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Abstract
Aiming at the mitigation of the toxicologically relevant styrene formed during wheat beer brewing, different malting param-
eters, such as steeping temperature, germination temperature, withering and kilning temperatures applied during kiln-drying, 
and aeration rate, were evaluated for their suitability to reduce the content of cinnamic acid, the precursor of styrene, in 
malts of barley and wheat, responsible for the input of the undesired precursor into the brewing process. According to the 
results of the present study, higher steeping temperatures, higher germination temperatures, lower aeration rates, and lower 
withering temperatures during malting are beneficial for the overall reduction of cinnamic acid in wort produced with barley 
and wheat malts. Thereby, the withering temperature showed the highest impact among the investigated parameters, able 
to reduce the soluble cinnamic acid content in wort by up to 72%, followed by the germination temperature in combination 
with the aeration rate and the steeping temperature with reduction capacities of 52 and 16%, respectively. Additionally, a 
kilning temperature of 200 °C led to the absence of enzyme activities in dark malts, which might also be the main reason for 
the low phenolic acid contents found in the corresponding wort, finally causing the low concentrations of styrene but also 
to a certain extent of desired vinyl aromatics in dark wheat beers.
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Introduction

Toxicologically relevant compounds in groceries are not 
always an issue of contamination, e.g., from environmen-
tal pollution, cultivation, or packaging, but they can also 
be present as natural occurring components or formed dur-
ing food processing [1–3]. This is also the case for wheat 
beer, a special beer type originating from the southern part 
of Germany (Bavaria), which contains styrene in relevant 
amounts. The presence of styrene in wheat beer is known 
since the late 1970s [4, 5]; however, its toxicological rel-
evance was not considered until 1996, when a tolerable daily 
intake (TDI) of 7.7 µg/kg body weight per day was published 
by the World Health Organization (WHO) [6]. This first 
toxicological assessment was then updated in 2002 by the 
International Agency for Research on Cancer (IARC), which 
classified styrene as possibly carcinogenic to humans (class 
2B) [7], based on the results of studies on rats [8] and mice 
[9]. According to different studies [10–12], styrene concen-
trations can be expected within the range of 9.8–33 µg/L, 
not exceeding the established TDI by normal wheat beer 
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consumption. Nevertheless, mitigation strategies should be 
applied also to wheat beer to increase consumer’s safety.

The difficulty of this objective is given by similar for-
mation pathways of styrene and two key aroma compounds 
in wheat beer, namely 4-vinylphenol and 2-methoxy-4-vi-
nylphenol, which are mainly responsible for the formation 
of the well-known and characteristic clove-like and slightly 
phenolic aroma of wheat beer [13]. These three compounds 
derive from the precursors cinnamic acid, p-coumaric acid, 
and ferulic acid, which belong to the same compound class 
of cinnamic acid derivatives, also known as phenolic acids. 
The major sources of phenolic acids in the brewing process 
are barley and wheat malts. By law, the content of wheat 
malt has to be at least 50%. In both barley and wheat, phe-
nolic acids fulfill multiple tasks. Based on the phenylpro-
panoid metabolism, they are the major building blocks for 
the formation of flavonoids, stilbenoids, and lignin [14, 15]. 
Additionally, they are able to link the linear polysaccha-
ride chains of arabinoxylan to a three-dimensional network 
[16–18], which build up the cell walls in grain of barley and 
wheat. This structure is seen as the main source of precur-
sors of the desired and undesired vinyl aromatics in wheat 
beer [19–21].

Within the first steps (malting and mashing) of the brew-
ing process, different enzymes lead to the degradation of the 
polysaccharide backbone of the arabinoxylan structure [22]. 
Simultaneously, the feruloyl esterase directly splits off the 
phenolic acids from arabinoxylan. As a consequence, three 
different phenolic acid forms are formed according to the 
size of the fragments, the insoluble ester-bound phenolic 
acids, the soluble ester-bound phenolic acids, and the free 
phenolic acids. However, only the soluble forms (the soluble 
ester-bound and free phenolic acids) can be transferred from 
malt into wort during mashing and are, therefore, later on 
accessible by yeasts. In the following fermentation step, the 
free phenolic acids are decarboxylated to the correspond-
ing desired and undesired vinyl aromatics by yeasts. Their 
decarboxylation ability is related to an active POF1 gene. 
A study of Daly et al. [12] revealed that bottom-fermenting 
yeasts lack this ability without any exception, whereas top-
fermenting yeasts have either no, a reduced, or a high Pof-
activity. Typically, wheat beers are brewed with top-ferment-
ing yeasts with high Pof-activities, leading to the formation 
of styrene in relevant amounts. Consequently, styrene does 
not play a significant role in beers brewed with a bottom-
fermenting yeast, e.g., lager beers, or in wheat beers brewed 
with a top-fermenting yeast having no/strongly reduced Pof-
activity [13].

Several studies on the reduction of styrene in wheat 
beer were examined by Langos and Granvogl [11], Langos 
et al. [23, 24], Schwarz and Methner [25], and Schwarz 
et al. [26–29], mainly focusing on the impact of brewing 
steps after malting, such as mashing, wort boiling, and 

fermentation. Thereby, found styrene mitigation strategies 
within these processing steps were mostly accompanied by 
a significant reduction of the desired vinyl aromatics and, 
therefore, with the risk to lose the characteristic wheat beer 
aroma. Thus, another mitigation approach of styrene aimed 
at the reduction of its precursor cinnamic acid by altering 
the malting parameters. In a first study performed by Lan-
gos et al. [24], “undermodified” malts (malting parameters: 
steeping degree, 42%; germination temperature, 12  °C; 
germination time, 5 days) showed a clear reduction of the 
undesired cinnamic acid (56% for barley, 30% for wheat) in 
comparison to “highly modified” malts (malting parameters: 
steeping degree, 48%; germination temperature, 18 °C; ger-
mination time, 7 days), proving that the malting process is 
a promising tool to lower the styrene content in wheat beer.

The aim of the present study was to get a better under-
standing of the impact of various malting parameters on the 
release of the different forms of phenolic acids and the enzy-
matic degradation of the arabinoxylan structure. Further, this 
knowledge should be a toolbox for brewers to establish ben-
eficial malting conditions allowing a reduction of the styrene 
content in wheat beer. Therefore, barley and wheat malts 
were produced by either varying (1) the steeping tempera-
ture, (2) the germination temperature in combination with 
the aeration rate, or (3) the withering temperature and (4) the 
kilning temperature both applied during kiln-drying. Within 
these malts and congress wort produced thereof, the insolu-
ble ester-bound, soluble ester-bound, and the free cinnamic, 
p-coumaric, and ferulic acid contents were determined, as 
well as the amount of water-extractable arabinoxylan and the 
feruloyl esterase activity.

