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 1 

Abstract: 2 

Malt is the major source of iron (Fe) and copper (Cu) in wort and beer and the main uptake of Fe 3 

and Cu ions happens during mashing. Past research has indicated that the mineral composition of 4 

sweet wort primarily depends on the ion removal rate during mash filtration. In this study, the 5 

capacity to remove Fe and Cu during mashing has been evaluated. Each metal was added (50 µM) 6 

at the beginning of congress mashings and the final concentrations in sweet wort were determined 7 

using inductively coupled plasma optical emission spectroscopy (ICP-OES). There was little to no 8 

difference between the samples spiked with Fe and the blanks when using pure pilsner malt, 9 

suggesting that there is an efficient binding of Fe in the spent grains. A significant, but not complete, 10 

removal was also observed for Cu-spiked samples. Mashing with roasted malt showed decreased 11 

removal of Fe while removal of Cu was increased. The effects of addition of high metal 12 

concentrations during mashing on the oxidative stability of the sweet wort were evaluated using 13 

electron spin resonance (ESR) spectroscopy and oxygen consumption. It was concluded that the 14 

spent grains have an important leveling effect on the final Fe and Cu concentrations in sweet wort, 15 

which also levels the effects on oxidative reactions. 16 

 17 
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In contrast to wine, changes in beer flavor during storage are generally negatively conceived and 1 

unwanted 1. These changes include both deterioration of flavor and formation of off-flavors2,3. 2 

While the storage and handling of the final beer are critical, all the steps in the brewing process 3 

affect the beer flavor stability, including the quality of raw materials and the initial stages of brewing  4 

3. Oxidative reactions are one of the main causes of beer flavor instability. In the presence of oxygen, 5 

reactive oxygen species (ROS) are formed in transition metal catalyzed reactions such as the Fenton 6 

reaction4,5. In beer, the intermediate highly reactive hydroxyl radical reacts with ethanol to form the 7 

1-hydroxylethyl radical6. The latter can either further oxidize to acetaldehyde or react with hop 8 

bitter acids to affect the beer flavor5. Even though there is no ethanol present during the early stages 9 

of brewing, the oxidative stability of wort can be correlated to the stability of the resulting beer7. 10 

Iron (Fe), copper (Cu), and manganese (Mn) ions act as catalyst in the formation of ROS, and their 11 

levels should be minimized throughout the whole brewing process8. However, other metal ions are 12 

required in certain concentrations, for example calcium due to its stabilizing effect on amylase 13 

activity, and zinc (Zn) due to its positive effect on fermentation performance9. 14 

Metal ions in beer can originate from processing or storage, as exemplified by the intake of iron 15 

during filtration and the leakage of aluminum in cans10,11. Nevertheless, the main source of Fe, Cu, 16 

and Mn in beer brewing are the raw materials 8,12. In a study by Wietstock et. al., malt accounted 17 

for over 94 % of the total amounts of iron and copper present during the whole brewing process. 18 

Notably, the major amounts of these metals did not end up in the sweet wort, but were removed 19 

together with the spent grains during lautering. This makes mashing the critical step where the 20 

metal levels in wort and eventually the final beer are mainly established. Frederiksen et. al. reported 21 

that an addition of Fe(II) during mashing had no influence on the final iron concentration of a sweet 22 

wort made from pilsner malt indicating a possible metal-levelling effect13. The malt bill has a big 23 

influence on the ionic composition of the resulting sweet wort, and using roasted malts increases 24 

the wort concentration of Fe, but decreases the concentration of Cu compared to using pilsner 25 

malts14,15.  26 

The rate of oxidation mechanisms in beer and wort can be analyzed by spin trap assisted electron 27 

spin resonance (ESR) spectroscopy6,16. In forced ageing experiments, short-lived radicals generated 28 

in the sample form stable adducts with a spin trap, which are detectable by ESR. The rate of 29 

