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Abstract
A new simultaneous method for determination of 16 heterocyclic compounds using SPE sample preparation and
GC-MS determination was developed regarding increasing interest of the role of sensory active compounds in beer.
LiChrolut® EN SPE columns proved to be optimal for both, a mixture of analytes with a different polarity and such
complicated matrix as beer. Recoveries of individual analytes are about 100% except for three compounds (2-methylpyridine about 30%, maltol and furaneol about 50%); repeatability, uncertainty and LOQ are satisfactory for the
method application. The method was used for monitoring of heterocyclic compounds formation during roasting,
mashing, hop boiling and fermentation. To summarize, during roasting of malt, the concentration of oxygen heterocycle compounds (OHC) increases more rapidly in comparison with nitrogen heterocycles compounds (NHC) till a critical point where OHC starts to decrease and NHC starts to be formed sharper (with the exception of 2-acetylpyrrole
which is similar to OHC). Finally, the total concentration of NHC during fermentation rapidly decreases whilst the
OHC concentration is influenced by many factors, e.g., fermentation conditions and yeast strain.
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1 Introduction
Organoleptic character of beer is influenced by various
well-known compounds. However, there are still sensorially active compounds in beer, such as heterocyclic compounds (HC) which are not well described in literature
yet. Moreover, published information is often not actual
neither consistent.
The formation of HC is caused by a generally known
Maillard reaction, which was firstly reported by Louis-Camille Maillard (1878–1936) in 1912 (Nursten,
2005). This process, also known as nonenzymatic browning, is based on a reaction between reducing sugars and
proteins by the impact of heat (Bastos et al., 2012; Van
Boekel, 1998). Recently, the reaction mechanisms responsible for formation of melanoidins involving active
methylenes with heterocyclic structure and the structural characterization of the resulting products were published (Kanzler et al., 2019).

In case of brewing technology, Maillard reactions
take place mostly in malt production, however, formation of Maillard reaction in beer and its intermediates
was also published (Briggs et al., 2004; Miedaner 1986).
In general, alkyl-, hydroxy- and oxo-derivatives of
5- or 6-membered ring of HC with one or more heteroatoms (nitrogen, oxygen and sulphur) are the most important HC in beer (Briggs et al., 2004). The structures
of typical nitrogen-containing (NHC) and oxygen-containing (OHC) HC representatives are given in Figure 1.
The aroma of individual HC studied in this article is given in Table 1.
The theme of HC in malt, especially in dark and special malt, is relatively well studied and described. A pioneer GC-MS study published in 1978 described twenty-three basic HC that were identified in an extract from
roasted barley. The author did not publish the concentra-

Research Institute of Brewing and Malting, Plc.
Published online: 15 April 2021

© 2021 The Author(s)
This work is licensed under a Creative Commons AttributionShareAlike 4.0 International License.