Materials and methods

Malt samples and congress wort

Malting and mashing experiments as well as the standard 
brewing analysis according to  MEBAK® [30] and EBC 
[31] were performed by the Chair of Brewing Science 
and Beverage Technology (Technical University of Ber-
lin, Berlin, Germany). The sample set included two indus-
trially relevant barley varieties, namely, Solist (spring 
barley (sp), two-rowed (2r), Franconia, Germany) and 
Quench (sp, 2r, Denmark), both harvest year 2017, and 
one industrially relevant wheat variety, namely, Dacanto 
(winter wheat, Denmark), harvest year 2016. The standard 
malting conditions selected within this study were closely 
related to the parameters normally used by malthouses: 
a steeping degree of 45% was adjusted by steeping the 
grain in a physiological saline solution (0.9%) for 4 h at 
16 °C, followed by an air rest for 20 h at a flow rate of 
25 L/min and an air humidity of 80%. This cycle was 
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repeated with an additional steeping for 3 h and an air 
rest for 21 h. Next, the grain was germinated for 5 days 
at 18 °C. The green malts were withered at a temperature 
of 50 °C for 16 h, followed by kilning at a temperature of 
80 °C for 4 h to reach a water content < 5%. Subsequently, 
the kilned malts were deculmed. These standard malting 
conditions have been adapted to different experiments to 
study the impact of the malting parameters on the forma-
tion and release of the desired and undesired precursors 
of the vinyl aromatics during malt production. In experi-
ment 1, the steeping temperature was varied between 
10, 20, and 30 °C, covering a broad temperature range 
allowing the visualization of the impact of this malting 
parameter on the target analytes. For experiment 2, the 
response surface methodology (RSM) was employed to 
investigate the variation of the analytes of interest with 
respect to the temperature in combination with the aera-
tion rate during germination. The composition of the 
two variables was designed by the central composite 
design approach, which is a  2k factorial design with 2k 
star points and central points. With α =  ± 1 as the rela-
tive distance from the center of the design to a factorial 
point, the relative distance of a star point is α =  2k/4. The 
ranges of the variables were defined as follows: germina-
tion temperature, 10–26 °C; aeration rate, 15–35 L/min. 
For reference purposes, malts were balanced according 
to their malting degree. Therefore, the germination time 
was extended to 6 days for malts with a germination tem-
perature of 10 and 12 °C. In total, 14 experimental set-
tings consisting of 4 factorial, 4 star, and 6 central points 
were generated on the basis of the two variables of the 
experiment (Table 1). Within experiment 3, the withering 
temperature was varied between 30, 40, 50, and 60 °C and 
maintained for 16 h. For the production of pale malts, the 
kilning temperature was set to 80 °C for 4 h to reach a 
water content < 5%. Again, the kilned malts were directly 
deculmed. To study the impact of the kilning temperature 
within experiment 4, a set of dark malts was additionally 
produced to the pale malts with a withering temperature 
of 50 °C and a kilning temperature of 200 °C (2 min). 
Further, from all these malts, the corresponding wort 
was produced according to the standard mashing proce-
dure of congress mash (50 g of malt, 400 mL of water) 
 (MEBAK® 4.1.4.2 [30], EBC 4.5.1 [31]), since a former 
study [35] revealed that changes within the malts can dif-
fer from the impact that varying malting parameters have 
on the final state in wort.

Chemicals

The following compounds were commercially available: 
2-morpholinoethanesulfonic acid (Mes) and polyethylene 

glycol mono(p-(1,1,3,3-tetramethylbutyl)phenyl) ether (Tri-
ton X-100) (AppliChem, Darmstadt, Germany); acetonitrile 
and methanol (Baker, Gliwice, Poland); 4-nitrophenyl trans-
ferulate (Carbosynth, Compton, Berkshire, United Kingdom); 
2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris base) and 
p-nitrophenol (Carl Roth, Karlsruhe, Germany); hydrochlo-
ric acid, dimethyl sulfoxide (DMSO), formic acid (FA), and 
potassium dihydrogen phosphate (Merck, Darmstadt); and cin-
namic acid, p-coumaric acid, ferulic acid, and sodium hydrox-
ide (Sigma-Aldrich; Merck). All solvents were of HPLC gradi-
ent grade and ultrapure water was from an in-house source.

Stable isotopically labeled internal standards

The following stable isotopically labeled internal stand-
ards were commercially available:  [2H7]-cinnamic acid (98 
atom % 2H),  [13C3]-p-coumaric acid (99 atom % 13C), and 
 [13C3]-ferulic acid (99 atom % 13C) (Sigma-Aldrich; Merck).

Sample pre‑treatment

Prior to use, malt samples (frozen at − 18 °C) were first 
ground by means of a centrifugal mill (12,000 rpm, sieve 
opening 0.5 mm; ZM 200; Retsch, Haan, Germany) and then 
stored in wide-necked brown glass bottles for light exclusion 
at room temperature (RT).

Table 1  Coded variables and the corresponding process variables of 
the central composite design for the evaluation of the impact of the 
germination temperature in combination with the aeration rate on the 
release of the different forms of phenolic acids and the enzymatic 
degradation of the arabinoxylan structure during malting

a Germination temperature (°C)
b Aeration rate (L/min)

Experimental 
setting

Coded variables Process variables

X1
a X2

b X1
a X2

b

1 − 1 − 1 12 18
2 1 − 1 24 18
3 − 1 1 12 32
4 1 1 24 32
5 − √2 0 10 25
6 √2 0 26 25
7 0 − √2 18 15
8 0 √2 18 35
9 0 0 18 25
10 0 0 18 25
11 0 0 18 25
12 0 0 18 25
13 0 0 18 25
14 0 0 18 25



72 European Food Research and Technology (2022) 248:69–84

1 3

Total and water‑extractable arabinoxylan contents 
in malt

Total and water-extractable arabinoxylan contents in 
malt were determined by the application of a d-xylose assay 
kit (K-XYLOSE 04/16; Megazyme, Wicklow, Ireland) as 
previously described [32].

Briefly, total arabinoxylan contents were determined 
from ground samples directly hydrolyzed with hydro-
chloric acid (1.3 mol/L; 1 h at 100 °C; 600 rpm; HCL 
HeizThermoMixer MHL23; Digital Biomedical Imag-
ing Systems, Pforzheim, Germany). The hydrolysates 
were neutralized with sodium hydroxide (1.3 mol/L) and 
adjusted to 100 mL with distilled water. Subsequently, 
aliquots (15 mL) were centrifuged (4600 rpm, 10 min, 
RT; Heraeus Multifuge X3 FR; Thermo Fisher Scientific, 
Dreieich, Germany) and aliquots of the supernatants (500 
µL) were used within the enzyme assay.

For the determination of the water-extractable ara-
binoxylan content, a modified sample preparation was 
used. Briefly, malt samples were mixed with hot water 
(85 °C) followed by an incubation for 15 min at 90 °C 
and additional 30 min at 60 °C (600 rpm; HCL Heiz-
ThermoMixer MHL23). Then, the extracts were cooled 
to RT, centrifuged (4600 rpm, 10 min, RT; Heraeus Mul-
tifuge X3 FR), and the supernatants were hydrolyzed by 
the addition of hydrochloric acid (32%; 1 h at 100 °C). 
The hydrolysates were neutralized with sodium hydroxide 
(1.3 mol/L) and adjusted to 20 mL with distilled water. 
Prior to the enzyme assay, the precipitates were removed 
by an additional centrifugation step (10,000 rpm, 5 min, 
RT; Himac 15RE; VWR, Ismaning, Germany). Ali-
quots of the supernatants (375 µL) were then transferred 
together with distilled water, a buffer solution (pH value 
of 7.5), an  NAD+/ATP solution, and a hexokinase suspen-
sion into semi-micro cuvettes (poly(methyl methacrylate), 
PMMA); 1.6 mL, 1 cm light path; Ratiolab, Dreieich). 
After mixing and incubation for 5 min, the absorbance 
was measured via an UV/VIS-spectrophotometer (UV-
2401 PC; Shimadzu, Duisburg, Germany) at 340 nm (A1). 
Further, to the same mixtures, a xylose mutarotase/β-
xylose dehydrogenase solution was added, and after mix-
ing and incubation for another 6 min, the absorbance was 
measured for a second time (A2). By treating a blank 
sample with distilled water in the same way (B1, B2), 
the d-xylose content was calculated from the difference 
of the sample absorption (A2 − A1) and the difference 
of the blank absorption (B2 − B1) via the Lambert-Beer 
law (ε = 6300 L/(mol*cm)). From the d-xylose content, 
the water-extractable arabinoxylan content was calculated 
considering the xylose to arabinose ratio in arabinoxylan 
(0.62 [33, 34]) and the condensation factor (0.88). For 
more details, see [32].

