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Abstract 1 

Trace levels of copper can impact the flavor stability of beer. The main source of copper is malt, and 2 

the wort copper levels are established during mashing and lautering. This study focuses on sweet 3 

worts made from experimental roasted and caramel malts. Potentiometric titrations using ion 4 

selective electrodes combined with electron paramagnetic resonance spectroscopy have been used 5 

to investigate Cu(II) binding in worts as well as the impact of Cu(II) ions on the wort oxidative 6 

stability. High temperature treatment during malting decreased Cu(II) binding affinities in the worts, 7 

with roasted malt worts having lower affinities than caramel malt worts of similar color and pH. EPR 8 

spectra indicated dipeptides as the main Cu(II) chelators. A positive correlation between Cu and free 9 

amino nitrogen levels in wort is demonstrated. In dark worts with high rates of radical formation, 10 

Cu(II) had pronounced antioxidative effects. In contrast, moderate prooxidative effects were 11 

observed when adding Cu(II) to pale worts with inherently low rates of oxidation. 12 

 13 

Keywords: 14 

Beer, oxidation, copper, ion selective electrodes, electron spin resonance spectroscopy, roasted 15 
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Introduction 17 

The stability of beer flavor is affected by all stages of the brewing process as well as the choice of 18 

raw materials. Oxidation reactions are some of the main causes for undesired changes which is the 19 

main factor determining the shelf life of beer.1,2 Oxidation can be catalyzed by trace levels of 20 

transition metal ions such as iron, copper, and manganese, and they should therefore preferably be 21 

present in minimal concentrations in the final beer as well as during the brewing process3,4. 22 

However, the impact of copper has recently come into question.5,6  23 

Malt is the dominating source of transition metal ions during brewing.7 Consequently, mashing is 24 

the critical step in the brewing process and requires special attention to control the metal levels 25 

that are transferred to the beer. The malt composition affects the metal ion concentration, and use 26 

of roasted malt increases iron and manganese concentrations in wort, whereas the copper levels 27 

are reduced.8,9 The same effects can be observed when lowering the mashing pH.10 These two 28 

factors suggest that the use of specialty malts can have an important effect on metal levels in wort 29 

and beer. 30 

 Caramel malts are subject to less intense temperatures for reaching high color values during their 31 

production than their roasted malt counterparts. This is made possible by so-called stewing, during 32 

which the temperature of green malt is increased (either naturally or externally) while maintaining 33 

a high moisture level.11 These conditions promote enzymatic activity and thus increase 34 

carbohydrate breakdown and proteolysis in the green malt kernels. The obtained sugars and amino 35 

acids react in Maillard reactions during the final kilning step, forming the characteristic colors, 36 

flavors, and aromas. However, the impact of these malting processes on the metal ion intake during 37 

brewing has so far not been examined.  38 



4 
 

Copper ions are generally expected to behave as prooxidants in wort and beer.1–3,12 Nevertheless, 39 

several recent studies have provided contrary evidence. Beers with increased copper concentrations 40 

had constant or even decreasing radical formation rates in forced ageing experiments monitored by 41 

electron paramagnetic resonance (EPR) spectroscopy.5,6 In a study where 100 ppb Cu(II) ions were 42 

added to cold wort, Zufall et al. reported the resulting beers to behave similar to the reference beer 43 

in both chemiluminescence measurements and flavor stability.3 In sweet worts made from various 44 

roasted malts, increased copper concentrations had no effect on the rate of oxygen consumption.9 45 

These observations could be due to the specific chemical characteristics of the copper species 46 

present in wort and beer, about which only very little knowledge exists. Chemical fractionation 47 

studies using solid-phase extraction concluded that, in commercial beers, copper is mainly bound in 48 

polar and non-cationic complexes.13,14  49 

Here we report a study combining the use of ion selective electrodes (ISE) and electron 50 

paramagnetic resonance (EPR) spectroscopy to obtain information about the Cu(II) binding 51 

capacities of worts and the possible Cu(II) species formed. Free Cu(II) in aqueous solutions can be 52 

determined using dedicated ion selective electrodes.15 The technique allows the quantitation of free 53 

Cu2+(aq) over a broad range of concentrations. The Cu(II) binding affinity of wort and beer samples 54 

can thus be determined using ISE in combination with potentiometric titrations. Furthermore, the 55 

paramagnetic Cu(II) ion can be detected by EPR, and the spectra provide important information 56 

about the structure and nature of the possible chelators. Cu(II) ions binding to nitrogen containing 57 

compounds give rise to characteristic hyperfine structures in the spectra, which has been used to 58 

study the composition of Cu(II) complexes, for example with amino acids and small peptides.16–18 In 59 

combination with spin traps, EPR spectroscopy is also commonly used to monitor the formation of 60 
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free radicals during forced aging of wort and beer, which has been directly correlated with the flavor 61 

stability of the final product.19,20 62 

The aim of this study is to investigate the Cu(II) binding in sweet worts made from different specialty 63 

malts. A previously unexplored combination of ISE and EPR makes it possible to study how Cu(II) 64 

ions react with wort in detail. Binding affinities are correlated with the differences in wort 65 

composition and pH inherent to using specialty malts, providing new insight into the uptake of 66 

copper during the brewing process and its disputed effect on oxidative stability.   67 
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Materials and methods  68 