J. Olšovská et al.

Kvasny prumysl (2021) 67: 417–427

assigned to these substances using GC-O (gas chromatography-olfactometry) and combined GC-MS. The concentration of HEMF, HDMF and maltol ranged from 6 to 40,
from 100 to 500 and from 300 to 600 μg/L, respectively, in
experimental beers. The flavour threshold of HEMF, HDMF
and maltol was estimated by their panel as 700, 300 and
60 μg/L, respectively.
More than 90 flavour components were described upon
sniffing of the GC eluate in lager-type beer brewed from
a mixture of partially dried green malt and extruded green
malt (9:1). In all beer samples several unidentified components were described as giving a “roasted”, “burnt”, “bread
crust” or “biscuit” odour. According to the authors, these
odour characteristics probably derive from the alkylpyrazines presence. Positively identified pyrazines were found
only in the “extruded” beer, namely methylpyrazine and
2,5 (and/or-2,6)-dimethylpyrazine (Fors et al., 1987).
Flavour active 4-hydroxyfuranones, maltol, furaneol
and homofuraneol were analysed at each step of production in laboratory beers and samples. The effects of the
length and temperature of mashing, length of boiling, rate
of cooling the wort and grist composition on 4-hydroxyfuranone content in wort and subsequent beer were investigated. The fermentation temperature and use of the
stabilizing agents, PVPP and Lucilite PC5, on the 4-hydroxyfuranone content of the beer were also investigated. The grist composition, rate at which the boiled wort
is cooled and fermentation temperature were found as
the most important factors. According to the authors, fermentation has a major effect on the final furanone content as yeast produces both, furaneol and homofuraneol.
They suggested malt levels of precursor compounds may
be more important than quantities of furanones found in
malt in determining the final furanone content of beer
(Mackie et al., 2002). The concentration of maltol and
furaneol in final beer samples ranged in hundreds μg/L
depending on adjunct, fermentation temperature, or various stabilizing agents used.
For the first time, two OHC, sotolon and abhexon,
causing nutty and curry flavour, respectively, and also
two aspirane oxidation-derived products, dihydrodehydro-β-ionone and 4-hydroxy-7,8-dihydro-β-ionone, were
determined in Gueuze beer by GC-MS and GC-O method
in 2012 (Scholtes et al., 2012). These compounds have
been recently identified in oxidative wines such as Jura
Flor-Sherry and Sauternes wines.
All above described studies are more application-oriented, whilst the study of Hérent et al. (1998) is methodical. They studied structural properties of pyrazines and
thiazoles that contribute to roasted flavours of cooked
foods, such as bread, coffee, meat, and to the malt-like flavours of beer. These odours of the “nutty class” are gener-

tions of the identified substances but only their relative
abundance (Harding et al., 1978).
A study of Forster et al. (1998) revealed a difference
between a composition of black malt and dark malt with
the colour of 29 and 1000 EBC units, respectively. Black
malt had a different flavour composition in contrast to
dark malt which resulted in dark beers with little malt
flavour and lower flavour stability. High concentration of
pyrazines found in black malt showed a correlation with
the intensity of a burnt flavour.
Coghe et al. (2004) studied a flavour produced by
dark special malts using analysis of wort samples brewed
with different malts. Analyses were performed by GC-MS,
sensory analyses were conducted by 12 trained assessors. They found that with an increasing wort colour,
the intensity of bitter and burnt flavours also increases
whereas sweet and husky flavour decreases. As expected, Maillard compounds increased with an increasing
wort colour. However, not all Maillard reaction products
evolved to the same extent.
Three classes of a roasted product (roasted barley,
crystal malt and black malt) were analysed for a moisture
content, colour and flavour volatiles by GC-MS in a study of
Yahya et al (2014). In spite of having distinct flavour characteristics, the three products contained many common compounds. Besides, the effect of water sprays during roasting
on decrease of pyrrole was found. The study highlights rapid changes in colour and particularly in flavour which occur
at the end of roasting and onwards to the cooling floor.
In contrary to the malt matrix, there are very few
studies about HC in beer. Pickett et al. (1976) published
a study revealing differences between lagers and ales. The
authors claimed that ales have a higher amount of certain
heterocyclic compounds (2-acetylfuran, 5-methylfurfural, and 5-methyl-2-thiophenecarboxaldehyde).
Buiatti et al. (1997) published a GC-MS method with liquid-liquid extraction for the determination of some flavour
compounds (furanones, derivative from maltol) in beer
originating from barley malt. According to the authors, furanones presented in beer originated from caramel malt.
Viro (1984) compared a profile of HC in whiskey and
beer using GC-FID. Pyridines, pyrazines, and thiazoles
were identified in both beverages. In addition, pyrroles
were detected in beer and quinolines in whisky. The concentration of found HC in beer was ranging between 0.2
to 6.5 μg/L. The concentration of particular HC in whiskey was 5 to 10 times higher.
The origin of HC, 4-hydroxy-2,5-dimethyl-3(2H)-furanone (DMF), 4-hydroxy-2(or 5)-ethyl-5(or 2)-methyl-3(2H)
-furanone (HEMF) and 5-methyl-4-hydroxy-3(2H)-furanone
(MHF) during fermentation was described by Sakuma et
al. (1996). The caramel-like sweet flavour and aroma were
418
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The aim of the study was (i) to collect information
on HC in beer published so far including a method of
extraction and determination, monitoring of HC origin
of NHC and OHC in the sequence of “malt–sweet wort–
wort–beer”, (ii) to improve an extraction method which
would have sufficient recovery and repeatability for all
studied HC determined simultaneously, (iii) to validate
the method of HC determination, (iv) to evaluate HC
profiles in malts with an increasing colour, and (v) to
study HC distribution in the sequence of “sweet wort–
wort–beer”.