formation of these spin adducts can be used to evaluate the influence of malt bill or metal 30 
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composition on the flavor stability of the finished product. Increasing levels of Fe, Cu, and Mn cause 1 

faster radical formation in wort and beer due to their catalytic effect. Jenkins et. al. demonstrated 2 

that already 10 ppb of iron can influence a beer’s oxidative stability17. In addition, using roasted 3 

malts in beer production has generally been found to lead to higher rates of radical formation, most 4 

likely due to higher concentrations of reducing compounds that are able to retain the trace levels 5 

of Fe, Cu and Mn in their low oxidation states, which catalyze the formation of ROS7,15.  6 

In this study, the effects of malt roasting on sweet wort metal concentrations and on the retention 7 

of iron and copper during mashing have been evaluated. Congress worts were produced with pure 8 

malts as well as mixtures of pale and roasted malts. Soluble Cu(II) and Fe(II) were added during the 9 

beginning of mashing in order to assess the different spent grains’ metal removal capacities based 10 

on the procedure used for iron by Frederiksen et. al.13. The resulting sweet wort ionic compositions 11 

were related to the oxidation rates measured by rate of radical formation during elevated 12 

temperature forced ageing and rate of oxygen consumption at room temperature. 13 

 14 

 15 

Materials and methods 16 

Chemicals 17 

Hydrogen peroxide (20%), nitric acid (65%), α-(4-Pyridyl N-oxide)-N-tert-butylnitrone (POBN), 18 

2,2,6,6-Tetramethyl-1-piperidinyloxyl (TEMPO), and ICP multi-element standard solution IV 19 

(including Fe, Cu, Zn and Mn at 1000 mg/L concentrations) were purchased from Sigma-Aldrich (St. Louis, 20 

MO, USA). Iron(II) sulfate heptahydrate and Copper(II) sulfate pentahydrate were obtained from 21 

Acros Organics (Geel, Belgium). Ethanol (96%) was purchased from Kemetyl (Køge, Denmark). 22 

Malt and Roasting 23 

The base malt used in this study was an organic pilsner malt (two-row spring barley (Hordeum 24 

vulgare), Weyermann, Bamberg, Germany). Roasting of pilsner malt was carried out in accordance 25 

to Hoff et. al. 15. The malt was spread in a single layer on a tray covered with baking paper and 26 
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heated in an oven (RATIONAL SCC, Jopke Gastronomie- und Kältetechnik, Neuruppin) for 50 min at 1 

125 °C or 190 °C, respectively. 2 

Mashing 3 

Mashing was carried out using the three pure malts (1 unroasted, 2 roasted) and the following 4 

mixtures: 90% pilsner malt mixed with 10% malt roasted at 125°C, 90% pilsner malt mixed with 10% 5 

malt roasted at 190°C, and 10% pilsner malt mixed with malt roasted at 190°C. The EBC congress 6 

mash standard method was applied with modifications, using a  MA-001 Mashing Apparatus (Lg-7 

automatic ApS, Frederiksværk, Denmark)18. Finely ground malt (50 g) was mashed in at 46 °C with 8 

200 mL of deionized water. After 30 min of stirring, the temperature was elevated to 70 °C over a 9 

period of 30 min, and held constant for 60 min. The samples were cooled to room temperature 10 

during a 20 min period and made up to exactly 450 g with deionized water. The suspensions were 11 

filtered through an open-folded filter (#614 1/4, Macherey-Nagel, Germany) where the first 100 mL 12 

were recycled. Wort color, pH, and extract were determined according to the Analytica EBC 13 

methods 18, and the samples were stored frozen in Falcon tubes at -20 °C. The mashings were carried 14 

out in triplicates. 15 

For mashings with metal additions, stock solutions (4000 µM) of CuSO4·5H2O and FeSO4·7H2O were 16 

prepared. 5 mL of a stock solution were added at the beginning of mashing in order to achieve an 17 

50 µM concentration of added copper or iron in the final mash volume of 400 mL. 18 

