be seen in Figure 5 (Thet & Woo 2019.)

FIGURE 5. Gas chromatography process scheme (Adapted from Agilent technologies 2002, 11)

3.1 Function of gas chromatography

Most of the samples used in GC are liquids and must be vaporized before entering the column. The
vaporization is typically done with a heated injection port that is combined with a liquid syringe or a
liquid sampling valve. (Agilent Technologies 2002, 17.) A calibrated microsyringe is used to extract a
sample volume (a few microliters) and injects it through a rubber septum to a vaporization chamber.
Typically, only a small fraction of the initial sample volume is needed for analysis. The rest is separated
using a sample splitter and then directed to waste. Modern injection ports are heated such that the sample
is injected and vaporized almost simultaneously (Thet & Woo 2019.)
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The inert carrier gas used varies depending on the GC used. The gas must be pure as contaminants can
react with the samples and cause inaccurate readings. The gas typically used is helium as it is safer, has
a wide range of flow rates and is compatible with numerous detectors. Other gases used include nitrogen,
argon, and hydrogen. The carrier gas flows through the injection port, carrying the vaporized sample to
the column. (Thet & Woo 2019.)

In the column is where the separation of a mixture into separate components occurs. There are different
columns that exist for separating mixtures, such as capillary and packed columns, and are chosen according to the nature of the mixture and the type of information needed. However, columns generally
perform using the same basic function. The separation of the sample in the column is based on the relative attraction of the sample to the two phases. This attraction can be based on solubility, volatility, and
polarity among others. Different components in the sample will have different “levels of attraction” (or
interaction with the stationary phase) and will therefore separate with time as they travel in the mobile
phase. The components with weaker levels of attraction will exit (elute from) the column first. Those
with stronger levels of attraction will exit the column last. The purpose of the column is to ensure that
the detection system produces narrow and well-separated peaks. Highly efficient columns produce narrow peaks. The efficiency of a column is based on the column construction (a column with a small tubing
diameter and thin stationary phase layer is best) and the carrier gas flow rate. (Agilent Technologies
2002, 27-30.)

The columns are mounted in a temperature-controlled oven since the separations of the components in
the sample is highly temperature-dependent (Agilent Technologies 2002, 36). The thermostatted oven
controls the temperature of the column to within a few tenths of a degree for precise results. There are
two operation modes of the oven: isothermal and programmed. With isothermal, the temperature of the
column is constant throughout the separation. The optimum column temperature for this operation is
about the middle point of the boiling range of the sample. Isothermal works best only when the boiling
point range of the sample is small. If the boiling point range of the sample is wide and a low isothermal
temperature is used, then the components with high boiling points will be slow to elute and will be
displayed with extensive band broadening in the detector. If the temperature is increased such that it is
closer to the boiling point of the higher boiling components, then they elute as sharp peaks, but the low
boiling components elute so quickly that there is no separation. (Thet & Woo 2019.)

With the programmed oven, the column temperature typically changes upwards, either continuously or
in increments as the separation progresses. This is the best operating mode for the oven when there is a

14
wide boiling range in the sample. Rates of about 5-7 °C/min are typical used in the programmed oven.
(Thet & Woo 2019.) One advantage of using temperature programming is that the analysis time is reduced. Also, the peak shapes are constant throughout the analysis making it easier for detection and
measurement. (Agilent Technologies 2002, 37.)

At the end of the column is a detector. This device gives a quantitative measurement of the components
of the sample as they elute together with the carrier gas. Each detector has two main parts that work
together to serve as transducers that converts the detected property changes (analogue signals) to an
electrical signal that is recorded in the form of a chromatogram. The first part of the detector is the sensor
which is put as close to the column exit as possible to optimize detection. The second part is the electric
equipment that digitizes the analogue signal so a computer can analyse the acquired chromatogram. The
analogue signal is easily susceptible to many types of interferences (noise) therefore the sooner the analogue signal is converted into a digital signal the better, as this reduces the chances of interferences
influencing the results. There are many different types of detectors including mass spectrometer (MS),
flame ionization (FID), electron-capture (ECD) and thermal conductivity (TCD). (Thet & Woo 2019.)
The detector used during the experiment for this thesis is a mass spectrometer.

3.2 Gas Chromatography – Mass Spectrometry (GC – MS)
In Gas Chromatography – Mass Spectrometry, the mass spectrometer detects the eluate by ionizing it as
it enters from the GC column. The eluate contains the mobile phase (or carrier gas) analyte molecules,
volatile matrix components (matrix components are components other than the one of interest) that may
have eluted with the analyte, and molecules that came off of the stationary phase of the GC column
decomposing (typically cyclic siloxanes). (Sparkman, Penton & Kitson 2011, 89.) After exiting the GC
column, the eluate passes through a transfer line and is directed into the inlet of the mass spectrometer.
The sample is then ionized and fragmented. This is typically done by an electron-impact ion source. In
this process, the sample is bombarded by energetic electrons causing the molecule to lose an electron
from electrostatic repulsion thereby being ionized. The ions fragment with further bombardment. The
ions then pass into a mass analyser and here the ions are sorted according to their m/z value or mass-tocharge ratio. Most ions are singly charged. (Thet & Woo 2019.)

The results of mass spectroscopy are displayed as a mass spectrum in a vertical bar graph where each
bar represents an ion with a specific m/z value (x-axis) while the length of the bar depicts the relative
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abundance of the ion (y-axis). The relative abundance is the percentage of the ion in relation to the base
peak. The base peak is the most intense ion and is assigned a relative abundance of 100. Since most ions
formed in the mass spectrometer are singly charged, the m/z value is then equivalent to the mass itself.
The ion with the highest mass in the spectrum is usually considered to be the molecular ion while lowermass ions are the fragmentations of the molecular ion, presuming the sample is a pure single compound.
(Reusch, 2013.)