ally displayed by short-chain polyalkyl heterocycles and by
acetyl- and methoxy-substituted analogues (Shibamoto,
1986; Fors et al., 1987). Due to their low sensory threshold, quantification of such compounds is a challenge for
food analysts. Therefore, the study focuses on an optimized
extraction method including steam-vacuum distillation
with subsequent liquid-liquid extraction followed by gas
chromatography-nitrogen-phosphorus detector analysis
enabling to quantify 50 ppt of such heterocycles in model
aqueous and water/ethanol solution (Hérent et al., 1998).
Figure 1 Structures of selected NHC and OHC compounds

pyrrols

pyridines

pyrazines

Table 1

furaneol

maltol

homofuraneol

sotolon

thiazols

abhexon

Aroma description of heterocyclic compounds
Compounds
maltol
furaneol
homofuraneol

Aroma
sweet, candyfloss, caramel, fruits, nuts, sour, astringent, bitter, oily
strawberry, caramel, candyfloss, sweet, brown sugar
sweet, candyfloss, bread crust, sugar, roasted coffee, light soy sauce

sotolon

fenugreek, curry leaves, maple syrup, caramel, slightly burnt sugar, nuts, lovage, molasses, dried
mushrooms, tobacco

abhexon

fenugreek, curry leaves, nuts, sweet fruits, caramel, brown sugar, maple syrup

2-Methylpyridine

coffee, soy sauce, sweet, astringent, hazelnuts

2-Methylpyrazine

coffee, fresh bread, fried meat, nuts, cocoa, peanuts, mouldy

3-Methylpyridine

earthy, fresh, grass, hazelnuts, fish

2,5-Dimethylpyrazine

roasted nuts, peanuts, fried meat, earthy, mouldy, coffee, cocoa, woody

2,6-Dimethylpyrazine

roasted nuts, peanuts, fried meat, earthy, mouldy, coffee, cocoa, woody

2,3-Dimethylpyrazine

roasted nuts, peanuts, fried meat, earthy, mouldy, coffee, cocoa, woody

2,3,5-Trimethylpyrazine

roasted nuts, peanuts, fried meat, earthy, mouldy, coffee, cocoa, woody

2-Acetylpyridine

tobacco, popcorn, higher fatty acids

2-Acetylthiazole

nuts, popcorn, roasted, sulphur

3-Acetylpyridine

roasted nuts, popcorn, maize, sawdust

2-Acetylpyrrole

mouldy, leathery, cherry, cherry liqueur, walnuts, cinnamon

Pubchem (a); Pubchem (b); Pubchem (c); Dunkel et al., 2009; Korhoňová et al., 2009; Ishizaki et al., 2005; Mahajan et al., 2004; Buttery
et al., 1995; Beal et al., 1994; Pittet et al., 1970.
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2 Materials and methods

100–120 EBC has the same recipe as caramel malts
with the colour of 140–160 EBC, the difference is only
in the last stage of roasting.
Typically, the temperatures and durations of individual roasting phases slightly vary from batch to batch
depending on the weather and quality of green malt (humidity, variety, protein content, degree of soaking, degree
of decomposition, etc.)
The EBC 4.5.1. congress wort method was used to
convert HC from malt to solution. For this purpose, the
tested caramel and colouring malts were mixed with malt
#1 in ratio 1:1. The final congress mashes were extracted
using SPE (see above) and analysed by GC-MS. The final
concentration of individual HC was calculated according
to the mixing ratio.