Rate of radical formation in sweet wort 19 

ESR spectra were recorded according to Frederiksen et. al. with modifications with a Miniscope MS 20 

200 X-band spectrometer (Magnettech GmbH, Wertheim, Germany)13. The settings used were as 21 

follows: microwave power, 10 mW; sweep width, 95.9 G; modulation frequency, 1000 mG; and 22 

sweep time, 60 s. All spectra, consisting of single scans, were recorded at room temperature. The 23 

amplitudes of the spectra were measured and are reported as the height of the central doublet 24 

relative to the height of the central line in the ESR signal of an aqueous TEMPO solution (2 μM). The 25 

TEMPO standard was measured as the first and last sample of the day. A 600 µM solution of the 26 

spin trap α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) in 96 % ethanol was prepared. The spin 27 

trap solution (100 µL) were added to 1.9 mL of wort, resulting in a final concentration of 30 µM of 28 
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POBN and 5 % ethanol. The reaction mixture was stirred at room temperature for 10 min. 1 

Afterwards, samples were heated in a water bath at T = 60 °C for 90 min and the oxidative stability 2 

recorded as the increase in spin adducts.  3 

Oxygen Consumption 4 

Oxygen consumption was measured with a HQ 30d Luminescent Dissolved Oxygen (LDO) sensor 5 

(Hach Lange, Düsseldorf, Germany), which was initially calibrated against demineralized water 6 

saturated with air, at 25 °C. 20 mL of wort sample that had been saturated with atmospheric air for 7 

2 min were transferred to a 25 mL glass tube. The sensor was inserted, and the oxygen concentration 8 

measured in the airtight system at 25°C every 5 min for 8 h. 9 

Metal content 10 

Sweet wort samples were acid digested using the solvents and temperature program described by 11 

Wietstock et. al. 12 with an additional 1:1 dilution with ultrapure water in order to decrease the final 12 

acid concentration. The metal ion concentrations were subsequently determined using Inductively 13 

Coupled Plasma – Optical Emission Spectrometry (ICP-OES) (Optima 5300 DV, PerkinElmer, USA) 14 

following the instrumental setting listed in Hansen et. al. 19.   15 

Statistical analysis of data 16 

Means, standard deviations, and paired t-tests were carried out using Microsoft Excel (Redmond, 17 

WA, USA). The significance level was p < 0.05. 18 

  19 
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Results and discussion 1 

Roasted malt samples were produced by roasting a pilsner malt at either 125°C or 190°C. It is 2 

assumed that the roasting does not affect content of minerals in the grains, and therefore the two 3 

roasted malts should have the same mineral levels as the base pilsner malt.  Sweet worts produced 4 

from the malts by the EBC congress mash procedure, had in accordance with previous findings, 5 

colors that increased with roasting while the wort pH decreased from 5.9 in pilsner wort to 4.9 in 6 

wort made from malt roasted at 190°C (Table 1)15,20. The extract levels were similar in the pilsner 7 

and 125 °C roasted malt worts, whereas the 190°C roasted malt had a particularly low extract 8 

content (3.0 ± 0.7 °P) due to the impaired enzymatic activity.  9 

 10 

Transition metal ion levels in sweet wort 11 

The levels of Fe, Cu, Mn and Zn in the sweet worts made from pure malts and malt mixtures were 12 

determined by ICP-OES (Table 2). The concentrations of the four minerals in the pilsner wort were 13 

within the expected ranges observed during a brewing process8. Malt roasted at 190°C gave higher 14 

concentrations of iron, zinc and manganese in the sweet wort than the pilsner malt. The opposite 15 

trend was seen for copper, where the concentration was lowest in the darkest wort. The metal levels 16 

in sweet wort made from malt roasted at 125°C were either between (Cu and Mn) the 17 

aforementioned extremes or not significantly different (Fe and Zn) from the 190°C roasted malt 18 

wort. Similar effects of malt roasting have previously been observed for iron and copper 15,21.  19 