Feruloyl esterase activity in malt

For the determination of the feruloyl esterase activity in 
malts, the recently published enzyme assay was applied 
[32]. Briefly, feruloyl esterase was extracted from malt sam-
ples with Mes-buffer (50 mmol/L Mes, pH value of 6.0) for 
30 min at RT (900 rpm; HLC HeizThermoMixer MHL23). 
After centrifugation (4700 rpm, 15 min, RT; Heraeus Mul-
tifuge X3 FR) and membrane filtration (0.45 µm, Minisart 
RC, hydrophilic, 15 mm; Sartorius, Göttingen, Germany) of 
the extracts, the supernatants were further used in the enzy-
matic assay. Therefore, aliquots of the supernatants (0.3 mL) 
together with Mes-buffer (0.9 mL) were pre-incubated for 
5 min at 30 °C, before the 4-nitrophenyl trans-ferulate sub-
strate solution (1 mmol/L in phosphate buffer (0.1 mol/L, 
2.5% Triton X-100 (v/v), pH value of 6.0)) was added to 
start the enzymatic reaction. After exactly 2 h, the enzymatic 
reaction was stopped by the addition of a Tris base solu-
tion (1% Tris base (w/v), pH value of 8.5), and the absorp-
tion was measured at 400 nm (UV-2401 PC). According to 
the minor enzymatic activity left under these conditions, 
a blank of the same composition (aside from the sample 
extract) was included for each sample triplicate. By a pre-
cise simulation of the time between stopping of the enzy-
matic reaction and the measurement of the absorption, the 
increase in absorption due to the insufficient deactivation 
of the feruloyl esterase can be compensated. After subtrac-
tion of the blank absorbtion from the sample absorbtion, the 
feruloyl esterase activity was calculated using a calibration 
line of 4-nitrophenol. One unit of feruloyl esterase activity 
is defined as the amount of enzyme that is needed to release 
1 nmol of 4-nitrophenol from 4-nitrophenyl trans-ferulate in 
1 min under the defined assay conditions. For more details, 
see [32].

Phenolic acid extraction from malt and quantitation 
by stable isotope dilution analysis

Total, soluble, and free phenolic acids were isolated and 
their contents in malts were determined as previously 
described in detail [35].

Briefly, total phenolic acids (PAtot; = sum of free, 
soluble ester-bound, and insoluble ester-bound phenolic 
acids) in malts were determined after alkaline hydrolysis. 
Therefore, sodium hydroxide (2 mol/L) and the stable iso-
topically labeled internal standards  [2H7]-cinnamic acid, 
 [13C3]-p-coumaric acid, and  [13C3]-ferulic acid (amounts 
depending on the concentrations of the analytes determined 
in preliminary experiments) were added to the malts, and 
after covering with argon, the samples were hydrolyzed 
for 2 h at RT (Multi-Tube Vortexer; VWR). Subsequently, 
the hydrolysates were neutralized with hydrochloric acid 
(2 mol/L), centrifuged (4700 rpm, 10 min, RT; Heraeus 
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Multifuge X3 FR), and membrane filtered (0.45 µm) prior 
to the quantitation of the phenolic acids by means of high-
performance liquid chromatography–tandem mass spectrom-
etry (HPLC–MS/MS).

Soluble phenolic acids (PAsol; = sum of free and solu-
ble ester-bound phenolic acids) in malts were quantitated 
after a hot water extraction in combination with an alka-
line hydrolysis. Therefore, malts were suspended in hot 
water (95 °C), followed by an incubation for 1 h at 100 °C 
(600 rpm; HLC HeizThermoMixer MHL23). The extracts 
were then cooled to RT and the stable isotopically labeled 
internal standards  [2H7]-cinnamic acid,  [13C3]-p-coumaric 
acid, and  [13C3]-ferulic acid (amounts depending on the 
concentrations of the analytes determined in preliminary 
experiments) were added. After equilibration by thor-
ough mixing  (GFL Orbital Shaker 3005; Gesellschaft 
für Labortechnik, Burgwedel, Germany), the extracts 
were centrifuged twice (4700 rpm, 10 min, RT; Heraeus 
Multifuge X3 FR; 15,000 rpm, 5 min, RT; Himac CT 
15 RE), and aliquots of the supernatants (0.5 mL) were 
hydrolyzed with sodium hydroxide (4 mol/L) for 2 h at 
RT. Then, the hydrolysates were neutralized by adding 
hydrochloric acid (4 mol/L). After membrane filtration 
(0.45 µm), the contents of phenolic acids were determined 
by HPLC–MS/MS.

Free phenolic acids (PAfree) in malts were directly acces-
sible after liquid extraction. Therefore, malts, the stable 
isotopically labeled internal standards  [2H7]-cinnamic acid, 
 [13C3]-p-coumaric acid, and  [13C3]-ferulic acid (amounts 
depending on the concentrations of the analytes determined 
in preliminary experiments), and the extraction solvent 
(methanol/water (60/40, v/v)) were transferred into Precellys 
tubes (15 mL; CK28L; Bertin Technologies, Montigny-le-
Bretonneux, France) and stored at − 18 °C for 12 h. In the 
next step, the samples were homogenized by means of a Pre-
cellys bead beater (6000 rpm, 3 × 45 s, break 25 s, nitrogen 
cooling; Precellys Evolution; Bertin Technologies), followed 
by a 1 h rest at RT for equilibration. Prior to analysis by 
HPLC–MS/MS, the extracts were centrifuged (4700 rpm, 
10 min, RT; Heraeus Multifuge X3 FR) and the supernatants 
were membrane filtered (0.45 µm).

Quantitation of phenolic acids in wort by stable 
isotope dilution analysis

The determination of soluble and free phenolic acids in wort 
was performed as recently described [35].

Briefly, soluble phenolic acids were accessible after 
alkaline hydrolysis of wort. Therefore, the stable iso-
topically labeled internal standards  [2H7]-cinnamic acid, 
 [13C3]-p-coumaric acid, and  [13C3]-ferulic acid (amounts 
depending on the concentrations of the analytes determined 

in preliminary experiments) were added to aliquots 
(0.5 mL) of the wort. Subsequently, sodium hydroxide 
(4 mol/L) was added for hydrolysis (600 rpm, 2 h, RT; 
HCL HeizThermoMixer MHL23). After incubation, the 
hydrolysates were neutralized with hydrochloric acid 
(4 mol/L), membrane filtered (0.45 µm), and analyzed by 
HPLC–MS/MS.

Free phenolic acids in wort were determined after inhibi-
tion of the enzyme activities by the addition of methanol in 
a ratio of 1 + 1 (v + v). Next, the stable isotopically labeled 
internal standards  [2H7]-cinnamic acid,  [13C3]-p-coumaric 
acid, and  [13C3]-ferulic acid (amounts depending on the 
concentrations of the analytes determined in preliminary 
experiments) were added, and after equilibration by thor-
ough mixing (GFL Orbital Shaker 3005) and membrane fil-
tration (0.45 µm), the contents of free phenolic acids were 
analyzed by HPLC–MS/MS.

Quantitation of phenolic acids by high‑performance 
liquid chromatography–tandem mass spectrometry 
(HPLC–MS/MS)

Phenolic acids from the different sample preparation proce-
dures were analyzed by HPLC–MS/MS using an UltiMate 
3000 HPLC system (Thermo Scientific; Dionex Softran, 
Germering, Germany) equipped with a Kinetex C18 column 
(100 × 2.1 mm, 2.6 µm, 100 Å; Phenomenex, Aschaffen-
burg, Germany; column temperature, 24 °C) and connected 
to a triple quadrupole mass spectrometer (TSQ Vantage; 
Thermo Fisher Scientific, Bremen, Germany). The injec-
tion volume was 10–20 µL and the mobile phases were 0.1% 
FA in water (v/v) (A) and 0.1% FA in acetonitrile (v/v) (B). 
The following linear gradient was applied: 0–2 min, 10% B; 
2–15 min, from 10 to 90% B; 15–18 min, 90% B; 18–19 min, 
from 90 to 10% B; and 19–30 min, 10% B, with a flow gra-
dient of 0.05 mL/min (0–1 min), from 0.05 to 0.2 mL/min 
(1–2 min), and 0.2 mL/min (2–30 min). Positive atmospheric 
pressure chemical ionization  (APCI+) was applied using the 
following conditions: vaporizer temperature, 250 °C; dis-
charge current, 4.0 µA; sheath gas pressure, 30 arbitrary 
units (au); auxiliary gas pressure, 10 au; declustering volt-
age, -10 V; and capillary temperature, 300 °C. The mass 
spectrometer was operated in the multiple reaction moni-
toring (MRM) mode, and the most intensive fragment ion 
was chosen as the quantifier ion, together with two qualifier 
ions [35].