GC-MS can also display the results in the form of a chromatogram. In the chromatogram, the x-axis is
the retention time, or the amount of time taken for the analytes to travel through the GC column and
reach the mass spectrometer, while the y-axis (as well as the area under the peaks) is the concentration
or intensity counts, which gives the amount of analyte present. The retention time is largely impacted by
the type of GC column used as well as GC parameters (oven temperature, flow rate and injection temperature) therefore, when comparing the retention times from different analyses or other laboratories, it
is critical that the parameters are the same to ensure accuracy. Furthermore, it is significant to note that
some compounds produce peaks that appear larger than their real concentration would be compared to
other peaks on the chromatogram, and this occurs due to the compounds having a better affinity with the
detector . This typically happens with compounds that ionize readily. To overcome this challenge, standards having known concentrations of compounds can be used to ensure accurate count. (Matthias 2018.)

In quantitative analysis, the concentration in a sample (target analyte) is determined. This can be accomplished by using the GC alone, but there are advantages to using GC-MS over GC. When quantitating
with GC, it is significant to have a good separation of components of interest. When a mass spectrometer
is used, this is not crucial as unique ions can be used for identification and quantitation can be done
based on mass. (Sparkman et al. 2011, 208.)

Analytes in a quantitative analysis are typically referred to as target analytes, since their identities are
already known, and it is just their concentration being determined. In GC-MS, the quantity of a target
analyte can be determined using the continuous monitoring of full-spectrum, selected reaction monitoring (SRM) or selected ion monitoring (SIM). When using the continuous monitoring of full-spectrum
mode to quantitate, a quantitation ion (more simply a quant ion) is selected. The quant ion is a uniquely
characteristic ion of the target analyte. It is often represented by the base peak in the mass spectrum as
long as its m/z value is not the same as a coeluting compound. A mass chromatogram of the quant ion
gives a chromatographic peak area that is then used in quantitation. (Sparkman et al. 2011, 209.)
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There are two main methods of quantitation that can be used based on the chromatogram: the external
standard method and the internal standard method. With the external standard method, a comparison is
made between the peak areas of the target analytes in the sample and the peak areas of the same analytes
in a standard solution. The calibration standards contain the compound(s) of interest at known concentrations which should be in the expected range of the unknown samples that are to be analysed. Once
the calibrations standards and samples have been analysed using the GC-MS, the response factor (RF)
of the calibration standards should be calculated. A response factor is the ratio between the concentration
of the analyte and the detector's response to that analyte (peak area). The formula for calculating the RF
is shown in equation 8: (Sparkman et al 2011, 213.)

𝑅𝐹 =

𝐴𝑟𝑒𝑎𝑠𝑡𝑑
𝐶𝑠𝑡𝑑

(8)

where Areastd is the peak area of the calibration standard, and Cstd is the concentration of the calibration
standard. The mean of the RFs is then calculated, and this mean is used to calculate the concentration of
target analytes in the samples, as shown in equation 9: (Sparkman et al 2011, 213.)
𝐴𝑟𝑒𝑎𝑥

𝐶𝑥 = 𝑅𝐹

𝑚𝑒𝑎𝑛

(9)

where Cx is the concentration of the sample analyte, Areax is the peak area of the analyte, and RFmean is
the mean response factor from the calibration standards. Most modern software can do this calculation.
The data system should also plot a calibration curve of the concentration of each analyte against the peak
area and do a linear regression analysis which shows the correlation coefficient to a straight line. (Sparkman et al 2011, 213.)

However, to get good quantitative results from the external standard method, the sample preparation
procedure should not be complicated. Steps such as solvent extraction, derivatization, and evaporation
in the sample preparation procedure, can result in unreliable results in the external standard method.
Instead, the internal standard method should be used. The internal standard method produces the most
accurate quantitative results in GC-MS. The use of an internal standard corrects for any losses during
any separation and concentration steps in the sample preparation procedure, as well as any variation in
the amount of sample injected into the GC. In this method, a known quantity of a compound, (the internal
standard or IS), is added to an accurately measured aliquot of the sample to be analysed. The IS should
be chemically similar to the target analyte but should elute in an empty space in the chromatogram.
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(Sparkman et al 2011, 214.) The IS should be a compound that cannot be found in the sample as this can
give false results and should be sufficiently stable, such that it does not easily degrade during the sample
preparation. It should also give a well-resolved peak in the chromatogram. Finally, the IS should have
similar extraction characteristics, stability, detector response and retention times as the target analyte.
Often, the IS used in analytical chemistry is the target analyte but with specially synthesized modifications so that it does not have same retention time as the main target analyte. Such an IS includes deuterated compounds, which are compounds that have had one or more of the hydrogen atoms replaced by
deuterium atoms. (Dolan 2012.)

Just as in the external standard method, a series of calibration standards should be prepared in the range
of the target analyte for the internal standard method. There should be approximately five or six calibration levels. Next, a known weight of the IS is dissolved in a solvent and an equal amount is added to
each of the calibration standards and unknown samples. The concentration of the IS should be approximately in the mid-range of the expected concentration of the target analyte. The volumes of the calibration standards and unknown samples should also be equal. (Sparkman et al 2011, 214.)