 20 

In beer brewing roasted malts are always used in combination with a base malt such as pilsner malt, 21 

and the sweet wort metal levels were therefore examined by mashing three mixtures of malts: 90% 22 

pilsner malt with 10% malt roasted at 125°C, 90% pilsner malt with 10% malt roasted at 190°C, and 23 

10% pilsner malt with 90% malt roasted at 190°C. The majority of resulting wort metal 24 

concentrations were not significantly different (p<0.05) from the predicted levels assuming the 25 

mineral concentrations follow a simple linear combination of the levels in the worts made from the 26 

individual pure malts (Table 2). This suggests that each malt contributes a specific amount of the 27 

investigated metals to the total sweet wort levels, and apparently exclude interactions between the 28 
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malts where for example the pilsner spent grains would absorb the additional Fe that could be 1 

extracted from the roasted malt grains.  2 

 3 

Holzmann et. al. have reported an increase in iron, manganese, and zinc in wort when gradually 4 

decreasing the mashing pH from 6.35 to 5.00 22. The decrease in wort pH which follows the degree 5 

of roasting of the malt could contribute to the higher levels of these three metals in the darker single 6 

malt worts seen in this study (Table 1 and 2).  Other factors besides pH also appear to be important, 7 

as highlighted by the worts made from mixtures of malts. For example, the two worts made from 8 

90% Pilsner malt and 10% of one of the roasted malts and the wort made from pure malt roasted 9 

at 125°C all had similar pH (5.6 - 5.8) (Table 1 and Supplementary material, table 1). However, the 10 

iron concentrations were significantly lower in the two mixed malt worts (1.19 and 1.47 µM) than 11 

in the 125°C roasted malt wort (2.18 µM) (Table 2). 12 

 13 

Metal addition during mashing 14 

Frederiksen et al. showed that the addition of iron(II) during the congress mashing of a pilsner malt, 15 

did not affect the resulting total iron content in the sweet wort. Two different mechanisms can 16 

account for this finding. Either the malt grains are able to efficiently bind iron and the added iron(II) 17 

is removed with the spent grains. Another possibility is that iron(II) is oxidized to iron(III) during the 18 

aerobic conditions of laboratory congress mashing and precipitated as Fe(III)-oxides, as the solubility 19 

of Fe(III) oxides and hydroxides are strongly pH-dependent with the lowest solubility around neutral 20 

pH 23,24. In order to test whether added metal ions are precipitating during mashing and physically 21 

removed during lautering, a recovery experiment was carried out. Pilsner worts were spiked with 22 

Fe(II) or Cu(II) (50 µM final concentrations), and allowed to equilibrate for 30 min at room 23 

temperature. The added amounts of Fe and Cu, which are approximately 10-50 times higher than 24 

the original levels of the respective metals, were chosen in order to have the metals in significant 25 

excess in accordance to Frederiksen et al.13. After filtering through the same type of paper filter as 26 

applied in the standard procedure, the metal concentrations in the filtered worts showed that all 27 

the added metals were present in the wort. The recovery rates were 110 % for iron and 102 % for 28 

copper; the elevation is most likely due impurities introduced by the extra filtration step. The data 29 

indicate that iron and copper even at 50 µM concentrations remain soluble in the sweet wort. 30 
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Therefore, the leveling of iron during mashing observed by Frederiksen et al. was most likely not 1 

caused by low solubility, but rather by binding and removal of the iron with the spent grains. To 2 

further test this hypothesis, we spiked a pilsner sweet wort sample and a pure water sample with 3 

