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Styrene Concentrations during Wheat Beer 
Production
The screening of styrene concentrations during different stages of wheat beer production shows that in opposite to thermal 
processes like mashing and wort boiling the primary and secondary fermentation contribute most to the styrene content in 
fi nal beers. Therefore, the enzymatic decarboxylation of cinnamic acid by brewers’ yeast is the predominant kind of reac-
tion. Styrene concentrations in bottled beer were up to 25 ppb. In addition, the results of the screening were compared with 
the precursor concentration of cinnamic acid in the corresponding pitching wort. A linear correlation could not be found. 
Moreover, the infl uence of various manufacturing considerations like the kind of fermentation or the ratio of wheat grist 
load is shown. For example, the cinnamic acid content in wort decreases with an increasing amount of wheat malt.
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1 Introduction

Styrene is a sweet-smelling fl uid and serves as a starting product 
during polystyrene production. It can be used as packing material 
for dairy products or insulating materials. Styrene can be found 
in low concentration as a natural component in numerous food 
products, such as coffee, meat, cereals, and nuts. Higher levels 
(0.17–39.2 mg/kg) are partly found in cinnamon, where it is 
formed from cinnamon aldehyde under unfavorable conditions 
during storage and transport [1, 2].

From the toxicological point of view, styrene is a harmful compo-
nent with a low carcinogenic potential. The possible carcinogenic 
effect of styrene in human tissues which is based on the proper 
toxicological relevant metabolite styrene-7.8-oxide, was stated for 
the fi rst time in a press release from 2006 by the German Federal 
Institute on Risk Assessment (BfR) [3]. Additionally, styrene is 
classifi ed as possibly carcinogenic to humans by the International 
Agency for Research on Cancer (IARC). For those classifi ed 
substances the principle of minimizing strategy has to be applied 
due to the fact that a toxicological limit can not be stated [4]. 
Consequently, the WHO derived two important reference values. 
The tolerable daily intake (TDI) of styrene in drinking water with 
7.7 μg/kg body weight (BW) and the preliminary acceptable daily 
intake (ADI) with 4 μg/kg BW [5].

The formation of styrene, as derived from cinnamic acid (CA) 
occurs analog to the decarboxylation of ferulic- and p-cumaric 
acid to 4-vinylguaiacol and 4-vinylphenol (Fig. 1). These reac-
tions can proceed both as an enzymatic [6, 7, 8] and as a thermal 
decarboxylation [9, 10]. The enzymatic decomposition of cinnamic 

acid to styrene is encoded by the same phenyl acrylic acid decar-
boxylase (PAD1) and ferulic acid decarboxylase (FDC1) gene, as 
the decomposition of phenol carboxylic acids to the corresponding 
phenols [11]. Only phenolic off-fl avor positive (POF+) yeast strains, 
e.g. top-fermenting Saccharomyces cerevisiae, which are used for 
wheat beer production possess this enzyme equipment [12, 13].

Purpose of this study was to screen the brewing process to iden-
tify the production stage which makes the greatest contribution 
to the styrene content and the ranges in which the concentrations 
of styrene in bottled wheat beer can be found. Furthermore, the 
predominant kind of reaction can be defi ned.

2 Materials and methods

2.1 Samples

Up to 24 samples of full kettle wort, pitching wort, green beer, 
maturated beer and bottled beer were provided from 19 German 
wheat beer breweries.

2.2 Chemicals and Reagents

All analytes and reagents were of analytical or HPLC grade, 
respectively. Cinnamic acid, styrene, methanol and acetic acid 
were obtained from Sigma-Aldrich (Steinheim, Germany). To-
luene and sodium hydroxide (solid) were obtained from Merck 
(Darmstadt, Germany).

2.3 Styrene 

For the determination of styrene, the samples were decarbonized 
with 12 N NaOH (0.2 mL for 10 mL) and tempered at 20 °C. 
10 mL were transferred into a headspace  (HS) vial and 100 μL 
toluene containing 2 μg/mL was added as an internal standard.

Prior to injection, the samples were tempered at 80 °C for 45 min. 
The injection volume of the gas was 1 mL. The HS-syringe was 
tempered at 100 °C. A HS-GC-FID (Hewlett-Packard 6890) 
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equipped with a 60 m x 0.32 mm I.D. x 0.5 μm DB-WAX capillary 
column (J&W Scientifi c) and a Headspace autosampler (Gerstel 
MPS 2) were used. Hydrogen was used as carrier gas at a fl ow 
rate of 5.4 mL/min. The injector temperature was 200 °C. The 
temperature of the FID was 200 °C. The GC program started at 
40 °C for 10 min, then increased to 130 °C at 10 °C/min, follo-
wed by an increase to 220 °C at 22.5 °C/min, and a fi nal holding 
time of 2 min. The quantifi cation of styrene was performed by an 
external calibration between 0.5 and 100 ppb.