Chemicals
Hexane (≥ 99%), dichloromethane (≥ 99.9%) were
purchased from Honeywell. 3-Hydroxy-2-methyl-4Hpyran-4-one (maltol, ≥ 99%), 4-hydroxy-2,5-dimethyl-3(2H)-furanone (furaneol, ≥ 99%), 2-ethyl-4-hydroxy-5-methyl-3(2H)-furanone (homofuraneol, 96%),
4,5-dimethyl-3-hydroxy-2,5-dihydrofuran-2-one (sotolon,
≥ 97%), 5-ethyl-3-hydroxy-4-methyl-2(5H)-furanone (abhexon, 97%), 2-methylpyridine (≥ 98%), 3-methylpyridine
(≥ 98%), 2-methylpyrazine (≥ 98%), 2,3-dimethylpyrazine
(≥ 99%), 2,5-dimethylpyrazine (≥ 98%), 2,6-dimethylpyrazine (98%), 2,3,5-trimethylpyrazine (99%), 2-acetylpyridine (98%), 3-acetylpyridine (≥ 99%), 2-acetylthiazole
(99%), 2-acetylpyrrole (99%), and 5-ethyl-2-methylpyridine (≥ 96%) were purchased from Merck.

Beer samples – brewing technology
HC profiles in sweet wort and respective wort and beer
were determined in eight batches (1–8) prepared in
a Kaspar-Schulz (Germany) research brewhouse with
maximum capacity of 250 L using the same brewing recipe. Every batch was prepared from different pale pilsner
malt (see Table 2). An exception was made with batches
3 and 4 that were not hopped. Every batch was prepared
from different pale pilsner malt (see Table 2).

Malt samples
Profiles of HC were studied in pale Pilsner malt #1 (colour of 4 EBC), pale caramel malt #2 (72 EBC) and malt
#3 (125 EBC units), dark caramel malt # 4 (182 EBC)
malt #5 (382 EBC) and finally colouring malt #6 (1400
EBC). The colour of malt samples was determined by
EBC 4.7.1 method.
Tested malts were obtained from the malthouse
Litovel of SLADOVNY SOUFFLET CR, a.s. The preparation procedure of caramel and colouring malts was
very similar. In the first phase, green malt was poured
into a preheated drum of a roaster, which cooled down
and immediately began to heat up to the saccharification temperature. This step was the most important as
grains have to be perfectly saccharified before roasting to
achieve good caramelization. Different types of caramel
malt differ in the roasting temperature and length. The
roasting phase consists of several steps, where the last
phase when the power of burners is reduced is the most
important to achieve the required colour.
In general, the total roasting time on 1 t dose was
about 3:20 h for malt with colour of 100–120 EBC,
3:50 h for malt with colour of 200–220 EBC and 4:20 h
for higher colour than 350 EBC. The caramelization
temperature of caramel malts was ranging from 140
to 160 °C; specifically, it depended on requirements
of a roaster and grain parameters. The temperature of
dark caramel caramelization was ranging from 170 to
180 °C, coloured malt was prepared at 220–230 °C. The
caramel malt #2 (72 EBC) is very light caramel malt
where the roasting temperature was kept for a shorter
time to reach the target colour and rapid cooling was
performed so that the malt did not increase the colour
during cooling. The caramel malts with the colour of

The malt varieties Laudis 550, Overture, Francin, Bojos and
Monus were malted in the malthouse of Pilsner Urquell
brewery and SLADOVNY SOUFFLET CR, a.s. (see Table 2).
The grist composition of each batch was 33 kg of malt
(extract-dry basis 81.5%). The volume of cold wort was
approx. 185 L. Double decoction mashing was used for
all batches. The mash temperature was 37 °C and the
rest of 10 min, followed by heating to 52 °C with the temperature gradient of 0.8 °C/min and the rest of 5 min.
First partmash was taken, followed by heating to 63 °C
at the temperature gradient of 0.8 °C/min and the rest
of 15 min, temperature of the next heating was 72 °C at
gradient of 1.3 °C/min and rest for ideal saccharification.
Duration of the following heating to boil was 20 min. After returning the first partmash, the temperature of brew
was 63 °C and the second partmash was taken. It was
heated to 72 °C at gradient of 1.3 °C/min and rested for
ideal saccharification. Last heating to boil lasted 15 min,
the temperature after returning was 77 °C.
The 90 min hop boiling with 3 doses was used. Final
bitterness of beer was 30 IBU. Firstly, 50% of total alpha
acids was added using CO2 extract (Hercules variety) at
the beginning of boiling. Secondly, SAAZ hop pellets equal
to 35% of total alpha acids were added after 35 minutes.
Thirdly, SAAZ hop pellets equal to 15% of total alpha acids
were added before the end of boiling.
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40 °C (2 min) – 10 °C/min – 150 °C (0 min) – 2 °C/min –
160 °C (0 min) – 20 °C/min – 200 °C (0 min) – 40 °C/min
– 230 °C (5 min). The carrier gas flow (He, purity 5.0) was
1.2 mL/min. One microliter of the sample was injected in
a splitless mode, 1 min after the injection the split was
opened at the flow rate of 50 mL/min. The temperature
of the injector and transfer line to the mass spectrometer
was 250 °C. The measuring mode was set to SIM, selected
ions for each compound are listed in Table 4. The identification and quantification of HC was performed by the
software Xcalibur 2.1 (Thermo Scientific). All samples
were prepared in duplicate.