Calibration lines were determined from mixtures of 
known contents of the unlabeled analyte and the correspond-
ing stable isotopically labeled internal standard in seven dif-
ferent concentration ratios (10:1, 5:1, 3:1, 1:1, 1:3, 1:5, and 
1:10) with good linearity (R2 > 0.99) for all analytes in the 
applied range [35].
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Parameters describing the malt quality

Moisture content, extract, color, pH value, total protein con-
tent, Kolbach index, FAN, and soluble β-glucane content of 
the malt samples were determined according to  MEBAK® 
[30] and EBC methods [31].

Statistical analysis

Means and standard deviations were calculated by Microsoft 
Office Excel (Microsoft Corporation, Seattle, WA). Statisti-
cal analyses were performed by the R statistical software 
(version 3.6.0) [36] using the interface R Studio (version 
1.1.423) [37]. Significant differences across groups were 
calculated with either ANOVA (aov), Welch test (oneway.
test), or the Kruskal-Wallis test (kruskal.test) from the stats 
package (version 3.6.0) [36]. To evaluate which groups differ 
from each other, the post hoc tests pairwise t-test (pairwise.t.
test, p.adjustment = holm, pool.sd = TRUE(homogen 
variance)/FALSE(inhomogen variance)) and Dunn test 
(dunnTest, method = holm) were applied from the stats and 
FSA packages (version 0.28.27) [38]. Considering the α 
inflation with multiple testing, the p-values of the post hoc 
tests were adjusted according to the method of Holm. To 
decide in each case of the different dataset which of these 
tests fits best, normal distribution and homogeneity of vari-
ances were determined using the Shapiro-Wilk test (shap-
iro.test) and the Levene test (leveneTest, center = median) 
from the packages stats and car (version 3.0.6) [39]. Fur-
ther, response surface models were assessed by applying 
the rsm function from the rsm package (version 2.10) [40], 
and three-dimensional plots were generated with the persp 
function from the package plot3D (version 1.3) [41].

Results and discussion

Impact of the steeping temperature on the release 
of phenolic acids during malting

Malts of the two barley varieties Solist and Quench and 
the wheat variety Dacanto were produced at three different 
steeping temperatures of 10, 20, and 30 °C to study the suit-
ability of this malting parameter for styrene mitigation via 
a reduction of its precursor cinnamic acid in malts. Figure 1 
(for detailed values and statistics, see Tables S1–S3 in the 
Online Resources) summarizes the total, soluble, and free 
phenolic acid contents in these malts and wort produced 
thereof. Malts of the two barley varieties revealed that cin-
namic, but also p-coumaric and ferulic acid contents tended 
to decrease with increasing steeping temperatures. For exam-
ple, free cinnamic, p-coumaric, and ferulic acid contents in 
malts of Solist decreased by 2% from 0.97 to 0.95 mg/kg dm, 
by 8% from 1.42 to 1.30 mg/kg dm, and by 6% from 4.27 to 
4.03 mg/kg dm, with an increasing steeping temperature. For 
Quench, this decrease was even more pronounced with 31% 
from 0.72 to 0.50 mg/kg dm, 19% from 1.08 to 0.87 mg/
kg dm, and 15% from 4.12 to 3.52 mg/kg dm for free cin-
namic, p-coumaric, and ferulic acid. These results also indi-
cated that the impact of the steeping temperature seems to 
be strongest for cinnamic acid and weaker for p-coumaric 
and ferulic acid (except for cinnamic acid in Solist). Addi-
tionally, the steeping temperature seems to have a slightly 
higher impact on the free form of the phenolic acids and to 
a lesser degree on the total and soluble form. After mashing, 
again both soluble and free cinnamic acid contents tended 
to decrease with an increasing steeping temperature in wort 

Fig. 1  Total (= sum of free, 
soluble ester-bound, and insolu-
ble ester-bound), soluble (= sum 
of free and soluble ester-bound), 
and free phenolic acid contents 
of cinnamic, p-coumaric, and 
ferulic acid in dependency of 
the steeping temperature (10, 
20, and 30 °C) in malts of 
the barley varieties Solist and 
Quench and the wheat variety 
Dacanto as well as in the cor-
responding wort (50 g of malt, 
400 mL of water) produced 
thereof
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produced from the corresponding malts. For Solist, a reduc-
tion of soluble cinnamic acid in wort of 13% and for Quench 
of 16% was possible using a steeping temperature of 30 °C 
instead of 10 °C. Interestingly, this tendency was not found 
for p-coumaric and ferulic acid for which the soluble and 
free contents showed the highest amounts at 20 °C (Fig. 1). 
Thus, for the barley varieties, a higher steeping temperature 
seems to be recommendable to reduce styrene via its pre-
cursor during wheat beer brewing, despite the fact that only 
two varieties were used in the present study. Luckily, this 
would also have no severe impact onto the desired aroma 
of wheat beer, as p-coumaric and ferulic acid, precursors of 
the desired vinyl aromatics 4-vinylphenol and 2-methoxy-
4-vinylphenol, were still present at sufficient amounts.

Different from the barley varieties, total, soluble, and free 
phenolic acids in malts of the wheat variety Dacanto showed 
a concentration optimum at 20 °C. For example, in the 
case of the free phenolic acid contents, cinnamic acid was 
found with 0.67 mg/kg dm at 20 °C compared to 0.54 and 
0.61 mg/kg dm (20 and 10% lower contents) at 10 and 30 °C, 
p-coumaric acid with 1.33 mg/kg dm compared to 0.95 and 
1.05 mg/kg dm (28 and 21% lower contents), and ferulic acid 
with 4.46 mg/kg dm compared to 3.86 and 4.05 mg/kg dm 
(13 and 9% lower contents) (Fig. 1). After mashing, still the 
highest amounts of soluble p-coumaric and ferulic acid were 
found in wort produced of malts steepened at 20 °C, which 
was different for cinnamic acid, showing the lowest contents 
at this temperature. In case of soluble cinnamic acid, the 
content was 6 and 14% lower compared to the contents found 
at 10 and 30 °C. Based on these results, a steeping tempera-
ture of 20 °C seems favorable for the production of wheat 
malts from the perspective of styrene mitigation. Further, 
with a parallel increase of the desired precursors, also the 
maintenance of the typical wheat beer aroma expected by 
the consumers would be guaranteed.

In accordance with a former study [32], feruloyl esterase 
activities (Fig. 2; for detailed values and statistics, see Tables 
S1–S3 in the Online Resources), enabling the direct release 

of phenolic acids from arabinoxylan chains, did not explain 
the pattern found for the free phenolic acid contents in these 
malts produced at different steeping temperatures. Instead 
of showing a decrease with increasing steeping tempera-
tures in the barley varieties, the feruloyl esterase activity 
showed an optimum for Solist and a minimum for Quench 
at 20 °C. Also for the wheat variety Dacanto, a different 
pattern compared to the free phenolic acid contents was 
found with the lowest feruloyl esterase activity at 20 °C. 
In contrast, the same study [32] confirmed a link between 
the degradation degree of arabinoxylan and the content of 
soluble phenolic acids. Also in the present study, water-
extractable arabinoxylan contents (Fig. 2; for detailed values 
and statistics, see Tables S1–S3 in the Online Resources) 
showed the same pattern in dependence of the steeping tem-
peratures as found for the soluble and free phenolic acids 
in malts of the barley and wheat varieties (Fig. 1). Thus, 
also the water-extractable arabinoxylan contents decreased 
with increasing steeping temperatures in the barley malts 
from 0.61 to 0.56 g/100 g dm (8%; Solist) and from 0.68 to 
0.58 g/100 g dm (15%; Quench). In case of the wheat vari-
ety Dacanto, also an optimum was formed, with the highest 
water-extractable arabinoxylan content at a steeping tem-
perature of 20 °C, revealing a content of 1.56 g/100 g dm 
compared to 1.36 and 1.43 g/100 g dm (13 and 8% lower 
contents) at 10 and 30 °C (Fig. 2). Regarding the total ara-
binoxylan contents, no changes were found with respect to 
the different steeping temperatures applied (Fig. 2). This was 
in accordance with the results of a previous study performed 
by Kalb et al. [32], in which also no significant differences 
were found in the total arabinoxylan contents upon malting 
of four barley and three wheat varieties. As an explanation 
for the absence of increasing amounts, the authors quoted 
that cell walls have to be degraded during germination to 
make starch and proteins accessible for the seedling, rather 
than building up new cell walls.