After the GC-MS analysis, the quantitation begins by the relative response factor (RRF). This is based
on the response factors of the calibration standard and the internal standard and is calculated as shown
in equation 10: (Sparkman et al 2011, 215.)
𝐴𝑟𝑒𝑎𝑠𝑡𝑑 ∗ 𝐶𝐼𝑆

𝑅𝑅𝐹 = 𝐶

𝑠𝑡𝑑

∗ 𝐴𝑟𝑒𝑎𝐼𝑆

(10)

where Areastd is the peak area of the calibration standard, CIS is the concentration of the internal standard,
Cstd is the concentration of the calibration standard and AreaIS is the peak area of the internal standard.
The data system can then calculate a calibration curve and linear regression data as well as a mean RRF
for all the calibration standards. This mean RRF is then used to calculate the concentration of the target
analyte in the unknown sample using equation 11: (Sparkman et al 2011, 216.)
𝐴𝑟𝑒𝑎𝑥 ∗𝐶𝑖𝑠

𝐶𝑥 = 𝑅𝑅𝐹

𝑚𝑒𝑎𝑛 ∗𝐴𝑟𝑒𝑎𝑖𝑠

(11)

where Cx is the concentration of the target analyte in the unknown sample, Areax is the peak area of the
target analyte in the unknown sample, Cis is the concentration of the internal standard, RRFmean is the
mean relative response factor and Areais is the peak area of the internal standard.
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4 QUANTITATIVE ANALYSIS OF ACETALDEHYDE IN AGED BEER

This chapter discusses the motivation behind assessing the levels of acetaldehyde in aged beer as well
as the research methods used in analysing acetaldehyde in beer. The research methods discussed are the
ones used for this thesis and are not the only methods currently available for the analysis of acetaldehyde
in beer.

4.1 Motivation for the analysis of acetaldehyde in aged beer

One of the most challenging quality problems for brewers is the achievement of flavour stability. There
are many negative influences that affect flavour stability. Some of these influences include; higher storage temperatures in shops, constant movement and exposure to light (this is why beer bottles are tinted
though green tinted bottles do not protect the beer sufficiently and so long exposure to sun- and daylight
and even artificial light can result in an unpleasant flavour in the beer). (Kunze 2014, 536-537.) However, the debate of flavour stability is often centred on whether this issue is for the consumer or for the
brewer. Brand identity tends to have a major impact on beer selection, and this rises above any perceived
aged beer characteristics. Furthermore, aromas that may be regarded as unacceptable by professional
drinkers may be preferred, or otherwise ignored, by regular drinkers. (Bamforth 2011, 491.)

Broadly speaking, beer tastes best when it is fresh. Thus, the sell-by date, which is required in many
countries to be on the label, says nothing about the quality of the beer, especially since beer is practically
limitlessly bright due to stabilization. The more important date, for both the brewer and the customer, is
the bottling date which ensures fresh and good-tasting beer. However, most customers are unaware of
the connection between the bottling date and the freshness of the beer flavour. (Kunze 2014, 537.)

If the goal for every brewer is to minimize flavour instability, the challenge is evident. It can be argued
that any change in aroma or taste is a representation of flavour instability, and there are hundreds of
flavour molecules in beer that might change in concentration at or above threshold with time. This is
rendered even more complex as the flavour thresholds for some molecules are incredibly low (0.1parts
per billion for E-2-nonenal). As a result, it is more logical to adopt procedures minimizing changes in
the level of all flavour active molecules such as reducing or eliminating oxygen and its reactive variants,
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reducing temperature, and including (if applicable) antioxidants and binding agents. (Bamforth 2011,
491.)

As mentioned in subchapter 2.2.3, carbonyl compounds in beer have a significant influence on beer
flavour stability (Stewart 2017, 11.) Acetaldehyde is one of several compounds that are key contributors
to aged beer flavour and hence flavour instability (Bamforth 2011, 491). Analysing the concentrations
of acetaldehyde in an old batch of beer compared to a new batch indicates the extent of flavour instability. Large levels of acetaldehyde could be an indication of issues in quality control in the brewing process.

4.2 Analysis of acetaldehyde

Direct analysis of acetaldehyde in untreated beer using gas chromatography is not applicable because
there are other more abundant volatiles that cover the acetaldehyde peaks (Vanderhaegen et al. 2006,
359). Furthermore, carbonyl compounds in beer are in extremely low concentrations, have high volatility
and are highly reactive due to the polar carbonyl group. Therefore, it has always been challenging to
develop methods that have high extraction recoveries so that adequate sensitivity is obtained. One of the
easiest and most successful techniques is to use a derivatization reagent. (Saison, De Schutter, Delvaux,
& Delvaux 2009b, 5061.) This agent will react with the carbonyl compounds to form compounds that
are less volatile. The oximes can then be extracted via liquid-liquid extraction and the sample is then
analysed via gas chromatography. (Simkus, Hilts, Herd, Aponte & Elsila 2016, 1; Rodigast, Mutzel,
Iinuma, Haferkorn & Herrmann 2015, 2410.)

4.2.1 Derivatization
Derivatization is a reaction that modifies an analyte’s functionality so that it is enabled for chromatographic separations. The modified analyte is referred to as the derivative. The volatility of a sample is a
significant factor in GC analysis. Derivatization renders highly polar compounds to be sufficiently volatile in order to elute at reasonable temperatures without thermal decomposition or molecular re-arrangement. Derivatization will either increase or decrease the volatility of an analyte, improve detector response, reduce adsorption of the analyte in the GC system, and improve peak separation as well as peak
symmetry. (Orata 2012, 83.)
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The derivative reagent is the substance that causes the derivatization. A suitable reagent should produce
more than 95 % of derivatives, not contribute to the loss of sample when reacting, produce derivatives
that do not react with the GC column, produce stable derivatives, and should not cause any structural
alterations or rearrangements of the analyte when forming the derivative. (Orata 2012, 84.) The typical
reagents used for the derivatization of acetaldehyde for GC are pentafluorophenylhydrazine (PFPH) and
o-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA). PFBHA is more commonly used and has been
shown to produce better results in aqueous samples. (Saison et al. 2009b, 5061.) Acetaldehyde reacts
with PFBHA to form pentfluorobenzyl oxime derivatives. These derivatives can then be extracted using
organic solvents such as n-hexane and dichloromethane. When acetaldehyde (as well as most of the
other carbonyl compounds) reacts with PFBHA it forms (E) and (Z) isomers. (Simkus et al. 2016, 2;
Munch 1998.) This reaction is depicted in Figure 6.
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FIGURE 6. The reaction of PFBHA with acetaldehyde to form (E) and (Z) derivative isomers and water. (adapted from Simkus et al., 2016)