All eight batches were fermented identically by RIBM
95 yeast in cylinder conical tank from PRODUKT CZ (Czech
Republic). The fermentation temperature and dose were
10 °C and 2 g/L, respectively, which corresponds with
cells amount about 17–19 million. The aeration of wort
was set at 8 ± 1 mg O2/L. The maximal temperature of
fermentation was 12 °C, the length of fermentation was
about 5 days and was controlled by a limit of diacetyl concentration of 150 μg/L. Maturation, in the second step,
took place in a lager cellar at 2.0 °C ± 0.5 °C for 21 days.
The final beer was finally filtered on a plate filter with
S10N filter plates (Hobra Školník, Broumov) and packed
into bottles without the oxygen access.

Method validation
The basic validation parameters as the limit of detection
(LOD), limit of quantification (LOQ), uncertainty, repeatability and recovery were determined. LOD and LOQ were
determined as 3.3 and 10 multiples, respectively, of standard deviation of the blank which was measured 10 times.
Uncertainty and repeatability were calculated as 2
and 2.8 multiples, respectively, of standard relative deviation of eight replicates.
Recoveries of particular HC were evaluated using
an addition of a relevant compound to a standard sample of beer. The concentrations of added NHC, OHC and
acetylpyrrol were 50, 4000 and 500 µg/l, respectively. All
samples were prepared in quadruplicate.

Sample preparation – distillation method
The sample was prepared according to the modified methodology MEBAK 2.23.6 “Determination of
steam-volatile aroma compounds in beer”. One hundred millilitres of beer with the addition of 500 μL of internal standard (5-ethyl-2-methylpyridine, 300 mg/L)
was distilled off with steam on a Büchi distillation apparatus. The distillate was collected in a 250 mL volumetric flask containing 10 mL of a 1:1 v/v hexane-dichloromethane mixture placed in an ice-water bath.
After the completion of the distillation, the sample was
shaken on an orbital shaker (250 rpm) for 1 h. After
shaking, the sample was placed in a refrigerator for at
least 1 h to separate phases. The organic layer was collected for analysis.

3 Results and discussion

Sample preparation – SPE method
The beer sample was degassed at an ultrasonic bath. SPE
Method optimization
column LiChrolut® EN 500 mg was conditioned with
Basic requirements for the method of HC determination
5 mL of methanol followed by 5 mL of water. Fifty milwithin its optimization were sufficient recovery, uncerlilitres of beer with the addition of 250 μL of an internal
tainty, repeatability and LOQ of all components deterstandard (2-ethyl-5-methylpyridine) at a concentration
mined simultaneously. Due to wide structural variability
of 300 mg/L was loaded on the column. Subsequently,
of these substances, it was very difficult to satisfy these
the column was washed with 5 mL of water and then
requirements.
dried by the flow of nitrogen. The HC were eluted by 5 mL of ethyl acetate. The extract was then
Table 2 List of beer batches with relating malt variety
and malthouse origin
concentrated by the flow of nitrogen to the final
volume of 1 mL.
Batch No.
Malt variety/Malthouse
Hopped
Strata X® and LiChrolut® RP-18 columns were
1
Laudis 550/Soufflet
YES
also tested (see Results and Discussion, Table 3).
GC analysis
The determination was performed on a Thermo Ultra gas chromatograph with a DSQ II mass
spectrometer. The chromatographic column
used was TG-WAXMS (Thermo), 30 m length,
0.25 mm inner diameter and 0.25 μm film thickness. Temperature gradient was as follows:

2

Overture/Soufflet

YES

3

Laudis 550/Soufflet

YES

4

Overture/Soufflet

NO

5

Overture/PU

NO

6

Francin/PU

YES

7

Bojos/PU

YES

8

LG Monus/Soufflet

YES
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Recoveries (%) of HC – comparison of distillation and SPE preparation (n = 4)
SPE
Compound

Distilation

Strata X®

LiChrolut® RP-18

LiChrolut® EN

2-methylpyridine

2

11

4

32

2-methylpyrazine

9

3

1

95

3-methylpyridine

129

32

89

97

2,5-dimethylpyrazine

26

15

1

112

2,6-dimethylpyrazine

16

11

1

115

2,3-dimethylpyrazine

19

14

1

115

2,3,5-trimethylpyrazine

71

52

1

130

2-acetylpyridine

34

23

6

107

2-acetylthiazole

73

41

77

108

3-acetylpyridine

128

51

42

120

2-acetylpyrrole

16

71

21

115

maltol

1

6

2

59

furaneol

4

12

3

50

homofuraneol

48

148

48

130

sotolon

856

17

86

77

abhexon

131

4

4

135

2,6-dimethylpyrazine and 2,3-dimethylpyrazine was
nearly 100%. Recovery of OHC also increased, namely
maltol and furaneol were about 50% which is more than
a tenfold increase compared to the original method. To
the best of our knowledge, the SPE has not yet been used
for extraction and preconcentration of HC in beer matrix.

Due to low recovery of a steam distillation method,
three different SPE sorbents were tested (see Table 3). As
follows from Table 3, the most efficient SPE column for
HC extraction is LiChrolut® EN given the tested procedure. Recoveries of all tested HC significantly increased,
even the recovery of NHC such as 2,5-dimethylpyrazine,
Table 4

SIM ions used for MS analysis
Compound

Retention time (min)

Qualifier (m/z)

Quantifier (m/z)

2-methylpyridine

7.1

66, 67, 93, 94, 108

93

2-methylpyrazine

7.8

66, 67, 93, 94, 108

94

3-methylpyridine

8.2

66, 67, 93, 94, 108

93

2,5-dimethylpyrazine

8.6

66, 67, 93, 94, 108

108

2,6-dimethylpyrazine

8.7

66, 67, 93, 94, 108

108

2,3-dimethylpyrazine

9.0

66, 67, 93, 94, 108

108

2,3,5-trimethylpyrazine

9.7

79, 106, 112, 121, 122, 127

122

ISTD*

9.9

79, 106, 112, 121, 122, 127

106, 121

2-acetylpyridine

12.4

79, 106, 112, 121, 122, 127

121

2-acetylthiazole

12.9

79, 106, 112, 121, 122, 127

127

3-acetylpyridine

15.4

78, 94, 106, 109, 121

121

2-acetylpyrrole

18.1

78, 94, 106, 109, 121

94, 109

maltol

18.0

50 - 150

126

furaneol

19.1

50 - 150

128

homofuraneol

19.7

50 - 150

142

sotolon

21.0

83, 107, 122, 126, 128, 142

83, 128

abhexon

21.6

83, 107, 122, 126, 128, 142

142

*ISTD = internal standard
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Method validation
Although quite many articles deal with the concentration
of HC in some matrices, validation data are almost missing. The validation parameters of the final SPE method
are listed in Table 5.
The most similar method was published by Ferreira
et al. (2003), where they determined soloton, maltol and
furaneol in wine. They also used SPE extraction with LiChrolut EN sorbent. Due to a different matrix and narrow
spectrum of target compounds, they used different conditions for sample cleaning and elution (cleaning step –
pentane–dichloromethane 20:1 v/v, elution step – dichloromethane). The detection limits of the method ranged
between 0.5 and 1.0 μg/L (Ferreira et al., 2003). A comparable LOD was achieved in our study for NHC, however,
the reached LOD was ten times higher compared to OHC.
Study of Fan et al. (2007), where the authors characterized pyrazines in some Chinese liquors by liquid-liquid
extraction with diethyl ether and HS-SPME followed by
GC-FTD (flame thermionic detector) reported that LOD
for most pyrazines was below 0.2 μg/L and the recovery
of all studied pyrazines in synthetic liquor ranged from
about 80 to 120% which corresponds with our results.