According to the results of the present study, the potential 
of the steeping temperature to reduce the soluble cinnamic 

Fig. 2  Total (AXtot) and 
water-extractable arabinoxylan 
(WEAX) contents as well as 
feruloyl esterase activity (FEA) 
in dependency of the steeping 
temperature (10, 20, and 30 °C) 
in malts of the barley varie-
ties Solist and Quench and the 
wheat variety Dacanto
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acid content in wort within the applied temperature range 
can reach up to 16%. Further, the data also demonstrated that 
under these beneficial conditions, still sufficient amounts of 
the desired precursors can be expected, allowing the forma-
tion of the typical wheat beer aroma. Although clear trends 
were found related to the steeping temperature, statistics 
(Tables S1–S3 in the Online Resources) and an expected 
reduction of soluble cinnamic acid in wort of < 16% proved 
the rather small impact of the steeping temperature. How-
ever, this finding is not surprising as the temperature depend-
ency of the feruloyl esterase [42] and of enzymes responsible 
for the degradation of arabinoxylan, such as β-d-xylosidase, 
endo-1,4-β-xylanase, and α-l-arabinofuranosidase [22], 
show only tiny changes in their enzyme activities in the 
applied temperature range. Nevertheless, the steeping tem-
perature is one parameter which can be modified to reduce 
the overall styrene content in wheat beer.

Impact of the germination temperature 
in combination with the aeration rate on the release 
of phenolic acids during malting

The response surface methodology (RSM) was applied to 
simultaneously study the impact of the germination tempera-
ture and the aeration rate on the release of phenolic acids 
during malting. Therefore, 14 different malts including 4 

factorial, 4 star, and 6 central points were prepared at ger-
mination temperatures ranging from 10 to 26 °C and aera-
tion rates ranging from 15 to 35 L/min. For models with 
a coefficient of multiple determination  (MR2) ≥ 0.8 and a 
corresponding p-value < 0.05, the impact on the analytes of 
interest was considered as statistically relevant (Table 2; for 
each response surface plot, see Figures S1–S6 in the Online 
Resources). For the barley varieties Solist and Quench, it 
was proven that the germination temperature in combination 
with the aeration rate had an impact on the water-extractable 
arabinoxylan contents (Table 2). While increasing germina-
tion temperatures led to a decrease of the contents, increas-
ing aeration rates had an increasing effect (Fig. 3). Thereby, 
the impact of the germination temperature was stronger 
than the influence of the aeration rate. According to the 
data of the present study, a reduction of the water-extract-
able arabinoxylan content of approximately 35% has to be 
expected, when using sets of parameters favorable for low 
water-extractable arabinoxylan contents compared to sets 
favorable for high contents (Fig. 3). In case of the wheat 
variety Dacanto, statistics showed that the water-extractable 
arabinoxylan content was not affected by the applied param-
eters. Additionally, the statistical data also showed no impact 
on the feruloyl esterase activity independent of the barley 
and wheat varieties (Table 2). 

Table 2  Summary of the 
RSM model statistics of the 
impact of the germination 
temperature in combination 
with the aeration rate on the 
total, soluble, and free phenolic 
acid contents of cinnamic, 
p-coumaric, and ferulic acid as 
well as on the water-extractable 
arabinoxylan (WEAX) content 
and the feruloyl esterase 
activity (FEA) in malts and 
the corresponding wort of 
the barley varieties Solist and 
Quench and the wheat variety 
Dacanto

a MR2 ≥ 0.8 (r ≥ 0.9) and p-value < 0.05
b The total content was not determined due to the absence of insoluble ester-bound phenolic acids in the 
wort

Type Phenolic acid Solist Quench Dacanto

MR2 p-value MR2 p-value MR2 p-value

Malt
 Total Cinnamic acid 0.65 0.08 0.45 0.35 0.58 0.15

p-Coumaric acid 0.41 0.43 0.39 0.47 0.54 0.21
Ferulic acid 0.68 0.06 0.68 0.06 0.57 0.16

 Soluble Cinnamic acid 0.92 0.00a 0.73 0.03 0.57 0.16
p-Coumaric acid 0.74 0.03 0.62 0.11 0.21 0.83
Ferulic acid 0.30 0.65 0.43 0.39 0.56 0.18

 Free Cinnamic acid 0.85  < 0.01a 0.59 0.15 0.07 0.04
p-Coumaric acid 0.80 0.01a 0.76 0.02 0.67 0.06
Ferulic acid 0.93  < 0.01a 0.92  < 0.01a 0.80 0.01a

Wortb

 Soluble Cinnamic acid 0.85  < 0.01a 0.42 0.41 0.86  < 0.01a

p-Coumaric acid 0.47 0.31 0.35 0.54 0.31 0.63
Ferulic acid 0.79 0.01 0.81 0.01a 0.72 0.04

 Free Cinnamic acid 0.82 0.01a 0.46 0.33 0.71 0.04
p-Coumaric acid 0.39 0.46 0.22 0.80 0.64 0.09
Ferulic acid 0.87  < 0.01a 0.14 0.92 0.64 0.09

WEAX 0.95  < 0.01a 0.99  < 0.01a 0.51 0.25
FEA 0.73 0.03 0.38 0.48 0.65 0.09
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Similar to the steeping temperature, also in case of the 
germination temperature in combination with the aeration 
rate, the tendencies found for the water-extractable arabi-
noxylan contents could be linked to the dependency of the 
soluble and free phenolic acid contents on these parameters. 
For the barley varieties, also a decrease of the free phenolic 
acid contents with increasing germination temperatures was 
found, whereby the aeration rate played a secondary role 
(Figure S4 in the Online Resources). Exemplarily, compar-
ing “favorable” (cinnamic acid reduction) and “unfavorable” 
(cinnamic acid increase) parameters, a reduction of free cin-
namic, p-coumaric, and ferulic acid of roughly 70, 70, and 
50% was found in malts of Solist within the present study 
(Fig. 4). Looking at the wheat variety Dacanto, free cin-
namic and p-coumaric acid contents, again in accordance 
with the results of the water-extractable arabinoxylan con-
tents, were unaffected by the varied parameters (Table 2). 
Ferulic acid was an exception to this rule and contrarily 
showed a decrease with increasing germination tempera-
tures, which was similar to the barley varieties (Figure S4 
in the Online Resources). In comparison to the free phenolic 

acid contents, the impact of the applied parameters on the 
total and soluble phenolic acid contents in the same malts 
was rather limited (Table 2).

Mashing of the malts produced at different germina-
tion temperatures in combination with the aeration rates 
led to wort with similar trends for the soluble and free 
phenolic acid contents as found for the respective malts 
(Figures S5 and S6 in the Online Resources). More pre-
cisely, this was the case for cinnamic and ferulic acid, 
whereas for p-coumaric acid no statistical correlation was 
found (Table 2). According to the results of the present 
study, sets of favorable (cinnamic acid decrease) param-
eters led to a reduction of soluble cinnamic acid in wort 
of approximately 52 and 40% in the varieties Solist and 
Dacanto compared to unfavorable (cinnamic acid increase) 
parameters. For soluble ferulic acid contents, a smaller 
reduction of 20 and 26% was found in the varieties Solist 
and Quench (Figure S5 in the Online Resources).