Some of the properties of acetaldehyde oxime isomers (acetaldehyde-O-pfbo) are displayed in Table 3.
After these oxime isomers are formed, they can be extracted using either liquid-liquid extraction (LLE),
solid-phase micro extraction or stir-bar sorptive extraction (Saison et al. 2009b, 5061.) The extraction
method used for this thesis is liquid-liquid extraction.
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TABLE 3. Properties of acetaldehyde-O-pfbo (adapted from guidechem 2020 and scbt 2020)

Property

Value

Molecular weight

239.14 g/mol

Molecular formula

C9H6F5NO

Boiling point

213.3 °C

Density at 25 °C

1.37 g/mL

Solubility

Soluble in hexane

4.2.2 Liquid-Liquid extraction (LLE)

The International Union of Pure and Applied Chemistry (IUPAC) defines liquid-liquid extraction (LLE)
as (Clement & Hao 2012, 51):
The process of transferring a dissolved substance from one liquid phase to another (immiscible or partially miscible) liquid phase in contact with it.
Thus, LLE involves the movement of one or more substances from one liquid phase to another based on
the solubility differences between the two liquid phases (typically an aqueous phase and an organic
phase are used). The substance(s) will move to the phase where it has a higher solubility, so when the
system reaches equilibrium, one phase will contain more of the substance than the other. The extracted
substance is typically referred to as the solute, the liquid where it is extracted from referred to as the
feed, the liquid used for the extraction is referred to as the solvent, the liquid enriched with the solute is
referred to as the extract and the liquid depleted of the solute is the raffinate. (Clement & Hao 2012, 51.)
In the case of extracting acetaldehyde from beer, the oximes formed from derivatization are extracted
from the aqueous phase (in this case the beer which is also the feed) to an organic phase such as hexane
(the solvent). The extract can be removed using an instrument such as a separation funnel or using a
pipet in the case of microextraction. (Wells 2003, 57; Munch, Munch & Winslow 1998.)

The distribution coefficient, KD, of a solute is used in LLE procedures to measure the effectiveness of
the solute as it transfers from the feed to the extract. It is defined as the ratio of the concentration of the
solute in the extract to the concentration of the solute in the raffinate at equilibrium. This ratio is depicted
in equation 12: (Clement & Hao 2012, 51.)
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KD = C1/C2

(12)

where C1 and C2 are the equilibrium concentrations of the solute in the extract and raffinate respectively.
The distribution coefficient can be further defined as the relative preference of the solute for the solvents.
Its value is typically greater than 1. The higher the distribution coefficient, the more solute is transferred
from one phase to the other therefore the better the extraction. Thus, the choice of solvents used is significant. Solvents should be selected such that the solute has a higher solubility in it than in the feed.
(Clement & Hao 2012, 51; Berk 2013, 306).

LLE primarily consists of two steps; mixing (contacting) followed by phase separation. Careful consideration should be taken on the selection of solvents and mode of operation because, while vigorous
mixing favours the transfer of the solute from one solvent to the other, it may also cause an emulsion to
form which impairs the ease of phase separation. Furthermore, equilibrium should ideally have been
reached prior to extraction. (Berk 2013, 306.) Other parameters that can affect the results from LLE
include the pH of the system, the adjustment of temperature, contact time and the nature of the extraction
(for example the volume of solvent and feed used or whether it is a batch extraction or single extraction.)
(Clement & Hao 2012, 54.)

LLE is typically used in analytical laboratories to extract organic compounds in aqueous phase using
organic solvents. For volumes less than 10 ml, a conical vial or centrifuge tube is used while for volumes
in the range of 10 – 2000 ml a separatory funnel is often used. To ensure efficient transfer of the target
to the extract, the two liquid phases must be mixed thoroughly. The extent of mixing required relies on
the solute’s and two phases’ properties. After the mixing is completed, the two phases will separate due
to density differences. If emulsion occurs, salt can be added to the aqueous phase in order to increase its
density. Another method is to centrifuge the liquid to accelerate the separation of the phases, though this
method can exacerbate the situation if the emulsion is stable. After phase separation, the layers are easily
identifiable based on their density. (Clement & Hao 2012, 57 - 58.)
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5 EXPERIMENTAL DESIGN

This chapter discusses the design of the experiment and includes detailed information on the extraction
of acetaldehyde from beer and the instrumentation used for analysis. The design follows the four main
steps in chemical analysis: sampling, sample preparation, measuring and data analysis (Telgheder, Bader
& Alshelmani 2008, 56). The experimental procedure is divided into four parts: the preparation of the
internal standard, calibration standards and the beer samples, the derivatization, the extraction of acetaldehyde via liquid-liquid extraction (LLE) and the analysis via GC-MS. The chemicals and solvents used
for this experimental procedure can be seen in Table 4.