Chemicals 69 

Hydrogen peroxide (20%), nitric acid (65%), α-(4-Pyridyl N-oxide)-N-tert-butylnitrone (POBN), 70 

2,2,6,6-Tetramethyl-1-piperidinyloxyl (TEMPO), copper(II) nitrate hemipentahydrate, potassium 71 

nitrate, manganese(II) sulfate monohydrate, L-histidine monohydrochloride monohydrate, L-72 

glutamine, Gly-His dipeptide, ICP multi-element standard solution IV (including Cu, Fe, Mn and Zn 73 

at 1000 mg/L) and the Yttrium standard solution (1000 mg/L) were purchased from Sigma-Aldrich 74 

(St. Louis, MO, USA). Ethanol (96%) was purchased from Kemetyl (Køge, Denmark).  75 

Malt Roasting 76 

The base malt used for producing roasted malts was organic Pilsner malt (two-row spring barley 77 

(Hordeum vulgare), Weyermann, Bamberg, Germany). Roasting of pilsner malt was carried out 78 

according to Hoff et al. The malt was spread in a single layer on a tray covered with baking paper 79 

and heated in an oven (RATIONAL SCC, Jopke Gastronomie- und Kältetechnik, Neuruppin, Germany) 80 

for 50 min at 125 °C, 150 °C, or 190 °C , respectively.8 81 

Caramel Malt Production 82 

Caramel malts were produced on curio malting micromalting systems (Milton Keynes, United 83 

Kingdom). The base for all malts was a two-row spring barley (Planet variety). In a four-tank steep 84 

and germinator, aliquots of 500 g barley per tank were treated according to conditions shown in 85 

Table 1. The steeping program was the same for all samples, and consisted of an initial 6 h wet steep 86 

at 15 °C followed by a 15 h dry steep at 15 °C, a 5 h wet steep at 15 °C, a 15 h dry steep at 17 °C and 87 

a 2 h wet steep at 16 °C. The germination temperature was 17 °C. For stewing by controlled 88 
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asphyxiation, the respective germinated barley was put into an airtight container at room 89 

temperature for the final 24 h, causing the temperature in the grains to rise naturally and increasing 90 

enzymatic activity. The final moisture content was determined using an Infratec™ 1241 Grain 91 

Analyser (FOSS, Hillerød, Denmark) and the green malt kilned in a two-unit system containing four 92 

aliquots of 500 grams per unit. The standard kilning program for light malts (Std Pilsner) was 5 h at 93 

55 °C, 5 h at 60 °C, 2 h at 70 °C, 2 h at 75 °C, 2 h at 80 °C, and 2 h at 82 °C. Darker malts were kilned 94 

isothermally at the temperatures summarized in Table 1, after an initial 30 min period at 65 °C. 95 

Mashing  96 

Mashing was carried out according to the EBC Congress Mash method (4.5.1), using an LB Electronic 97 

PC Mashing bath (Lochner Labor + Technik GmbH, Berching, Germany).21 In a stainless steel beaker, 98 

50 g of ground malt was mashed in with 200 mL of ultrapure water at 45 °C. After 25 min, the 99 

temperature was raised to 70 °C with a heating rate of 1 °C/min. Next, 100 mL of ultrapure water 100 

(70 °C) were added, and the mash was stirred for 1 h, before cooling down to room temperature. 101 

The contents of the beaker were made up to 450.0 g with ultrapure water and filtered through an 102 

open folded filter (#614 ¼, Macherey-Nagel, Germany), recycling the first 100 mL.  Wort color, pH, 103 

and extract were determined according to the Analytica EBC methods (8.5, 8.17, 8.3)21, and the 104 

samples were stored in the fridge at 2 °C. The mashings were carried out in duplicates. 105 

EPR Spectra of Wort 106 

EPR spectra were recorded with a Miniscope MS 5000 X-band spectrometer (Magnettech GmbH, 107 

Wertheim, Germany) using the following settings: Microwave power, 10 mW; sweep width, 150 G; 108 

modulation frequency, 0.70 G; sweep time, 120 s. All spectra, consisting of ten scans, were recorded 109 

at room temperature, in 50 µL quartz capillary micropipettes (BLAUBRAND intraMark, Brand GmbH, 110 
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Wertheim, Germany). For reference Cu(II) spectra, separate 100 mM stock solutions of Cu(NO3)2, 111 