2.4 Cinnamic acid

The quantifi cation of CA in full kettle and pitching wort was 
performed by an Agilent 1100 HPLC-DAD. Prior to injection, the 
samples were centrifuged with 10.000 rpm for 10 min at 15 °C. The 
supernatant fl uid was transferred into auto sampler vials and frozen 
at –18 °C until analyzed. Peak areas were analyzed with Agilent 
ChemStation. The mobile phase consisted of two solvents: Solvent 
(A) water/acetic acid (98:2; v/v) Solvent (B) methanol/acetic acid 
(98:2; v/v). Cinnamic acid was eluted under following conditions: 
20 μL automatic sample injection, 1 mL/min fl ow rate, tempera-
ture was set at 40 °C. For separation a Purospher® STAR RP18e 
LiChroCHART 250 mm x 4 mm x 6 μm (Merck, Darmstadt) was 
used. The identifi cation of cinnamic acid was obtained by retention 
time and ultra-violet-visible spectra. Quantifi cation was performed 
by external calibration with standard at 280nm. The following 
elution program was used at 40 °C: 0–7 min, 95–90 % A; 7–28 
min, 90–65 % A; 28–45.5 min, 65–40 % A; 45.5–49 min, 40–5 % 
A; 49–50.5 min 5 % A; 50.5–52.5 min, 5–95 % A; 52.5–56 min, 
95 % A. The fl ow rate was set at 1.0 mL/min.

3 Results and discussion

Styrene concentrations of full kettle wort (Fig. 2) ranged from 
0 to 2 ppb. One third of those were between 0.5 and 1 ppb. The 
values of the styrene content in pitching wort (Fig. 3) were 
sim-ilar (0–1.5 ppb). Over 40 % of the samples had a concentra-
tion between 0.5 and 1 ppb. In green beer (Fig. 4), the styrene 
concentrations increased up to 25 ppb and 74 % of these sam-
ples had a concentration up to 10 ppb. During the next produc-
tion stage, the maturated beer (Fig. 5), styrene concentrations 
decreased slightly. About 60 % of all samples had a styrene 
concentra-tion up to 10 ppb. The analyzed samples of bottled 
beer (Fig. 6) contained concentrations between 1 and 25 ppb. 
The majority of these samples had a styrene content of 10 ppb 
(90 %). Up to 35 % contained concentrations between 20 and 
25 ppb. Therefore, there is an increase from maturated to bottled 
beer.

In addition to the styrene concentration, the content of the 
pre-cursor cinnamic acid was quantifi ed in full kettle and pitch-
ing wort. In fi gure 7, the cinnamic acid concentrations of 
full kettle wort samples are plotted against the styrene content 
of the corresponding bottled beers. A linear correlation was 
not found. The range of cinnamic acid in the samples ranged 
from 75 ppb to 350 ppb as calculated on an extract of 12 °P. 
The majority (71 %) had a concentration between 175 ppb and 
275 ppb.

In contrast, a linear correlation between the cinnamic acid content 
in wort and the used ratio of wheat could be observed (Fig. 8). 
The concentration of CA decreases with a rising amount of wheat 
malt. The high standard variance can be explained by the use of 
different types of barley, especially colored malt. In this context, 
own investigations pointed out, that darker malt has a higher CA 
content. This correlates with the screening of different types of 
beer and special manufacturing processes (Fig. 9). Darker beers 
had a higher average in styrene concentration than pale beers. 
Furthermore, bottle fermented beers had also a higher average 
concentration than beers without bottle fermentation.

4 Conclusions

The formation of styrene in wheat beer is determined by the en-
zymatic decarboxylation of cinnamic acid. This is confi rmed by 
the large increase during the fermentation processes. In contrast 
to thermal processes, like mashing, wort boiling and fl ash pasteu-
rization, which have no high contribution to the styrene content 
of wheat beer. However, thermally formed styrene can be found 
in condensates of the wort boiling process. The non-existent 
correlation between cinnamic acid concentration in wort and the 
concentration of styrene in beer does not suggest a disconnection 
between these two substances but the importance of the individual 
process control. Especially, the used yeast strain, the fermentation 
temperature and time and the kind of fermentation (e.g. open, 
closed or bottle fermentation) appear to have signifi cant infl uences 
of the styrene content in the fi nal beer (Fig. 9). It also has been 
shown that the cinnamic acid content in wort is dependent on the 
ratio of wheat malt. This leads to a decreasing concentration of 
CA with a rising amount of wheat. Due to the fact that wheat has 
also a lower level of ferulic acid (FA) and both phenolic acids were 
metabolites of the phenylpropanoid pathway [14, 15]. Moreover, 
analyzed dark wheat beers had a higher average concentration of 
styrene than pale beers.
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Fig. 1 Formation of 4-vinyl aromates
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Fig. 2 Styrene concentration in full kettle wort, 
n = 18

Fig. 3 Styrene concentration in pitching wort, 
n = 17 

Fig. 4 Styrene concentration in green beer, n = 19

Fig. 5 Styrene concentration in maturated beer, 
n = 13
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Fig. 9 Average concentrations of styrene in different 
production stages and wheat beer types. A: 
Full kettle wort (n = 18) B: Pitching wort (n 
= 17) C: Green beer (n = 19) D: Maturated 
Beer (n = 13) E: Bottled Beer (n = 24) F: 
Without fl ash pasteurization (n = 9) G: With 
fl ash pasteurization (n = 8) H: Crystal Beer 
(n = 3) I: Dark beer (n = 3) J: Pale beer (n = 
21) K: Bottle fermented (n = 6) L: Without 
bottle fermentation (n = 7)

Fig. 6 Styrene concentration in bottled beer, 
n = 24

Fig. 7 Correlation between cinnamic acid con-
centration in full kettle wort and styrene 
concentration in wheat beer: 

 ■ absolute concentrations 
 ∆ normalized at 12 °P

Fig. 8 Normalized cinnamic acid concentrations 
(12 °P) in full kettle wort dependent on the 
wheat ratio, n = 15