TABLE 4. Solvents and chemicals used for the experimental procedure

Chemicals

Acetaldehyde

Chemical for- Molecular

Density,

mula

mass (g/mol) ρ (g/ml)

CH3CHO

44.05

0.785

Purity

Source

99.5 %

Thermo Fisher (Kandel)
GmbH, Germany

2,3,5,6-Tetra-

C7H2F4O

178.08

1.525

94 %

fluorobenzalde-

Tokyo Chemical Industry
CO., LTD, Japan

hyde
n-hexane
O-2,3,4,5,6-pen-

86.18
C6F5CH2ONH2 249.57

0.659

99%

Merk KGaA, Germany

1.370

99+%

Thermo Fisher (Kandel)

tafluorobenzyl

GmbH, Germany

hydroxylamine
(PFBHA)
3 M sulfuric acid

H2SO4

98.08

1.180

-

Thermo Fisher (Kandel)
GmbH, Germany

Table 5 depicts the glassware and other equipment used for the sampling preparation. The GC used is
Agilent Technologies 7890A GC System, the MS used is the Agilent Technologies 5975C inert MSD
(Mass Selective Detector) with Triple-Axis Detector and the autosampler is Agilent G4513A.
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TABLE 5. Glassware and other equipment used for the sampling preparation

Equipment

Amount

Where needed

10 ml volumetric flask

3

PFBHA solution, internal standard stock solution
and internal standard

20 ml volumetric flask

5

Calibration standard and IS stock solution

100 ml volumetric flask

2

Acid dilution and calibration stock solution

10 ml volumetric pipette

11

Calibration standards, blank and beer samples

22 ml glass vial

11

Derivatization, extraction and acid wash step for
calibration standards and beer samples

10 ml beaker

11

Extraction

25 ml beaker

2

PFBHA and internal standard solution

100 ml beaker

3

Acid, hexane and distilled water

pH paper

11

Samples and calibration standards

100 ml Erlenmeyer flask

6

Pre – treatment (filtration of beer samples)

Micropipette

3 (20 – 1000 µl

Making solutions and extraction

1 – 5ml
5 – 10 ml)
1.5 ml GC sample vials

11

GC-MS analysis

Büchner funnel

6

Pre – treatment (filtration of beer samples)

800 ml beaker

2

Ice and water bath

42.5 mm filter paper

6

Beer samples pretreatment

Disposable pipette

2 (1 ml and 3 ml)

Distilled water and acid

Laboratory weighing scale

1

PFBHA and internal standard

Disposable weighing dish

2

PFBHA and internal standard

Stuart® orbital incubator 1

Extraction

SI500

The samples are bottled beer from the brewery Kahakka in Kokkola, Finland. The beers (named Helles)
are lagers. They were produced using the yeast strain Saflager™ S-23. This yeast strain originated from
Berlin, Germany and is often used to produce fruity lagers (Fermentis 2017). Three different batches
were used for this thesis. From each batch, two bottled beers were used as samples. The samples were
labelled as shown in Table 6. Table 6 also displays the batch versions and their ages.
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TABLE 6. Beer samples analysed for this thesis

Batch

Sample

Age

Helles version 5 (v.5)

HEL 1

1 year three months

HEL 2
Helles version 6 (v.6)

HEL 3

1 year

HEL 4
Mandarina Helles version 4 (v.4) HEL 5

3 months

HEL 6

5.1 Preparation of solutions and samples
The experiment began by filtering 30 – 50 ml of each beer sample into separate 100 ml Erlenmeyer
flasks. The filtration mostly degassed the beer samples, though it was observed that there was a little
bubbling in some of the samples after filtration. Each filtration took approximately ten minutes. 10 ml
of each sample was withdrawn, and each poured into a labelled 22 ml glass vial.

Approximately 90 ml of distilled water in a 100 ml volumetric flask was chilled overnight in a fridge to
a temperature of approximately 4 °C. This is to ensure that the acetaldehyde added does not evaporate
as it is a volatile substance. 100 µl of pure chilled acetaldehyde solution was added directly into the
water to further prevent the acetaldehyde evaporating. The volumetric flask was filled to the mark with
distilled water. This is the calibration stock solution. For pure substances, the mass concentration is the
same as the density (Torontech 2020). The density of acetaldehyde at 25 °C is 785 mg/ml.

Five 20 ml volumetric flasks were filled with approximately 10 ml of distilled water and put in an ice
bath for fifteen minutes. 20 µl (0.79 mg/L), 50 µl (1.96 mg/L), 100 µl (3.93 mg/L), 250 µl (9.81 mg/L)
and 700 µl (27.48 mg/L) of the calibration stock solution was added directly into the water in each 20
ml volumetric flask respectively and each flask was filled to the mark with distilled water. Using a
separate 10 ml volumetric pipette for each, 10 ml of each standard was withdrawn and put into five
labelled 22 ml glass vials respectively. These are the calibration standards. A sixth 22 ml glass vial was
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filled with 10 ml of distilled water, but no acetaldehyde solution was added to it. This is the blank solution.

100 ml of 0,05M sulfuric acid was prepared by putting 1.665 ml of 3M H2SO4 into a 100 ml volumetric
flask and filled to the mark with distilled water (this dilution is based on equation 13). Two drops of
0.05M of H2SO4 was added to each calibration standard and blank. Their pH was tested using pH paper
and was approximately 4. The pH of the beer samples was approximately 4 after the addition of one
drop of 0.05M of H2SO4.