L-histidine, L-glutamine, and Gly-His in deionized water were prepared. For 1 mM Cu(II) 112 

concentrations, 4.95 mL wort or aqueous 100 mM KNO3 buffer were mixed with 0.05 mL Cu(II) stock 113 

solution in 15 mL centrifuge tubes. For 2.5 mM Cu(II) concentrations, 4.875 mL wort were mixed 114 

with 0.125 mL Cu(II) stock solution. Cu(II) chelates with amino acids or dipeptides were produced 115 

by mixing 0.05 mL of Cu(II) stock solution with 0.125 mL of the respective amino acid or dipeptide 116 

stock solution into 4.825 mL of an aqeuous 100 mM KNO3 solution. For manganese spectra (20 µM), 117 

a 100 mM stock solution of MnSO4 was further diluted to 1 mM, mixing 0.01 mL of the resulting 118 

solution with 4.90 mL of either wort or 100 mM KNO3 buffer. All mixtures were allowed to 119 

equilibrate for 10 min at room temperature prior to measuring. 120 

Radical Formation during Forced Ageing 121 

The rate of radical formation was determined according to Frederiksen et al. with modifications.22 122 

EPR spectra were recorded with a Miniscope MS 5000 X-band spectrometer (Magnettech GmbH, 123 

Wertheim, Germany) using the following settings: Microwave power, 10 mW; sweep width, 10 G; 124 

modulation frequency, 0.20 G; sweep time, 60 s. All spectra, consisting of one scan, were recorded 125 

at room temperature, in 50 µL quartz capillary micropipettes (BLAUBRAND intraMark, Brand GmbH, 126 

Wertheim, Germany).  The amplitudes of the spectra were measured and are reported as the height 127 

of the central doublet relative to the height of the central line in the EPR signal of an aqueous TEMPO 128 

solution (2 μM). The TEMPO standard was measured as the first and last sample of the day. A 129 

600 µM solution of the spin trap α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) in 96% ethanol 130 

was prepared. The spin trap solution (100 µL) was added to 1.9 mL of wort, resulting in a final 131 

concentration of 30 µM of POBN and 5% ethanol. After stirring for 10 min at room temperature, 132 
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samples were heated in a water bath at T = 60 °C for 90 min. A spectrum was recorded at t = 0 min 133 

and t = 90 min, and the oxidative stability recorded as the increase in spin adducts during this 134 

interval.  135 

Metal Content 136 

The concentrations of copper, manganese, iron, and zinc were determined using inductively coupled 137 

plasma – optical emission spectrometry (ICP-OES) (Optima 5300 DV, PerkinElmer, USA), following 138 

the instrumental setting listed in Hansen et al.23 Sweet wort samples were acid digested using the 139 

solvents and temperature program described in Wietstock et al.7, adding a 1:1 dilution with 140 

ultrapure water prior to the analysis in order to decrease the acidity. Yttrium, added before the 141 

digestion, was used as internal standard. 142 

Potentiometric Titration of Cu(II) 143 

The potentiometric titration data were obtained using a 715 Dosimat titrator connected to a 713 144 

pH-meter (both from Metrohm Ltd., Herisau, Switzerland) attached to an ISE25Cu copper ion-145 

selective electrode and an REF201 reference electrode (both from Radiometer Medical Aps, 146 

Copenhagen, Denmark). All titrations were performed at room temperature. A standard curve was 147 

obtained from potentiometric Cu(II) titration of 5.00 mM Cu(NO3) in 85 mM KNO3 into 5.00 mL 148 

100 mM KNO3 ( I = 0.100 ).  The measured electrode potential was recorded as a function of the 149 

calculated free Cu(II) ions concentration, [Cu2+]free. Based on the experimentally obtained standard 150 

curve, the electrode potential recorded during sample titrations was converted into [Cu2+]free using 151 

a linear regression of the logarithmic plot. Separate standard curves were obtained for the following 152 

sets of experiments: Pilsner and roasted malt worts, wort made from a mix of pilsner and roasted 153 

malt, worts with adjusted pH, and caramel malt worts to take into account small changes in the 154 
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behavior of the Cu(II) sensitive electrode over time (see Figure S1). The average slope of 155 

28.8 ± 0.6 mV/decade indicated nearly Nernstian behavior of the electrode. While the applied 156 

experimental setup only measured down to [Cu2+]free = 10-6 M, we assume a linear correlation down 157 

to [Cu2+]free = 10-8 M based on a previous study by Somavarapu et al.24  158 

Statistical analysis of data 159 

Means, standard deviations, and linear regressions were carried out using Microsoft Excel 160 

(Redmond, WA, USA).  161 
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Results and discussion 162 

Two sets of malts were used in this study. The first set (Set I) consisted of a commercial Pilsner malt 163 

(Pilsner) and three roasted malts that were produced by roasting the Pilsner malt 50 min at 125 °C, 164 

150 °C, or 190 °C (Roast125, Roast150 and Roast190). It was assumed that the roasting had no effect 165 

on the content of minerals in the grains, and the roasted malts accordingly had the same total 166 

mineral levels as the base Pilsner malt.9,25 The second set of malts (Set II) was produced on a micro-167 

malting scale based on a similar assumption: that the levels of minerals in the grains were not 168 

affected during the production of caramel malts, as water was added and removed in the same way 169 

and volume and the malts were produced from the same batch of barley.25 Batches of barley were 170 

subjected to a standard malting and kilning program for producing Pilsner malt. Caramel malts were 171 

produced by removing samples from the germination box 24 h before the end of germination and 172 

transferring them to airtight containers at room temperature for stewing by controlled 24 h 173 

asphyxiation, allowing a natural increase of temperature in the grain bed. The malt colors were 174 

increased by replacing the standard kilning program by 24 h isothermal kilning at either 85 °C or 175 