50 µM concentrations of iron(II).  A simple lautering was simulated by filtering the samples through 4 

spent grains using the same wort/grains ratio as during a standard congress mashing. The iron 5 

concentration was reduced to 12.7 µM in the filtered water sample, representing a quarter of its 6 

original value. In the filtered pilsner wort, the resulting concentration was 25.6 µM, only about half 7 

of the spiked level. The experiment supports the hypothesis that spent grains have a large capacity 8 

to bind iron(II) from the wort. Other studies have also demonstrated that spent grains can efficiently 9 

remove heavy metal ions from water, including copper(II)25,26. The binding of metals is generally 10 

attributed to complexation with functional groups of lignin, cellulose, hemi-cellulose, and insoluble 11 

proteins, the main components of spent grains.  However, sweet wort is likely to also have an 12 

inherent iron(II) binding capacity that partly counteracts the binding to the spent grains, as indicated 13 

by the lower removal rate when compared to pure water. 14 

 15 

The effects of roasting the malt on the ability to bind iron and copper were tested in a set of mashing 16 

experiments using the base pilsner malt and the same malt after roasting at 190°C (Figure 1). Cu and 17 

Fe were added at the beginning of the mashings, and as seen in Table 1, the extract content, pH, 18 

and color were not affected by the excess amounts of the two minerals. The addition of 50 µM Fe(II) 19 

at the beginning of the mashings increased the Fe concentration in the roasted malt wort to 12 µM, 20 

demonstrating that the roasted malt spent grains also significantly bind excess iron. The effect, 21 

however, is lower than for the pilsner malt where the iron level in the wort from the Fe-spiked 22 

mashing (1.74 µM) almost matched the non-spiked mashing reference sample (1.07 µM). Adding 50 23 

µM Cu(II) during the mashing led to elevated final copper concentrations in the worts made from 24 

both the non-roasted and roasted malts. Nevertheless, the highest copper level of 22 µM in the 25 

pilsner wort is less than half of the amount added during mashing, indicating a strong copper binding 26 

effect of the spent grains. Notably, the reduction of the copper level was higher than the reduction 27 

iron level in the roasted malt worts (Figure1).  28 

 29 
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With all spent grains exhibiting strong metal removal capacities, the resulting mineral levels in wort 1 

are expected to be the result of a competing binding of the minerals either to soluble chelating 2 

compounds in the wort or to chelating compounds in the spent grains. This can be described as an 3 

equilibrium reaction, which is established during the filtration (reaction 1). 4 

 5 

Metal(wort)  D  Metal(spent grain)  (1) 6 

 7 

The fact that the iron levels during the spiked mashings could be reduced down to non-spiked 8 

concentrations in the pilsner worts support an inherent metal binding capacity of the wort 9 

determining the iron concentration after lautering (Figure 1). In a similar study, Wietstock et al. 10 

removed excess iron from wort through complexation with hop acids27. However, iron levels could 11 

not be reduced below a certain minimal concentration, regardless of the amount of ligand added. 12 

The question remains as to which wort constituents are responsible for binding and retaining iron 13 

and copper in solution. A number of compounds derived from barley and malt are known to be able 14 

to chelate and bind metals. Melanoidins which are known to possess metal binding properties are 15 

mainly generated during high temperature treatments, which may explain the increase in iron 16 

concentration in worts made from roasted malts28. Similarly, phytosiderophores such as distichonic 17 

acid also should be considered, as they could be derived from barley that uses them to acquire iron 18 

through solubilization29. Phytates, hydrolysis products of the phytic acid present in high 19 

concentrations in barley and malt, also have a high affinity for iron. The lower derivatives of phytates 20 

that can be found in beer have actually been shown to improve iron solubility30,31. Because of their 21 

affinity for other divalent ions like zinc and calcium, a competition for binding sites would be 22 

expected32. However, in this study we found that spiking with both iron and copper left the 23 

concentrations of the other observed metals unaffected (Supplementary table 2), indicating that 24 

during mashing and lautering, the respective metal binding mechanisms in wort and grains are 25 

independent of each other. 26 

 27 

Oxidative stability of sweet worts 28 

The presence of iron and copper in the worts is expected to increase the tendency to undergo 29 