Finally, the PFBHA and IS solutions were made. The PFBHA solution was made by weighing 100 mg
of PFBHA and dissolving it in a 10 ml volumetric flask filled to the mark with distilled water. By dividing the mass with the volume, the mass concentration of the PFBHA solution is 10 mg/ml which is 10
000 mg/L. The IS was made by first making a stock solution of 2,3,5,6-tetrafluorobenzaldehyde. 56 mg
of 2,3,5,6-tetrafluorobenzaldehyde was dissolved in a 20 ml volumetric flask filled to the mark with nhexane. By dividing the mass with the volume, the mass concentration of the IS in n-hexane is 2.8 mg/ml
which is equal to 2800 mg/L. Using a micropipette, 600 µl of the IS stock solution was added to a 10 ml
volumetric flask and it was filled to the mark with n-hexane. This is the internal standard, and has a
concentration of 168 mg/L.

5.2 Derivatization and liquid-liquid extraction

For the derivatization, 500 µl of the PFBHA solution was added to each vial. They were then put in a
water bath at 45 ± 3 °C for two hours. After the two hours they were removed from the water bath and
left in room temperature for approximately 30 minutes to cool down. 5 drops of 0.05M of sulfuric acid
was added to each vial. This is to prevent the extraction of excess PFBHA which can cause chromatographic interference (Munch et al. 1998, 21).

After the derivatization the LLE is carried out. 2.5 ml of n-hexane was added to each vial. The vials
must be shaken vigorously for maximum possibility of transfer of the acetaldehyde oximes from the
aqueous layer (sample) to the organic layer (n-hexane). During a test run, it was observed that the beer
formed a stable emulsion when vortexed (or otherwise mixed vigorously) with n-hexane. Therefore,
during the experimental procedure, 2.5 ml of n-hexane was added to the beer samples and they were laid
horizontally and gently rolled back and forth for approximately 1 minute. This idea was based on the
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research by Martineau, Acree and Henick-Kling (1994, 9). Meanwhile, the blank and calibration standards were placed in an orbital incubator horizontally and it was run at 300 rounds per minute (rpm) for
15 minutes.

After mixing, the top n-hexane layer was carefully extracted using a micropipette and each was put in a
separate 10 ml beaker. An additional 2.5 ml of n-hexane was put in the vials and they were mixed in the
same way again. After the mixing the top n-hexane layer was again carefully extracted using a micropipette and each was put in the same 10 ml beaker as before.

3 ml of the n-hexane layer of each vial was withdrawn from the 10 ml beakers and put into a vial containing 5 ml of 0.05M of sulfuric acid and shaken. This is to further remove any chromatographic interference. 200 µl of the internal standard was added to eleven 1.5 ml GC vials. 1.3 ml of the n-hexane
layer was withdrawn and put into a labelled 1.5 ml GC vial containing the IS. The samples, standards
and blanks were then transferred to the GC for analysis. The samples were arranged in the GC such that
the blank sample was put first, followed by the standards in descending order and finally the beer samples in sequential order.
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6 RESULTS AND DISCUSSION

This chapter will display the results from the GC-MS analysis. These results will then be further discussed in this chapter. The GC-MS settings used were developed based on those used in the article by
Bao et al. 2014. The GC was equipped with a 30 m × 0.25 mm I.D., 0.25-μm film thickness, ZB-1701
capillary column (Phenomenex, Torrance, CA, USA). The GC oven temperature program was as follows: initial 50 °C, 5 °C/min to 160 °C, and held at 160 °C for one minute. The carrier gas was helium
at a flow rate of 1.0 mL/min. The MS was operated in the SIM mode.

6.1 Results

The results from the GC-MS were analysed using the software Agilent 5975C Data Analysis, which is
also referred to as the MSD Chemstation. The compounds identified, their retention times and confirmation ions are displayed in Table 7. These compounds are the IS and the acetaldehyde oxime isomers
(acetaldehyde-O-pfbo). The chromatograms produced can be viewed in Appendices 1 to 3.

TABLE 7. Retention times and ions selected for the compounds identified by the GC-MS

Compound

2,3,5,6-Tetrafluorobenzal-

Retention time (min) Quantitation

ion Confirmation

(m/z)

(m/z)

8.49

178

177, 99

11.19, 11.40

181

239, 209

ion

dehyde (IS)
Acetaldehyde O-pfbo

6.1.1 Results assumptions

It is assumed that all the acetaldehyde in each sample was derivatized. This is based on the knowledge
that the amount of PFBHA used for the reaction was in excess. This can be proven by first noting the
balanced equation of the reaction, which can be seen in equation 16. PFBHA reacts with acetaldehyde
to form acetaldehyde-O-pfbo isomers and water.
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C6F5CH2ONH2 + CH3CHO → C9H6F5NO + H2O

(16)

The molarity of PFBHA reacting in the equation can be calculated using equation 17:
𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 (𝑀) =

𝑔
𝐿

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ( )

(17)

𝑔
)
𝑚𝑜𝑙

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 (

where the concentration is the amount of PFBHA dissolved in the distilled water and the molar mass is
the mass found in one mole of PFBHA. The molar mass of PFBHA, as shown in Table 4 is 249.57 g/mol.
The molar mass of acetaldehyde is 44.05 g/mol. The concentration of PFBHA used for this experiment
is 10 g/L. The highest concentration that the PFBHA is reacting to in this experiment is the 700 µl
calibration standards, which has a concentration of 0.027 g/L. Using equation 17, the molarity of the
PFBHA is then calculated as shown in equation 18, and the molarity of the acetaldehyde in the 700 µl
calibration standard is also calculated as shown in equation 19:
10 𝑔/𝐿

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑃𝐹𝐵𝐻𝐴 = 249.57 𝑔/𝑚𝑜𝑙 ≈ 0.04𝑀

(18)

0.027 g/L

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 700 µl calibration standard = 44.05 g/mol ≈ 0.00061𝑀

(19)

Since the ratio of the molar ratio of PFBHA and acetaldehyde in equation 16 is 1:1, then the reagent in
excess would be PFBHA as it has a higher molarity than the calibration standard.