105 °C. This gave three reference samples that had not been stewed, which were essentially similar 176 

to a Pilsner malt (Cara1ref) and two roasted malts (Cara2ref and Car3ref), as well as three matching 177 

stewed caramel malts (Cara1, Cara2 and Cara3). 178 

All malts were mashed according to the EBC congress mash procedure, obtaining sweet worts.21 The 179 

extract content and pH decreased with roasting temperature, while color increased in sweet worts 180 

produced from the Set I roasted malts, in accordance to expectations (Table 2).8,9 A wort was also 181 

made from a mixture of 80% Pilsner malt and 20% of 190 °C roasted malt. In worts made from Set II 182 

malts, the extract content was mostly unaffected by the malting process, except for the caramel 183 
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malt produced with the highest kilning temperature (Cara3). Stewed malts gave the expected 184 

increase in wort color and a significant drop in wort pH compared to the non-stewed reference 185 

samples (approx. 0.3). The higher roasting temperatures during production of Set I malts appeared 186 

to have a major impact on the extract levels. Thus, the Roast190 wort contained 4.80 °P extract 187 

while the Cara3 contained 6.93 °P, despite a lower color (89.2 and 143.5, respectively) and similar 188 

pH. As expected, the increased proteolysis during stewing yielded higher sweet wort concentrations 189 

of free amino nitrogen (FAN) for the caramel malt worts than for the respective unstewed 190 

references. Due to the lower kilning temperatures, they also had considerably higher FAN than 191 

worts with similar color made from the roasted malts of Set I.  192 

Analysis of the mineral levels in Set I wort samples by ICP-OES showed the total copper content 193 

decreased with increasing roasting temperature and malt color, while manganese and iron 194 

concentrations increased (Table 3). This has previously been observed for wort made from roasted 195 

malts.8,9 In Set II wort samples, the stewed caramel malts gave significantly higher manganese, iron 196 

and zinc concentrations than their reference samples. Similar to the Set I worts, the levels of these 197 

three metals increased with the degree of malt roasting. Notably, when compared to roasted malts 198 

of similar color and pH, the caramel malts gave worts with much higher levels of total manganese 199 

(up to 19.02 µM) and iron (up to 25.43 µM). With the three caramel malts (Cara1 – Cara3), the 200 

trends in copper levels were less clear. While darker worts in general had lower copper 201 

concentrations, the effect of stewing was not consistent. In spite of its considerably lower pH and 202 

higher color compared to the non-stewed reference (Cara3Ref), the wort made from caramel malt 203 

kilned at 105 °C (Cara3) had the higher copper concentration. The opposite was observed for the 204 

two other pairs of Set II malts. Roasting and stewing malts both contribute to a lower wort pH; 205 

however, the differences in wort pH can only partly explain the differences in the mineral levels.9  206 
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Both the spent grains and compounds in the wort have strong affinities towards binding minerals, 207 

and the level of minerals in worts is therefore most likely the result of an equilibrium between 208 

binding to the two systems that are established during lautering or filtering at the end of mashing.9 209 

The effect observed for high temperature treatment in the production of roasted and caramel malts 210 

could hence be due to chemical changes in malt affecting both sides of this equilibrium. In unmalted 211 

barley grains, Lombi et al. found that the highest concentrations of manganese are present in the 212 

embryo and testa, and that while copper is also present in the embryo, it is more abundant in the 213 

aleurone layer, similar to zinc and iron.26 Assuming that the mineral distribution is the same in malt, 214 

the similar effect of roasting and stewing on the manganese, zinc, and iron levels in wort, with 215 

copper levels behaving conversely, shows that the location of the minerals in the grains has a minor 216 

effect. This indicates that the mineral binding affinity of the wort may play a bigger role than the 217 

binding affinities of the grains in determining the final wort mineral levels, and it is therefore 218 

important to look into the inherent binding affinity of worts in order to understand their mineral 219 

levels. Based on the unique possibilities to study Cu(II) by ISE and EPR, we have in this study 220 

characterized the binding affinities of Cu(II) in wort and the nature of the possible chelators.  221 

 222 

Wort copper binding affinities 223 

An ion-selective electrode (ISE) was used to determine the amount of free Cu2+(aq) present in the 224 

sweet wort samples (Figure 1A). The electrode was calibrated by titrating 5.00 mM Cu(NO3)2 in 225 

85 mM KNO3 (I = 0.100 ) into a 100 mM KCl solution, giving a linear standard curve in the range 10–226 

2500 µM Cu2+(aq). Previous studies indicate that this correlation is actually quite linear down to 227 

10⁻8 M concentrations.24 Therefore, the slope of this standard curve was used to calculate free 228 
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Cu2+(aq) concentrations from ISE potentials in the range 10-8–10-2 M. The ISE-potentials measured 229 

in all Set I sweet worts with added Cu(NO3)2 were considerably lower than with the same added 230 

amount of Cu(NO3)2 measured in aqueous potassium nitrate, indicating substantially less free 231 