oxidation by enhancing the generation of intermediate reactive radicals. The formation of radicals 30 
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was evaluated during forced ageing of the wort samples at 60°C, using the spin trap POBN and ESR 1 

detection of the generated spin adducts (Figure 2). Neither the spiking with iron nor the spiking with 2 

copper during mashing led to elevated spin adduct formation in worts made from pilsner malt.  This 3 

was especially remarkable in the wort from the copper spiked mashing where the copper 4 

concentration (22.42 µM) was much higher than the non-spiked wort (3.54 µM).  5 

 6 

Sweet worts made from roasted malts had a higher rate of radical formation, as seen by comparing 7 

the non-spiked samples made from pilsner and roasted malts (Figure 2). The significantly higher spin 8 

adduct formation observed for the iron spiked roasted wort samples is expected due to the higher 9 

total iron concentration (11.4 µM vs. 2.61 µM in the reference sample). Similar to iron, copper ions 10 

are known to catalyze the formation of reactive oxygen species. However, our data shows that 11 

neither of the copper spiked wort samples, which both had significantly elevated copper levels, 12 

exhibited a higher oxidation rate during the forced ageing. Copper spiking instead led to a reduced 13 

amount of spin adducts in the roasted malt wort samples, suggesting an antioxidative effect of 14 

elevated copper levels. Similarly, Jenkins et al. have recently reported a reduced formation of spin 15 

adducts when spiking beers with increasing amounts of Cu(II)17. 16 

 17 

The oxidative sensitivity of the wort samples were also evaluated at room temperature by 18 

measuring the rates of oxygen consumption (Figure 3). The iron or copper spiking during mashing 19 

had non-significant effects on the rates of oxygen consumption in the pilsner wort samples in 20 

agreement with the ESR evaluation of radical formation. The rates of oxygen consumption were 21 

generally higher for the roasted malt wort samples, with the highest rate observed for the iron 22 

spiked sample. In contrast to the ESR measurements, no antioxidative effect was observed for the 23 

copper spiked sample, however the rate of oxygen consumption was not significantly higher when 24 

compared to the non-spiked samples. 25 

 26 

The ESR and oxygen measurement experiments suggest that elevated levels of iron or copper during 27 

the mashing process do not compromise the oxidative stability of the pilsner sweet worts, whereas 28 

addition of iron has a significant prooxidative effect in the roasted malt worts. Roasting of the pilsner 29 

malt had different effects on the iron and copper levels in the sweet wort, indicating the two metals 30 
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are bound by different chelating compounds in the grains and/or the wort. Previous studies of beer 1 

using solid-phase extraction reported differences between copper and iron species within phenolic, 2 

cationic, and residual fractions33. The different complexation modes of the two metals in wort could 3 

also explain the different effects on oxidative stability. For example, high-molecular weight 4 

compounds in roasted malts in combination with Fe(II) are known to increase the rate of oxidation 5 

in wort and beer presumably due to their ability to reduce trace levels of Fe(III) to Fe(II) which 6 

participate in radical formation by Fenton-reactions 34.  7 

 8 

Conclusion 9 

Mashing has a strong leveling effect on iron and copper concentrations in sweet wort, and spent 10 

grains have a high capacity for binding metals. The resulting levels of metals in wort are the result 11 

of competition between spent grains and soluble chelating compounds in the wort for binding the 12 

metals. Malt roasting increases the level of iron in the wort, while decreasing the level of copper. 13 

Increased levels of iron and copper present during mashing do not have an impact on the wort’s 14 

oxidative stability, since the final wort concentrations are levelled out. However, increased copper 15 

levels in the wort seem to decrease the oxidation rates. Altogether, these data imply that the iron 16 

concentrations in water for mashing may only have a limited impact on the final levels in the beer 17 

and the resulting oxidative stability.  18 

 19 

 20 

  21 
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Table 1.  Characteristics of sweet worts made from pure malts. Where indicated, Cu(II) or Fe(II) (50 2 