Thus, the results of the present study recommend higher 
germination temperatures for the preparation of barley and 
wheat malts for wheat beer brewing. Regarding the aeration 

Fig. 3  Response surface plots for the impact of the germination temperature (°C) in combination with the aeration rate (L/min) on the water-
extractable arabinoxylan (WEAX) content in malts of the barley varieties Solist (a) and Quench (b) and the wheat variety Dacanto (c)

Fig. 4  Response surface plots for the impact of the germination temperature (°C) in combination with the aeration rate (L/min) on the free con-
tents of cinnamic acid (a), p-coumaric acid (b), and ferulic acid (c) in malts of the barley variety Solist
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rate, no final recommendation can be made, as no clear 
trends were found among the phenolic acids in malt and 
wort and, apart from that, the aeration rate seems to play 
only a secondary role in the reduction of the undesired sty-
rene precursor cinnamic acid in wheat beer. In conclusion, 
germination parameters revealed a high potential for styrene 
mitigation, since a reduction of the undesired cinnamic acid 
in wort of up to 50% was possible within the present study.

Impact of the withering temperature 
during kiln‑drying on the release of phenolic acids 
during malting

Four different withering temperatures (30, 40, 50, and 60 °C; 
applied isothermally to enable the comparability of the data 
related to specific temperatures) were applied during malt-
ing of the barley varieties Solist and Quench and the wheat 
variety Dacanto to evaluate the impact of kiln-drying on the 
release of the precursors of the desired and undesired vinyl 
aromatics during malt production. Based on the temperature 
optima (varying between 40 and 70 °C) of the arabinoxylan-
degrading enzymes [22] and of the feruloyl esterase [42], 
responsible for the direct release of phenolic acids from this 
non-starch polysaccharide structure, the withering tempera-
ture was expected to have the most pronounced impact on 
the release of the phenolic acids during malting among the 
malting parameters evaluated in the present study, as the 
temperatures applied during kiln-drying represent the range 
showing the biggest differences in the respective enzyme 
activity. In fact, the results of the present study confirmed 
this expectation (Fig. 5; for detailed values and statistics, see 
Tables S4–S6 in the Online Resources). In malt, free phe-
nolic acid contents were found to be highest at a withering 

temperature of 60 °C and lowest at 30 °C. For the barley 
varieties Solist and Quench, a moderate increase was found 
for the free cinnamic, p-coumaric, and ferulic acid contents 
from 30 to 50 °C, followed by a dominant increase from 50 
to 60 °C. Interestingly, the impact was more pronounced 
for cinnamic and p-coumaric acid as for ferulic acid. Com-
paring the amounts of free phenolic acids at 30 (favorable) 
and 60 (unfavorable) °C, the withering temperature had the 
power to decrease the contents of cinnamic acid by 76 and 
84%, of p-coumaric acid by 72 and 80%, and of ferulic acid 
by 29 and 33% in malts of Solist and Quench (Fig. 5). For 
the wheat variety Dacanto, the increase of the free phenolic 
acid contents was found to be less distinct than for the bar-
ley varieties, especially the pronounced increase from 50 to 
60 °C was not present in the wheat variety. Still, with respect 
to the analyzed wheat variety, decreases in the free phenolic 
acid contents of 67, 21, and 24% for cinnamic, p-coumaric, 
and ferulic acid were possible comparing the contents at 30 
(favorable) and 60 (unfavorable) °C (Fig. 5).

Looking at the total and soluble phenolic acid contents 
in malts (Fig. 5), the impact of the withering temperature 
was less pronounced, which was in accordance with the 
results of the steeping temperature as well as of the germi-
nation temperature in combination with the aeration rate. 
At a first glance, this statement seemed to be in conflict 
with the pattern found for cinnamic acid; however, it was 
the consequence of the occurrence of cinnamic acid mostly 
in its free form. Also in a former study [35], the free form 
of cinnamic acid was the most dominant form in malts, 
which was explained by the fact that cinnamic acid only 
plays the role of an intermediate in the phenyl propanoid 
metabolism leading to the formation of further phenolic 
acids, e.g., p-coumaric, ferulic, and sinapic acid [14, 15]. 

Fig. 5  Total (= sum of free, 
soluble ester-bound, and insolu-
ble ester-bound), soluble (= sum 
of free and soluble ester-bound), 
and free phenolic acid contents 
of cinnamic, p-coumaric, and 
ferulic acid in dependency of 
the withering temperature (30, 
40, 50, and 60 °C) in malts of 
the barley varieties Solist and 
Quench and the wheat variety 
Dacanto as well as in the cor-
responding wort (50 g of malt, 
400 mL of water) produced 
thereof
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A comparison of the total, soluble, and free cinnamic acid 
contents in malts (Fig. 5) further revealed that enzymatic 
degradation processes, leading to soluble and free phenolic 
acids, are not solely able to explain all the concentration 
changes found in dependency of the varied withering tem-
peratures. As most of the differences found in the total and 
soluble contents were caused by the free form in both grain 
types, which was not the result of the feruloyl esterase activ-
ity as already explained above, proven by the absence of 
considerable amounts of insoluble or soluble ester-bound 
cinnamic acid contents, a formation of cinnamic acid via 
the phenyl propanoid metabolism is very likely. Therefore, 
also the biosynthesis of phenolic acids has to be considered 
to explain changes in phenolic acid contents caused by the 
different malting parameters.

To estimate to which extent arabinoxylan-degrading 
enzymes contribute to the release of phenolic acids based 
on the varied parameter, the water-extractable arabinoxylan 
content can be used. For the barley variety Solist, an increase 
of the water-extractable arabinoxylan content by about 25% 
from 0.39 to 0.49 g/100 g dm (Fig. 6) was found with an 
increasing temperature from 30 to 60 °C. For Quench, the 
temperature with the highest water-extractable arabinoxylan 
content was 50 °C (0.68 g/100 g dm), while the contents 
were at maximum 24% lower at the other temperatures. For 
the wheat variety Dacanto, statistical data revealed that the 
water-extractable arabinoxylan content was unaffected by the 
withering temperature (Table S6 in the Online Resources). 
Therefore, arabinoxylan-degrading enzymes cannot be used 
to explain the differences in the contents of > 24%. With 
overall differences of up to 84%, this fact underlines that 
arabinoxylan-degrading enzymes are only one of the factors 
explaining the overall changes. For the feruloyl esterase, the 
withering temperature had no effect on its activity in malts 
of the barley variety Solist (Fig. 6 and Table S4 in the Online 
Resources). In contrast, for both the barley variety Quench 
and the wheat variety Dacanto, the highest feruloyl esterase 
activity was found in malts withered at 50 °C with 7.63 and 

3.87 U/g dm, respectively. Comparing the activities at 30, 
40, and 60 °C to the temperature optimum of the enzyme at 
50 °C, activities were < 41% lower.

With respect to the withering temperature, mashing 
of all three varieties led to wort with a similar pattern of 
soluble and free cinnamic acid contents compared to the 
applied malts (Fig. 5). For the barley varieties, the highest 
contents of cinnamic acid were found at 60 °C and for the 
wheat variety at 50 and 60 °C. Comparing the contents at a 
withering temperature of 30 (favorable) and 60 (unfavora-
ble) °C, this parameter had the power to reduce the soluble 
cinnamic acid content by 72, 69, and 46% in the respective 
wort of Solist, Quench, and Dacanto. For Solist, also the 
desired precursors had their highest contents in wort pro-
duced from malts withered at 60 °C. Again, in accordance 
with the malts, only tiny differences were found between the 
withering temperatures of 30, 40, and 50 °C, whereat the 
most distinctive increase was found between 50 and 60 °C 
(Fig. 5). Therefore, in case of Solist, a correlation was given 
for the soluble and free contents between wort and the corre-
sponding malts. Comparing the contents at 30, 40, and 50 °C 
to the content at 60 °C, a reduction of soluble cinnamic acid 
was accompanied by a reduction of p-coumaric and ferulic 
acid of up to 51 and 31%. With regard to the soluble and free 
p-coumaric and ferulic acid contents in wort of the barley 
variety Quench and the wheat variety Dacanto, the highest 
contents were found at a withering temperature of 50 °C 
(negligible for ferulic acid in Dacanto) (Fig. 5 and Table S6 
in the Online Resources). This was quite different to the 
pattern found for the corresponding malts and seemed to be 
a consequence of the feruloyl esterase activity, still active 
after kiln-drying, which had its temperature optimum in the 
malts of Quench and Dacanto at 50 °C (Fig. 6). Another 
evidence for this assumption was the absence of this effect in 
the case of Solist, where no significant impact was found on 
the feruloyl esterase activity in dependency of the withering 
temperature (Table S4 in the Online Resources). Comparing 
unfavorable with favorable conditions related to cinnammic 

Fig. 6  Total (AXtot) and 
water-extractable arabinoxylan 
(WEAX) contents as well as 
feruloyl esterase activity (FEA) 
in dependency of the withering 
temperature (30, 40, 50, and 
60 °C) in malts of the barley 
varieties Solist and Quench and 
the wheat variety Dacanto
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acid reduction, also a reduction of the soluble desired p-cou-
maric and ferulic acid contents of up to 49 and 14% for 
Quench and 34 and 8% for Dacanto has to be considered.