Cu2+(aq) and thereby strong binding affinities towards Cu(II) in all the wort samples. Sweet wort 232 

made from Pilsner malt had the lowest starting potential and thus the highest inherent binding 233 

affinity for Cu(II). The ISE potentials increased with the degree of malt roasting, indicating weaker, 234 

but still overall strong Cu(II) binding in the dark worts. Titrating the wort samples with Cu(NO3)2 gave 235 

ISE potentials that were nearly constant up to approx. 50 µM Cu(II) for the pilsner malt and up to 236 

approx. 100 µM for the 190 °C roasted malt wort, showing that copper binding capacities of the 237 

worts are quite large and that they strongly bind up all added Cu(II). It was not until the total added 238 

Cu(NO3)2 reached the mM range that the ISE potentials indicated the free Cu2+(aq) levels began to 239 

increase above the µM-level. This suggests the same type of binding mechanism in the wort samples 240 

when Cu(II) is present in up to 1 mM concentration. The wort made from mixed malts showed Cu(II) 241 

binding less strongly than the pure Pilsner wort, but considerably stronger than the 190 °C roasted 242 

malt wort (Figure S2). The Cu(II) ISE standard curve was used to calculate the relative amount of 243 

added Cu(II) that was unbound in the wort samples (Figure 1B). This illustrates the varying, but 244 

strong capacities of the sweet worts to bind up to millimolar levels of Cu(II). In all types of wort, 245 

except the one made from malt with the highest degree of roasting (Roast 190), additions of copper 246 

up to concentrations higher than 1 mM are almost exclusively bound, while at an added 247 

concentration of 2.5 mM, significant amounts of free copper were detected in all samples.   248 

The ISE potentials measured for the worts from the Set II malts showed the same overall trends 249 

observed with worts of Set I roasted malts during Cu(NO3)2 titration, where Cu(II) affinity decreased 250 

with the degree of roasting of the stewed caramel malts (Figure 2A). However, the worts from the 251 
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stewed malts (Cara1 to Cara3) gave higher ISE potentials than the corresponding non-stewed 252 

samples (Cara1Ref to Cara3Ref) indicating a lower affinity for Cu(II) binding. As previously described, 253 

the pH values vary between the wort samples, which can affect binding affinities.17 In order to 254 

determine whether the observed differences in binding affinities are solely a result of the 255 

differences in pH, the Pilsner wort (pH = 5.8) was adjusted to the pH of the most roasted sample 256 

(4.8) and vice versa (Figure 1B). As expected, lowering the pH decreased the Cu(II) binding affinity 257 

in the Pilsner sample. However, neither of the two pH-adjusted samples reached the ISE-potential 258 

curves of their counterparts, proving that pH differences only partly explain differences in binding 259 

affinities between samples.  260 

The caramel malt data further validates these observations (Figure 2B). The darkest caramel wort 261 

(Cara3) had the exact same pH as the darkest roasted wort (both 4.8), but had a significantly 262 

stronger binding affinity. All caramel worts have significantly higher final relative amounts of Cu(II) 263 

bound. In the lighter caramel worts, more than 95% of all added Cu(II) was bound in the wort, 264 

indicating a large amount of potent ligands in these worts.  265 

In general, the copper levels in worts and their Cu(II) binding affinities decreased with the degree of 266 

roasting for the roasted malts of both Set I and Set II (Cara1Ref to Cara3Ref). Only the 190 °C roasted 267 

malt of Set I appeared not to follow the trends, exhibiting a lower binding affinity but similar copper 268 

concentration as the 150 °C roasted malt. Previous studies have indicated that more intense 269 

roasting does not further decrease the copper concentrations in the resulting worts beyond a 270 

certain point.8 The two lightest caramel malt worts (Cara1 and Cara2) also showed that both wort 271 

copper levels and Cu(II) binding affinities decreased when compared to their respective reference 272 
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samples (Cara1Ref and Cara2Ref). In the case of the Cara3 samples, the wort copper levels increased 273 

despite a decreasing Cu(II) binding affinity compared to Cara3Ref.   274 

 275 

Cu(II) chelators in wort 276 

Wort contains many possible ligands that can bind Cu(II). Previous studies with solid phase 277 

extraction concluded that less than 40% of copper in beer is present in a cationic or phenolic 278 

form.13,14 Due to the paramagnetic nature of Cu(II), EPR spectroscopy can be used to provide 279 

information about the nature of the binding of Cu(II) in wort. However, the inherent micromolar 280 

concentrations are too low for obtaining conclusive spectra, and untreated Pilsner wort did not 281 

show any visible EPR spectrum (Figure 3). The ISE data indicate that when adding 1000 µM of 282 

Cu(NO3)2 to the investigated wort samples, more than 94% of the Cu(II) is bound (Figure 1B and 2B). 283 