It is also assumed that the derivatized acetaldehyde was from the acetaldehyde stock solution for the
calibration standards, and from the beer for the unknown samples, and is not found in any other solvent
used. This is proven by the fact that there were no peaks at the retention time 11.19 and 11.40 (mins),
which corresponds to the acetaldehyde oxime peaks, in the blank solution. This can be seen in the chromatogram in Appendix 1. The software Agilent 5975C Data Analysis suggests that the peak at 11.94,
which is a peak that can also be seen in the calibration standards chromatograms, may be from the compound 1,3-dihydroxypropanone oxime which is a derivative of 1,3-dihydroxypropanone. This may be a
compound that was in the distilled water used as its peak does not appear in the beer samples. However,
there is a peak at the retention time 12.13 min in the beer samples. The analysis software suggested that
this peak is due to 2,3,4,5,6-tetrafluorobenzyl alcohol which may be due to the derivatization agent reacting with the ethanol in the beer samples.
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6.1.2 Quantitation

The quantitation of the results was conducted by the MSD Chemstation. In order to quantitate, a calibration curve of each acetaldehyde-O-pfbo isomer had to be made. The curves resulted from a linear
regression analysis performed by the software. The calibration curve for the acetaldehyde-O-pfbo isomer at retention time 11.19 minutes is shown in Figure 7.

FIGURE 7. Calibration curve of the acetaldehyde isomer at retention time 11.19 mins

The calibration curve for the acetaldehyde oxime isomer at retention time 11.40 minutes is shown in
Figure 8.
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FIGURE 8. Calibration curve of the acetaldehyde isomer at retention time 11.40 mins

After the calibration curves were made, the concentration of each isomer was quantitated, and the average amount is reported as one value of the target analyte, as suggested by Munch et al. (1998, 19). These
concentrations can be seen in Table 8.

TABLE 8. The concentrations of acetaldehyde in the beer samples

Batch

Acetaldehyde isomer

Acetaldehyde isomer

Average acetaldehyde

1 concentration

2 concentration

concentration (mg/L)

(mg/L)

(mg/L)

HEL 1

2.16

2.38

2.27

HEL 2

7.66

8.30

7.98

HEL 3

1.57

1.82

1.70

HEL 4

1.33

1.47

1.40

Mandarina HEL 5

3.65

4.05

3.85

3.41

3.79

3.60

Helles v.5

Helles v.6

Sample

Helles v.4
HEL 6
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6.2 Discussion

This subchapter discusses the methodology used for this thesis, including its reliability and discrepancies. The results are also discussed including deductions made from them.

6.2.1 Methodology

The methodology used proves that it can be used for the detection of acetaldehyde in beer. The calibration curves for each isomer had an r2 value of 0.999 which means that they were highly linear (Shevlyakov & Oja 2016, 17). However, while these results can be used to determine the unknown concentrations
of the target analyte in the beer samples, it is difficult to conclude on the accuracy of the results, as the
experiment was only conducted once. For more accurate results, it is important to determine the repeatability of the experiment. The repeatability of the experiment is determined by repeating the experiment
under identical conditions for all controllable factors and assessing the outcome. The experiment is
deemed repeatable if the outcome remains relatively consistent, though this depends on the analysis and
the expected range of results. (Esbensen & Wagner 2016).

Furthermore, there were some discrepancies in the methodology. According to literature (Sparkman et
al 2011, 214; Wang, Wang & Han 2017, 697; Cuadros-Rodríguez, Bagur-Gonzalez, Sánchez-Viñas,
González-Casado & Gómez-Sáez 2007, 44), the IS should be added as early as possible in the sample
preparation, as this corrects for any analyte losses that may occur during the sample preparation Unfortunately, in previous test runs where the IS was added at the same time as PFBHA, it either did not elute
in the GC or appeared to react and form tetrafluorobenzanitrile, which was why it was added in the end.
It was also observed that it was more soluble in water than in n-hexane as 100 mg of the IS dissolved in
10 ml of distilled water during a test run, yet less than half appeared to dissolve before achieving saturation in the same amount of n-hexane. This means that when it is added in the beginning of the sample
preparation step, very little of it is extracted during the extraction step. The conditions of the derivatization step may also have affected the IS. In the research by Gabrio and Bertsch (2004) where 2,3,5,6tetrafluorobenzaldehyde was used as the internal standard, the derivatization step was performed at room
temperature and in the dark. It could be that derivatizing at 45 °C and in the presence of light may have
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affected the IS. However, despite adding the IS at the end of the sample preparation, the resultant calibration curves for both acetaldehyde isomers were extremely linear.

Another potential source of error is loss through evaporation. Due to the high volatility of the n-hexane,
approximately 2 ml of it evaporated from the 10 ml beaker during the extraction process which resulted
in concentrating the target analyte and resulted in larger than expected area peaks. This may have occurred because the extraction process was relatively long (approximately 30 minutes) but can be avoided
in the future by using a watch glass to cover the beakers.

Finally, as stated in subchapter 4.1 a stable emulsion was observed during a test run when a beer sample
was vigorously mixed with n-hexane. While a different method was employed and acetaldehyde was
detected, it cannot be deduced that the acetaldehyde detected is a true reflection of the concentration of
acetaldehyde in beer. According to Clement and Hao (2012, 58) the two liquid phases need to contact
and mix thoroughly for efficient transfer of the target analyte to the extract. To overcome the emulsion
issue, Wardencki, Orlita, & Namieśnik (2001), diluted their alcoholic beverages to solutions containing
20 % ethanol and acidifying them to pH 2. They used n-heptane as the extractant and were able to obtain
a satisfactory separation of the organic and aqueous layer. Additionally, Clement and Hao (2012, 54)
stated that the general 'rule of thumb' in laboratory practices when extracting, is to extract three times to
quantitatively recover the target analyte. Thus, the extraction results in Table 7 may not have been accurate.