From the perspective of styrene mitigation in wheat beer 
via its precursor cinnamic acid, low withering temperatures 
are recommended during malt production according to the 
results of the present study. Concerning the desired pre-
cursors, sufficient amounts allowing the formation of the 
distinct aroma in wheat beer brewed from these malts can 
still be expected, although favorable conditions could reduce 
the p-coumaric acid content by up to 51% and the ferulic 
acid content by up to 31%. With the power to reduce the sol-
uble cinnamic acid content in wort by up to 72%, the with-
ering temperature was proven to have the strongest impact 
on the formation and release of the desired and undesired 
precursors of the vinyl aromatics during malt production 
among the parameters analyzed within this study, underlin-
ing its importance as a tool for styrene mitigation.

Impact of the kilning temperature on the release 
of phenolic acids during malting

In a former study comparing dark and pale wheat beers [10], 
significantly lower concentrations of the desired and unde-
sired vinyl aromatics were analyzed in dark wheat beers. 
Further, a nearly complete decarboxylation of the free pre-
cursors was found in both types. With these analyte pattern 
at hand and considering that both types were brewed with 
the same original gravity, it was assumed that phenolic acid 
contents in dark malts were significantly reduced via thermal 
decarboxylation as a consequence of the high temperature 

applied during kiln-drying. This assumption was based on 
the results of the study of Samaras et al. [43], who showed 
that high kilning temperatures, used for the production of 
dark malts, led to a massive decrease of the free phenolic 
acid contents in the respective malts. However, according 
to the results of the present study, thermal decarboxylation 
is only one of the factors responsible for the lower vinyl 
aromatic contents in dark wheat beers. Malts of the barley 
varieties Solist and Quench and the wheat variety Dacanto 
kilned at 80 (pale) and 200 (dark) °C revealed that the total, 
soluble, and free phenolic acid contents were only slightly 
affected by the higher kilning temperature of 200 °C com-
pared to 80 °C (Fig. 7; for detailed values and statistics, see 
Tables S4–S6 in the Online Resources).

Different to the malts, soluble and free phenolic acid 
contents were highly affected in wort. However, the slightly 
lower contents in the malts were not enough to explain the 
significant reductions in the corresponding wort (Tables 
S4–S6 in the Online Resources). In contrast, the absence of 
additional biosynthesis that is normally found for cinnamic 
acid, unusual low transfer rates of already soluble phenolic 
acids, and the lack of an additional release of p-coumaric 
and ferulic acid by the feruloyl esterase during mashing were 
found to cause the low phenolic acid contents in wort. A hint 
for the explanation of this observation might be given by 
the missing feruloyl esterase activity in malts produced at 
200 °C, suggesting that also other enzymes involved in the 
biosynthesis and the degradation of non-starch polysaccha-
rides were affected by the high kilning temperatures applied. 
This finding fits also to the bad filtration behavior found 
during mashing of dark malts in the present study.

Fig. 7  Recovered total (= sum 
of free, soluble ester-bound, and 
insoluble ester-bound), soluble 
(= sum of free and soluble 
ester-bound), and free phenolic 
acid contents as well as total 
(AXtot) and water-extractable 
arabinoxylan (WEAX) contents 
and feruloyl esterase activity in 
dark malts (withering tempera-
ture, 50 °C; kilning temperature, 
200 °C) in comparison to pale 
malts (withering temperature, 
50 °C, kilning temperature, 
80 °C) of the barley varieties 
Solist and Quench and the 
wheat variety Dacanto. The red 
line represents a recovery of 
100%
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Table 3  Malt analysis to determine the usability of the prepared malts for wheat beer brewing (green: parameter fulfills specifications, yellow: 
parameter within extended range, red: parameter outside of specifications)

V
ar

ie
ty

 

Specification parametera Standard 
rangeb 

Extended 
rangeb 

R
ef

er
en

ce
c

Steeping 
temperature 

(°C) 
 Germination temperature (°C)/aeration rate (L/min)  

Withering temperature 
(°C) 

10 20 30 10/25 12/18 12/32 18/15 18/25 18/35 24/18 24/32 26/25 30 40 50 60 

nd = 1 2 2 2 1 1 1 1 6 1 1 1 1 1 1 1 1 

So
lis

t 

Moisture 
content 

(%) 3.0 - 5.0  
(up to 
5.8) 

5.6  4.3 4.5 4.5  4.7 4.5 4.6 4.7 4.6 4.8 4.7 4.9 4.5  5.7 5.1 4.8 4.7 

Extracte (%) 79 - 82 (-) 80.8 79.7 79.8 79.5 83.7 83.3 82.9 81.5 81.6 81.4 80.8 81.5 80.5 79.1 79.4 80.0 80.4

Color (EBC) ≤ 4.0f (4.1 - 
5.0) 

4.4 5.5 5.4 4.9 4.7 5.2 4.9 6.3 5.3 5.4 6.4 5.9 6.6 4.1 4.4 5.4 5.9 

pH-value (-) 
5.85 - 
5.90  

(5.60 - 
6.20) 

5.84 6.05 5.96 6.05 6.08 6.10 6.05 6.15 6.07 6.14 6.06 6.12 6.12 6.01 6.03 6.08 6.04

Total 
proteine (%) 

10.5 - 
11.5 

(8.0 - 
13.0) 

9.9 11.0 11.2 11.3 10.9 10.7 10.7 11.4 10.8 10.7 11.4 11.2 11.7 11.9 11.6 11.5 11.4

Kolbach 
index 

(%) 35 - 45 (-) 41 40 40 39 50 49 48 41 42 43 43 41 39 34 36 39 42 

FANe (mg/100g) 
120 - 
160 

(-) 129 126 124 105 209 202 188 138 145 152 150 125 120 115 122 143 147

Sol. β-
glucane (mg/100g) 

50 - 
1100 

(-) 84 47 45 101 75 48 53 49 57 58 44 38 71 202 207 211 219

Q
ue

nc
h 

Moisture 
content 

(%) 3.0 - 5.0  
(up to 
5.8) 

5.6 4.3 4.4 4.6 4.5 4.3 4.6 4.5 4.5 4.8 4.6 4.8 4.5 5.1 4.7 4.4 4.2 

Extracte (%) 79 - 82 (-) 80.8 81.7 80.7 81.8 84.5 83.9 83.9 81.6 82.2 81.8 81.3 79.1 80.3 80.4 80.7 81.6 81.9

Color (EBC) ≤ 4.0f (4.1 - 
5.0) 

4.4 4.2 4.2 4.3 3.6 4.7 3.7 5.6 4.3 3.8 4.8 5.1 5.2 3.6 3.9 4.5 5.0 

pH-value (-) 
5.85 - 
5.90  

(5.60 - 
6.20) 

5.84 6.12 6.04 6.14 6.02 6.09 6.04 6.18 6.12 6.20 6.22 6.13 6.24 6.14 6.12 6.11 6.15