The significantly higher concentration (1 mM) yields spectra with suitable intensity and was hence 284 

used for the EPR studies (Figure 3). A 1 mM solution of Cu(NO3)2 gave an EPR spectrum with a single 285 

broad line (g = 2.196) which is typical for the freely rotating [Cu(H2O)6]2+ ion (Figure 3).27 Addition 286 

of 1 mM Cu(NO3)2 to the Pilsner wort gave a characteristic EPR spectrum that was clearly different 287 

from the [Cu(H2O)6]2+ spectrum, which shows that Cu(II) is surrounded by another type of ligands 288 

than water. In agreement with the ISE binding affinity experiments, the EPR spectrum does not 289 

indicate any significant amount of free Cu2+(aq). When a higher concentration (2.5 mM) of Cu(II) 290 

was added, the ISE experiments showed that around 10% of the copper should be available in its 291 

free form (Figure 1). This observation was reflected by an increased intensity of the low field part 292 

(290-315 mT) of the corresponding EPR spectrum, which is assigned to a superimposed signal due 293 

to the presence of free Cu2+(aq) (Figure 3).  294 
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Similar additions of Cu(NO3)2 (1 mM) were done for sweet wort samples made from roasted malts 295 

of Set I (Figure 4). The features of the EPR signals became weaker with increasing roasting 296 

temperature, with the 125 °C roasted malt wort still displaying the same characteristic spectrum 297 

found in the Pilsner sample. When comparing the EPR spectra to literature, the hyperfine structure 298 

of the copper spectrum seems to be characteristic for amino acids or small peptides as ligands.16,17 299 

Experimental EPR spectra of Cu(II) solutions mixed with simple amino acids like glutamine or 300 

histidine indeed had the same hyperfine splitting as the pale worts with copper, but the full 301 

spectrum widths were narrower (Figure 5). Mixing Cu(II) with small dipeptides like GlyGly and GlyHis 302 

instead gave EPR spectra with similar structure and width as the wort samples (Figure 5 and 303 

Figure S6). Indeed, when adding 1 mM of GlyHis to the copper-spiked 150 °C wort, the resulting 304 

spectrum, albeit with lower intensity, became similar to the Pilsner sample (Figure 4). This suggests 305 

that GlyHis is a stronger ligand for Cu(II) than the ligands found in the darker roasted worts, and that 306 

Cu(II) is mainly bound to dipeptides in the Pilsner wort. The exact species of Cu(II)-dipeptide and 307 

Cu(II)-amino acid complexes in liquid systems depend on the pH and ligand-to-metal ratios.17,18,28 308 

Consequently, the different hyperfine splitting in the Cu(II) EPR spectra of worts made from darker 309 

roasted malts could also be due to a change in the species as a result of the lower pH and ligand 310 

concentration. 311 

The EPR spectra of Cu(II) in wort of the lighter Cara2 caramel malt of Set II had the same features as 312 

the spectra obtained with the Pilsner wort (Figure 6) . The darker wort of the Cara3 caramel malt 313 

kilned at lower temperatures (40.4 EBC, pH = 5.22) also gave the same Cu(II) characteristic EPR 314 

pattern, in contrast to the comparable Set I wort made from malt roasted at 150 °C. The spectra are 315 

different for the darkest caramel sample and the corresponding unstewed reference, but they still 316 

do not include the free Cu2+(aq) signal (Figure 6 and Figure S5). In the darkest worts indications of a 317 
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six-line EPR spectrum appeared. Mn(II) is known to give spectra of this type, and both an aqueous 318 

solution of Mn(II) and the addition of Mn(II) to Pilsner wort gave the same typical EPR-spectra as 319 

indicated in the wort of  Cara3 malt (Figure 6). In fact, close inspection revealed that low intensity 320 

six-line Mn(II) EPR spectra were present in most of the wort samples. Chemical fractionation studies 321 

conducted by Pohl et al., showed that Manganese is mainly present in commercial beers in cationic 322 

form,13 whereas mixed Zn(II)/Mn(II) phytate complexes have been shown to be the likely source of 323 

six-line EPR spectra observed in wheat flours.29  324 

 325 

Correlating Cu-levels to Free Amino Nitrogen in Wort 326 

The indication that amino acids and dipeptides may play an important role in the binding Cu(II) in 327 

wort suggests that the total copper levels in the wort could be linked to the level of free amino 328 

nitrogen (FAN). In fact, a positive linear correlation between FAN and the wort total copper 329 

concentrations was observed for worts made from the Set I roasted Pilsner malts (Figure 7A). The 330 

Set II worts made from the unstewed malts also gave a linear correlation with a similar slope as the 331 

Set I roasted malts albeit at higher FAN values, which was most likely due to the different barleys 332 

and malting procedures. The Set II worts made from caramel malts gave a linear correlation with a 333 

lower slope than the roasted malts, indicating that there is an additional effect of stewing that 334 

influences the distribution of copper between wort and spent grains during mashing. The lower pH 335 

of these worts compared to the references could also partially explain the lower slope of the 336 

correlation. 337 

The FAN content in the wort samples also correlated with the ability of the sweet worts to bind free 338 