µM) were added at the beginning of mashing. 3 

  Metal added Sugar Content pH Color 

  
 

°Plato 
 

EBC 

Pilsner 

- 8.4 ± 0.3 5.9 ± 0.2 7 ± 2 

Fe 8.7 ± 0.2 5.8 ± 0.2 7 ± 1 

Cu 8.3 ± 0.3 5.8 ± 0.2 7 ± 2 

Roasted at 125°C 

- 8.4 ± 0.4 5.6 ± 0.2 21 ± 1 

Fe 8.6 ± 0.2 5.5 ± 0.2 19 ± 2 

Cu 8.4 ± 0.2 5.5 ± 0.2 21 ± 1 

Roasted at 190°C 

- 3.0 ± 0.7 4.9 ± 0.2 107 ± 24 

Fe 3.2 ± 0.4 4.7 ± 0.2 93 ± 19 

Cu 3.1 ± 0.5 4.7 ± 0.2 79 ± 3 

  4 
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 1 

Table 2. Concentrations of Cu, Fe, Mn, and Zn in sweet worts made form pilsner, roasted (125°C or 190 °C) 2 
pilsner malt and mixtures. Data in parentheses are theoretical values calculated assuming the mineral 3 
concentrations in mixtures follow a simple linear combination of the levels in worts made from pure malt 4 
levels. 5 

 Cu Fe Mn Zn 
Wort made from (µM) (µM) (µM) (µM) 

Pilsner 3.54 ± 0.14 1.04 ± 0.07 2.77 ± 0.27 3.33 ± 0.25 

Roasted at 125°C 2.03 ± 0.26 2.18 ± 0.17 4.82 ± 0.50 4.96 ± 0.53 

Roasted at 190°C 0.47 ± 0.23 2.73 ± 0.40 6.03 ± 0.56 4.78 ± 0.49 

90% Pilsner + 10% 190°C 3.09 ± 0.10 1.47 ± 0.31 3.94 ± 0.60 4.37 ± 0.55 

 (3.2 ± 0.2) (1.2 ± 0.1)  (3.1 ± 0.3)*  (3.5 ± 0.3)* 

90% Pilsner + 10% 125°C 3.84 ± 0.67 1.19 ± 0.17 2.98 ± 0.54 3.75 ± 0.74 

 (3.4 ± 0.2) (1.2 ± 0.1) (3.0 ± 0.3) (3.5 ± 0.3) 

90% 190°C + 10% Pilsner 0.75 ± 0.19 3.40 ± 0.42 5.28 ± 0.88 5.41 ± 1.02 

  (0.8 ± 0.2)  (2.6 ± 0.4)* (5.7 ± 0.5) (4.6 ± 0.5) 
* Calculated values that are significantly different from the experimental data with p < 0.05. 6 

  7 
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 1 

 2 

Figure 1. Effects of adding Cu(II) or Fe(II) (50 µM) at the beginning of mashing on the levels of the 3 

metals in sweet wort. Fe (filled) and Cu (empty) levels in sweet worts made from pilsner malt or 4 

malt roasted at 190°C.  5 
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 2 

Figure 1. Formation of spin adducts in sweet wort samples measured by ESR. Wort samples were made with 3 

pilsner malt or 190 °C roasted malt and forced aged 90 min at 60°C after addition of POBN (30 mM) and 4 

ethanol (5%). Where indicated, Cu(II) or Fe(II) (50 µM) were added at the beginning of mashing. 5 

 6 

 7 

 8 

 9 
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 3 

Figure 2. Oxygen consumption in sweet worts measured at room temperature. Sweet worts were made from 4 

pilsner malt (empty symbols) and malt roasted at 190 °C (filled symbols). Wort samples were made without 5 

metal addition (squares), addition of Cu(II) (50 µM) (triangles) or Fe(II) (50 µM) (circles) at the beginning of 6 

the mashing.  7 
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