6.2.2 Deductions from GC-MS results

The quantitation results of HEL 2 were approximately three times that of HEL 1. This was also observed
with a different beer batch during a test run, in which a blank and 5 calibration standards were run before
the beer samples. During this test run, the second beer sample (also from the same batch as the first) also
had a peak in the chromatogram that was approximately three times that of the first. One possible reason
for this is that there was a carryover of the target analyte from the first sample to the next. A carryover
is when the injected sample is not completely removed from the analytical system, and so the subsequent
analysis will contain some residual compound from the previous injection (Chromatography Today,
2013). It seems unusual that there should be a carryover between these specific samples when there does
not appear to have been a carryover for the other samples. To check if a carryover is occurring, extra
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blank samples could be added during the GC-MS run, perhaps one blank after every three or four samples. If a peak of the target analyte appears in the blanks, this means there is a carryover. The potential
for a carryover can be eliminated by running the calibration standards separately from the unknown
samples.

The results for both samples of Helles v.6 (HEL 3 and HEL 4) were similar, and the same can be said
for the results of the Mandarina Helles v.4 (HEL 5 and HEL 6). These levels are significantly lower than
the taste threshold of approximately 10 mg/L which implies (as discussed in subchapter 2.2.3) that the
current production practices are sanitary (there is no beer spoilage), the yeast is not removed prematurely
during fermentation, and little to no oxygen is introduced in the beer during bottling.

However, no clear trend could be observed between the storage time and acetaldehyde concentration, as
shown in figure 9. Based on the theory discussed in subchapter 2.3, the expected results would be an
increase in acetaldehyde concentration with age. Yet Mandarina Helles v.4 (three months in storage and
samples HEL 5 and HEL 6) had a larger acetaldehyde concentration than Helles v.6 (one year in storage
and samples HEL 3 and HEL 4).

Average acetaldehyde concentration
(mg/L)

9
8
7
6
5
4
3
2
1
0
HEL 1

HEL 2

HEL 3

HEL 4

HEL 5

HEL 6

Beer sample

FIGURE 9. Graph of sample quantitation results

There is one proposed reason why the acetaldehyde levels in the Mandarina Helles v.4 is higher than
that of Helles v.6 and that is the fermentation temperatures. The fermentation temperature for the Mandarina Helles v.4 was on average 8.5 °C which is considered a low fermentation temperature, compared
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to the average fermentation temperature of Helles v.6 which was 12.5 °C. Higher than usual levels of
acetaldehyde may be observed when fermentation is done at this temperature (Kucharczyk & Tuszyński
2018, 233).
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7 CONCLUSION

The aim of this thesis was to find out the concentrations of acetaldehyde in three different batches of the
lager ‘Helles’ from Kahakka Brewery in Kokkola, Finland in order to observe if there were any significant differences in the acetaldehyde levels between an old batch compared to a new one. The acetaldehyde in the beer samples was derivatized using the derivatization agent PFBHA and extracted with nhexane during liquid-liquid extraction before being analysed using GC-MS.

While the method proved the detection of acetaldehyde, the methodology cannot be determined as accurate or ideal. There is need for future development of a more accurate method by using a different
internal standard such as deuterated acetaldehyde (D4 acetaldehyde) and focusing on one batch of beer
to see if values are consistent. After the replicability and accuracy of the method has been determined,
changes in acetaldehyde from the same batch of beer can be tested over a year, perhaps one test per
month, to see if there is any change in the acetaldehyde and if there is an increase, then the rate of
increase with time can be determined.

Furthermore, the overall method used in this thesis was extremely time consuming (it took approximately 6 hours to prepare the samples and calibration standards) and involved many steps, therefore
there was the potential for many errors. A different method can also be employed such as headspace
analysis, solid phase microextraction or stir-bar sorptive analysis which are all less time consuming and
may result in less laboratory errors.

Lastly, it is difficult to conclude on how the changing concentration of acetaldehyde will affect the overall flavour of the beer as there are other compounds that attribute to the changes in flavour during aging.
For the future, it may also be beneficial to also test the sensory changes in the beer, where taste experts
test the sensorics of beer that has been aged for 1 year compared to a recent batch of the same beer and
to give an overview on sensory changes (if any) that they detect. This experiment may also be conducted
but using consumers rather than professional beer testers to conclude if the overall change in taste of the
beer (if any) can be detected by them and if it is an unpleasant change to them.
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APPENDICES
APPENDIX 1
BLANK
Blank chromatogram

APPENDIX 1/2
CALIBRATION STANDARD

0.78 mg/L calibration standard chromatogram

APPENDIX 2/2
CALIBRATION STANDARD
1.96 mg/L calibration standard chromatogram

APPENDIX 3/2
CALIBRATION STANDARD
3.92 mg/L calibration standard chromatogram

APPENDIX 4/2
CALIBRATION STANDARD
9.80 mg/L calibration standard chromatogram

APPENDIX 5/2
CALIBRATION STANDARD
27.44 mg/L calibration standard chromatogram

APPENDIX 1/3
BEER SAMPLE
HEL 1 chromatogram

APPENDIX 2/3
BEER SAMPLE
HEL 2 chromatogram.

APPENDIX 3/3
BEER SAMPLE
HEL 3 chromatogram.
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BEER SAMPLE
Hel 4 chromatogram.
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BEER SAMPLE
HEL 5 chromatogram.

APPENDIX 6/3
BEER SAMPLE
HEL 6 chromatogram.