Cu2+(aq). The relative amount of copper bound after addition of 2.5 mM Cu(NO3)2 correlated 339 

strongly with the FAN values (Figure 7B). A clear linear trend was found when excluding the Set I 340 
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wort made from 190 °C roasted malt. The latter sample still follows the overall correlation, but with 341 

a more extensive drop in copper binding affinity. This is most likely due to the high roasting 342 

temperature leading to a very low FAN-value, and the fact that the corresponding EPR spectrum 343 

also did not indicate strong binding to amino acids or peptides (Figure 4). 344 

The findings that Cu(II) is mainly bound by amino acids and small peptides provide insight into the 345 

possible presence of Cu(I) in the wort. Sweet worts contain a plethora of reducing compounds, for 346 

example thiols, which are known to reduce Cu(II) into Cu(I). In wine, sulfur compounds like hydrogen 347 

sulfide, thiols, and cysteine reduce Cu(II) to Cu(I), either forming stable complexes or reacting with 348 

oxygen to form reactive oxygen species.30 Cu(I) is neither detectable with EPR nor with the ion-349 

selective electrode used in this study. In neutral and acidic aqueous solutions, Cu(I) can 350 

disproportionate into Cu(II) and Cu, thereby lowering the soluble copper concentration.31 On the 351 

other hand, the Cu(II) oxidation state can be stabilized using chelating ligands,31 which includes 352 

complexes with nitrogen and oxygen ligands found in amino acids and small peptides.32–34 Since the 353 

latter appear to be the main ligands in wort systems, it is not likely that Cu(II) is easily reduced to 354 

Cu(I), which may limit the role of copper in catalytic oxidation reactions.    355 

 356 

Oxidative stability of wort 357 

Oxidative stability of Set I worts was evaluated in a forced ageing experiment, where the formation 358 

of radicals was evaluated by spin trapping and EPR spectroscopy (Figure 8). The worts were 359 

compared to samples where Cu(NO3)2 was added in 1 mM and 2.5 mM concentrations. The rate of 360 

radical formation in the pure worts increased as expected with color of the wort and the degree of 361 

malt roasting.8,9 Colored reducing compounds, formed during roasting by Maillard and 362 
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caramelization reactions, are known to have strong prooxidative effects and lead to the enhanced 363 

rates of oxidation seen in dark wort and beer.20,35 In fact, the total copper levels were higher in the 364 

lighter worts than in the darker, indicating that copper has a minor effect on the formation of 365 

radicals. Surprisingly, the addition of 1 mM of copper caused no increased radical formation in any 366 

of the samples. The 150 °C and 190 °C roasted malt worts with added copper even had significantly 367 

lower radical formation rates than the pure wort samples. In the lighter worts, addition of 2.5 mM 368 

Cu(NO3)2 caused an increase in radical formation, while the oxidation rates remained low in the 369 

worts made from malt roasted at 150 °C and 190 °C. 370 

The presence of copper ions can accelerate the formation of radicals. Irwin et al. concluded that 371 

Cu(II) had a notable negative effect on flavor stability in a forced ageing experiment when the copper 372 

level in beer was raised from 0.7 to 1.8 µM concentrations.12 However, Cu(II) complexes with 373 

dipeptides or amino acids can display superoxide dismutase-like activity and thereby have 374 

antioxidative properties.33,34 In fact, a decreased spin adduct formation was observed by Jenkins et 375 

al. when adding up to 2.5 µM Cu(II) to beer.6 Chrisfield et al. also showed that excess copper had no 376 

negative impact on the radical formation in hopped beers.5 Copper ions may therefore have 377 

competing prooxidative and antioxidative properties, and the overall effect may depend on the 378 

actual system. In this study, the pronounced antioxidant effects were observed with worts from the 379 

most roasted malts, where radical formation was most extensive due to presence of other 380 

prooxidative components (e.g. iron and colored reducing compounds). In contrast, the prooxidative 381 

effects of copper were observed with lighter worts that had lower rates of radical formation, most 382 

likely due to the lower content of other prooxidative compounds. This suggests that copper ions 383 

only have moderate radical formation accelerating prooxidant effects in wort, which only become 384 

important in the absence of other, stronger prooxidants. The effectuation of the antioxidant 385 
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properties requires the presence of radicals, and if copper is only a moderately efficient antioxidant, 386 

then these effects may only be seen in worts with a high inherent rate of radical formation and 387 

oxidation. 388 

In conclusion, all sweet worts investigated in this study show an inherent affinity towards binding 389 

Cu(II). This affinity generally increases with pH of the wort and with the amount of free amino 390 

nitrogen. Darker worts which tend to have lower FAN correspondingly have lower Cu(II) binding 391 

affinity. The hyperfine splitting in EPR spectra of Cu(II) in the investigated worts indicates that the 392 

main chelators for Cu(II) are most likely dipeptides. The total sweet wort levels of copper are the 393 

result of a competition between the binding affinities of wort components and spent grains. Malting 394 

processes such as roasting and stewing affect this equilibrium. Both in roasted and caramel malt 395 

worts, total Cu concentrations decrease with increasing malt roasting temperature, unlike the other 396 

minerals Mn, Fe, and Zn. Even though they can yield malts of similar color and similar effect on the 397 

wort pH, roasted and caramel malts have different effects on the transition metal concentrations. 398 