Total 
proteine (%) 

10.5 - 
11.5 

(8.0 - 
13.0) 

9.9 9.4 9.6 9.4 9.0 9.1 9.1 9.4 9.1 9.1 9.4 9.2 9.5 10.4 10.1 10.2 10.2

Kolbach 
index 

(%) 35 - 45 (-) 41 38 37 36 54 48 48 37 38 39 36 37 35 36 36 35 36 

FANe (mg/100g) 
120 - 
160 

(-) 129 91 90 79 199 173 158 101 106 109 89 89 77 98 104 108 113

Sol. β-
glucane (mg/100g) 

50 - 
1100 

(-) 84 61 69 149 71 37 52 40 47 53 59 31 161 209 221 253 258

D
ac

an
to

 

Moisture 
content 

(%) n.a.g n.a.g 5.9 5.0 5.2 5.3 5.4 5.2 5.3 5.3 5.3 5.4 5.4 5.5 5.3 5.8 5.2 4.9 4.9 

Extracte (%) n.a.g n.a.g 82.9 83.1 84.5 83.1 85.3 86.8 85.8 87.0 86.5 85.9 85.1 85.8 86.0 83.7 84.6 84.5 85.1

Color (EBC) n.a.g n.a.g 4 5.3 5.5 5.5 3.7 5.1 3.8 6.5 4.7 4.0 5.4 5.9 5.4 4.2 4.8 5.4 6.2 

pH-value (-) n.a.g n.a.g 6 6.19 6.01 6.18 6.31 6.23 6.20 6.20 6.21 6.22 6.21 6.22 6.10 6.19 6.18 6.14 6.18
Total 
proteine (%) n.a.g n.a.g 12.3 12.4 12.5 12.4 12.2 12 12.2 12.5 12.1 11.7 12.6 12.4 12.8 12.9 12.5 12.5 12.4

Kolbach 
index 

(%) n.a.g n.a.g 37 38 39 54 32 48 35 58 48 45 53 55 54 41 44 43 45 

FANe (mg/100g) n.a.g n.a.g 70 57 63 65 67 85 66 78 69 69 64 67 62 64 73 68 75 

Sol. β-
glucane (mg/100g) n.a.g n.a.g 43  67 61 68  62 55 67 61 66 67 48 53 72  65 63 67 64 

a Average relative standard deviation in dependency of malting: moisture content 2.8%, extract 1.3%, color 5.6%, pH value 0.8%, total protein 
content 2.0%, Kolbach index 4.3%, FAN 6.6%, and soluble β-glucan content 8.6%
b Standard range and extended range of specifications for Pilsner type malts according to  MEBAK® [30] and Krüger and Anger [44]
c Commercial Pilsner malt and wheat malt
d Malt replicates
e Values related to dry mass
f Referred to pale malt
g Specifications are not available for wheat malt
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Specifications of applied malts

To determine to what extent these possible new styrene 
mitigation strategies can be applied to wheat beer brew-
ing, malts were tested if they fulfill certain specifications. 
Addressing this challenge, malt samples prepared within 
this study were analyzed for the quality determining param-
eters moisture content, extract, color, pH value, total pro-
tein content, Kolbach index, FAN (free amino nitrogen), and 
soluble β-glucan content using the standard brewing meth-
ods described by  MEBAK® [30] (Table 3). Malts prepared 
from the barley variety Solist matched the standard values 
defined by  MEBAK® [30] and Krüger and Anger [44] in 
each case of the 16 different experimental settings. Only at 
a steeping temperature of 30 °C or a withering temperature 
of 30 °C, the FAN content was slightly too low (105 and 
115 mg/100 g, respectively). For the barley variety Quench, 
again most of the parameters indicated that the respective 
malts had a high brewing potential. Indeed, the FAN values 
were too low to guarantee the sufficient sustenance of yeast 
with essential nutrients during fermentation. This seemed to 
be a characteristic of this variety and can also be explained 
by the lower total protein content. However, this should not 
limit the applicability of these malts at first instance, and 
thus, the significance of the gained knowledge for styrene 
mitigation, as it is a common practice in the malting indus-
try to blend malts with different specifications to match the 
requirements of a distinct beer type.

Based on the fact that the standard malt quality values 
are defined for Pilsner malts, malts prepared from the wheat 
variety Dacanto were compared to a commercial wheat 
malt used for beer brewing, again showing high accord-
ance of the values. Thus, also for the wheat malts prepared 
within this study, their potential for wheat beer brewing 
could be shown. In conclusion, malts prepared within this 
study showed a high conformance with standard malt qual-
ity values and values from commercial malts, highlighting 
their applicability for wheat beer brewing, and therefore, 
underlining malting as an important tool within a strategy 
for styrene mitigation.

Studies how malting parameters affect the content of phe-
nolic acids in malts of barley and wheat are scarcely avail-
able. A study by Szwajgier et al. [45], addressing the impact 
of the pH value of the steeping water and the temperature 
applied during steeping and germination on the release of 
the free desired phenolic acids during malting, showed that 
a reduced pH value of the steeping water of pH 5.2 com-
pared to 7.4 during malting of barley (varieties: Rudzik 
and Krona) resulted in an increase of the content of free 
p-coumaric and ferulic acid by approximately 200–300%. 
Further, they attested an increase of these phenolic acids by 
160–210% when increasing the temperature during steeping 

and germination from 14 to 22 °C. However, these results 
were in conflict with a study of Langos et al. [24], who var-
ied the germination temperature between 12 and 18 °C, with 
nearly no effect on the free phenolic acid contents in barley 
malts (variety: Marthe) (cinnamic, p-coumaric, and ferulic 
acid: 1.17, 1.17, and 3.24 mg/kg dm at 12 °C; 1.04, 1.15, 
and 3.29 mg/kg dm at 18 °C), and, in line with the results 
of the present study, with slightly decreasing contents with 
an increase of the germination temperature for wheat malts 
(variety: Hermann) (cinnamic, p-coumaric, and ferulic acid: 
0.61, 0.84, and 2.54 mg/kg dm at 12 °C; 0.54, 0.69, and 
2.41 mg/kg dm at 18 °C). Additionally, Langos et al. [24] 
showed that an prolongation of the germination time from 
5 to 7 days led to an increase of the free phenolic acid con-
tents in barley malts (cinnamic, p-coumaric, and ferulic acid: 
0.85, 0.84, and 2.94 mg/kg dm at 5 days; 1.19, 1.07, and 
3.50 mg/kg dm at 7 days), whereas no clear trend was found 
in wheat malts (cinnamic, p-coumaric, and ferulic acid: 0.45, 
0.83, and 2.35 mg/kg dm at 5 days; 0.48, 0.65, and 2.68 mg/
kg dm at 7 days).

In summary, the results of the present study proved the 
ability of the malting parameters steeping temperature, ger-
mination temperature in combination with the aeration rate, 
withering temperature, and kilning temperature to lower 
the input of the styrene precursor cinnamic acid into the 
brewing process. The lab-scale experiments also revealed 
promising perspectives regarding the malts prepared in this 
study fulfilled most of the malt quality specifications for 
brewing. With the capacity to lower the soluble cinnamic 
acid content in wort by up to 72%, the withering tempera-
ture during kiln-drying had the strongest impact among the 
malting parameters evaluated in the present study, followed 
by the germination temperature together with the aeration 
rate, showing a reduction capacity of up to 52%, and the 
steeping temperature having the lowest impact with a maxi-
mum reduction capacity of 16%. In dark wheat beers, the 
kilning temperature proved to be another important factor, 
with the capacity to reduce styrene also by up to 72%. Con-
ditions, favorable for lower cinnamic acid contents, also had 
a reducing effect on the contents of the desired precursors. 
While p-coumaric acid derives mainly from barley malts, 
the potential regarding ferulic and cinnamic acid is quite 
equal to malts from barley and wheat [35]. However, the cor-
responding wort was found to have still sufficient amounts 
of p-coumaric and ferulic acid to allow the formation of the 
distinct aroma of wheat beer expected by the consumers.
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