Determination of HC was performed in a SIM/scan mode
and parameters, namely retention time, qualifier and
quantifier ions (m/z) are listed in Table 4.

Previously, Sakuma et al. (1996) and Mackie et al. (2002)
used hexanol and decanol, respectively, as an internal
standard. The extraction method according to Sakuma et
al. (1996) was based on cooling of a beer sample in an ice
bath, pouring onto Extrelut 3 and after 15-min extraction
by methylene chloride. The residue was dissolved in hexanol/acetonitrile solution and then the internal standard
was added. Furthermore, Mackie et al. (2002) saturated
the sample with sodium chloride, shook it with methyl
acetate for 10 min and centrifugated it. Then, they evaporated the organic layer to define volume and finally, added the internal standard.

Unusually, both authors added the internal standard
only after extraction of HC from beer. It means that by
adding a standard, they controlled only the recovery
of the final MS method and not the whole method, including an extraction step. Unlike these methods, the
internal standard in our method is added into a beer
sample before the extraction step. Moreover, the internal standard, 2-ethyl-5-methylpyridine, has a similar
structure as tested NHC and guarantees similar behaviour as HC during the SPE step. The concentration of
2-ethyl-5-methylpyridine in beer without the internal
standard addition was verified and found as negligible
(data not shown).
Table 5

Method application
– Determination of HC in different types of malt
The profiles of OHC and NHC in the tested malts are given in Figure 2 and 3, respectively. It should be reminded
that concentration of HC was determined in congress
wort (see experimental section). The dependence of the

Validation parameters of the final method
Compound

Uncertainty (%)

Recovery (%)

Repeatability (%)

LOD (μg/L)

LOQ (μg/L)

2-methylpyridine

21

32

29

1.34

4.05

2-methylpyrazine

8

95

11

0.25

0.76

3-methylpyridine

14

97

20

0.99

3.01

2,5-dimethylpyrazine

19

112

24

0.12

0.36

2,6-dimethylpyrazine

14

115

10

0.14

0.41

2,3-dimethylpyrazine

15

115

8

0.26

0.80

2,3,5-trimethylpyrazine

22

130

16

0.12

0.36

2-acetylpyridine

15

107

19

0.78

2.37

2-acetylthiazole

19

108

27

0.79

2.40

3-acetylpyridine

14

120

20

0.40

1.21

2-acetylpyrrole

23

115

17

1.42

4.31

Maltol

14

59

15

65.1

197

Furaneol

14

50

12

59.5
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ly, then the concentration decreases. The final concentration of soloton and furaneol was 0.08 and 0.9 mg/L,
respectively.
The increase of NHC concentration during roasting is
slower in comparison with OHC. NHC content increases
slightly with a higher final curing temperature or decreases slightly at a higher temperature. Also, the final concentration of NHC is in general lower in comparison with OHC,
about 10 to 100 times. The exception is 2-acetylpyrrole
which is the most abundant NHC with concentration of
about 1 mg/L in the congress wort of malt #5 (382 EBC).
Whilst 2-acetylpyrrole decreases with a higher roasting
temperature, the concentration of the other NHC such
as 2-methylpyrazine and 2,6-dimethylpyrazine increases with the maximal concentration of 1.4 and 0.3 mg/L,
respectively. It should be noted that the decrease of
2-acetylpyrrole is within uncertainty
of determination (see Table 5).
Figure 2 Profile of OHC in tested congress wort of tested malts (concentration of some
HC were divided by a constant to be comparable in one graph)
The trend of slight increasing of NHC concentration in caramel malts followed by their sharp
increase in coloured malt is in accordance with a study of Forster et
al. (1998). The authors determined
the total pyrazines concentration in
pale malt, dark malt with pale withMaltol/200
Furaneol/5
ering, dark malt with dark withering
Homofuraneol
Sotolon
and black malt as <0.05, 0.4, 0.5 and
Abhexon/5
34.7 mg/kg, respectively (Forster et
al., 1998). Similarly, methylpyrazine
and pyrazine dramatically increased
in wort with colour of 880 EBC units,
compared to wort 5, 67, and 480 EBC
log EBC colour
units (Coghe et al., 2004).
To summarize it, our study
of HC profiles in different types of
Figure 3 Profile of NHC in tested congress wort of tested malts (concentration of some
malt is in accordance with previousHC were divided by a constant to be comparable in one graph)
ly published findings but, moreover,
firstly describes behaviour of OHC
during caramelization and roasting.
Also a list of NHC is wider, it contents
not only pyrazines but representa2-Me-pyridine
tives of pyrrols and pyridines, too.
2-Me-pyrazine/10
individual HC concentration on the increasing colour
can be also indirectly considered as the dependence on
the temperature and time of roasting which was previously studied by Vandecan et al. (2011). They observed
the malt colour development (in EBC units) during the
malt caramelization phase at different roasting temperatures ranging from 100 to 180 °C. They found that the
malt colour increased with the increasing temperature
and time at temperatures ranging from 100 to 160 °C
(Vandecan et al., 2011).
Comparing Figure 2 and 3, the course of the trend
of formation of OHC and NHC on the malt colour is different. OHC content generally increases except for abhexone and maltol whose concentrations are maximal
in the malt #3 (125 EBC) and malt #4 (382 EBC) with
the concentration of about 1.25 and 7 mg/L, respective-
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Figure 4 Distribution of the total amount of NHC during brewing process
Method application
in batches 1–8
– Determination of HC during
Sum of NHC (µg/L)
brewing technology
Distribution of HC during brewing technology is described in
Figures 4, 5, 6 and 7. Undoubtedly, the first conclusion from
these results is the fact that the
total concentration of NHC during fermentation significantly decreases, whilst the trend of OHC
is not so unambiguous. It follows
from our subsequent experiment
where the rate of HC concentration change during fermentation
is influenced by the yeast strain
used. Detailed data will be published in a prepared study regarding a sensomic study of laFigure 5 Distribution of 2-acetylthiazole during brewing process in batches 1–8
gers fermented by different yeast
strains. Likewise, Sakuma et al.
2-Acetylthiazole (µg/L)
(1996) confirmed the influence
of yeast strain on concentration
of formed furaneol during fermentation.
The most abundant component of the monitored NHC was
2-acetylthiazole whose profile
copies well the total amount of
NHC in sweet wort and wort (Figure 5). During fermentation, the
2-acetylthiazole content as well
as the total NHC content significantly decrease. According to authors knowledge, this finding has
not been published yet.
The total OHC content inalso in the levels of precursors suitable for conversion to
creases during a hop boiling step, with the exception of
furanones by heating during brewhouse operations and
non-hopped batches 3 and 4 where the OHC content inby yeast fermentation. In addition, also the fermentation
creases during fermentation (Figure 6). Hence, it could
process, yeast strains and their conditions could potenbe concluded that addition hop during wort boiling may
tially influence the final concentration of OHC.
potentially have a crucial role in OHC formation during
To summarize, higher alcohols, esters, and shortbeer production. Interesting differences among individual
chain fatty acids are not the only important substances
batches and also in the sequence of “sweet wort–wort–
originated by yeast, but OHC are also important sensoribeer” were observed for the furaneol profile (Figure 7).
ally active compounds produced during fermentation.
Since the malts type and brewing technology were the
same, an explanation is offered that the final concentration of furaneol depends on the malt variety and/or malt4 Conclusion
ing technology. Such possible explanation is in accordance
with a study of Mackie et al. (2002). They found that the
Heterocyclic compounds are one of the little explored
degree of heating during kilning is not reflected only in
groups of substances in beer. The newly developed and
the concentration of furaneol and maltol in the malt but
optimized method of simultaneous determination of
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Figure 6 Distribution of the total amount of OHC during brewing process in batches 1–8

influenced by many factors, e.g.,
fermentation conditions and the
yeast strain.
The newly developed method will be used in our following
studies regarding sensomic profiling of beer.
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Figure 7 Distribution of furaneol during brewing process in batches 1–8
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