Caramel malts, which are treated at lower temperatures, leak significantly more metals than roasted 399 

malts. Worts made from caramel malts also retain a higher copper binding affinity compared to 400 

worts made from roasted malts. This does however not always result in higher total copper 401 

concentrations. Accelerated ageing experiments with roasted malt worts showed Cu ions may have 402 

antioxidative effects in darker worts with high levels of radical formation, while the prooxidative 403 

effects may be moderate and only play a significant role in worts with low rates of oxidation. While 404 

previous studies indicate a similar behavior in beers, further studies are necessary to clarify the role 405 

of Cu(II) in beer flavor stability. 406 

  407 



22 
 

Abbreviations Used 408 

ISE Ion selective electrode 

EPR Electron paramagnetic resonance 

FAN Free amino nitrogen 

ICP-OES Inductively coupled plasma optical emission spectroscopy 
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Figure Captions 

Figure 1. A) ISE potential curves of Set I worts titrated with Cu(NO3)2. Standard curve in 100 mM KNO3 

solution (x), EBC congress worts made from Pilsner malt (■), malt roasted at 125 °C (◆), malt roasted at 

150 °C (▲), and malt roasted at 190 °C (●). The starting potential for 1 µM Cu(II) added is noted next to the 

first data point.  B) Relative amounts of added Cu(II) bound in the wort samples. Additionally, the pH of the 

wort made from the Pilsner malt was adjusted to the pH of the darkest roasted malt and vice versa (□ and ○, 

respectively). Data points in B) with free Cu2+(aq) concentrations below 10-8 M  are not included in the figure.  

Figure 2. A) ISE potentials curves Set II worts titrated with Cu(NO3)2. Standard curve in 100 mM KNO3 

solution (x), EBC congress worts made from Cara1Ref (□), Cara1 (■), Cara2 (▲), Cara3Ref (○), and Cara3 (●). 

The starting potential for 1 µM Cu(II) added is noted next to the first data point. B) Relative amounts of added 

Cu(II) bound in the wort samples. Data points in B) with free Cu2+(aq) concentrations below 10-8 M  are not 

included in the figure.  

Figure 3. EPR spectra of the Set I Pilsner wort, 1 mM Cu(NO3)2 in water, 1 mM Cu(NO3)2 in Pilsner wort, and 

2.5 mM Cu(NO3)2 in Pilsner wort. 

Figure 4. EPR spectra of worts made from Set I Pilsner malt roasted at different temperatures with addition 

of Cu(NO3)2 to a final concentration of 1 mM. A wort sample made from the malt roasted at 150 °C was 

combined with the dipeptide GlyHis (1 mM) in addition to Cu(NO3)2 (1 mM).  

Figure 5. EPR spectra of solutions of Cu(NO3)2 (1 mM) with glutamine (5 mM), histidine (5 mM) or with the 

dipeptide GlyHis (5 mM), recorded in 100 mM aqueous KNO3. 

Figure 6. EPR spectra of worts made from Set I Pilsner malt and Set II caramel malts with addition of Cu(NO3)2  

to a final concentration of 1 mM.  EPR spectra of 20 µM Mn(II) were recorded in 100 mM aqueous KNO3 as 
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well as in the Set I Pilsner wort. Peaks marked with * are assigned to the six-line spectrum of the inherent 

Mn(II) in the caramel malt wort.  

Figure 7. A) Total copper concentrations compared to free amino nitrogen (FAN) in sweet worts made from 

Set I roasted Pilsner malts (■, R2 = 0.90),  Set II caramel malts (○, R2 = 0.87), and the Set II unstewed reference 

malts(●, R2 = 0.90). B) Relative amount of bound Cu(II) in wort after adding 2.5 mM Cu(NO3)2 plotted as a 

function of FAN. The linear regression (dashed line, R2 = 0.88) excludes the Set I wort made from malt roasted 

at 190 °C (grey data point). 

Figure 8. Spin adduct formation in Set I sweet worts after forced ageing at 60 °C for 90 min. Samples are pure 

reference worts (solid), worts with 1 mM Cu(NO3)2 added (empty), and worts with 2.5 mM Cu(NO3)2 added 

(hatched). 
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Table 1. Malting conditions for caramel and reference malts (Set II) and the respective moisture contents 

before kilning. 

 Sample Moisture Content [%] Germination Stewing Kilning program 

Cara1Ref 48.4 ± 0.2 96 h - Std Pilsner 

Cara1 49.4 ± 1.2 72 h 24 h Std Pilsner 

Cara2Ref 48.6 ± 0.0 96 h - 24 h at 85 °C 

Cara2 47.4 ± 0.2 72 h 24 h 24 h at 85 °C 

Cara3Ref 48.7 ± 0.8 96 h - 24 h at 105 °C 

Cara3 48.7 ± 0.8 72 h 24 h 24 h at 105 °C 
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Table 2. Characteristics of congress worts made from experimental specialty malts. 

Sample  Extract Content pH Color  FAN 

  [°Plato]  [EBC] [mM Glycine] 

Set I     

Pilsner 8.44 ± 0.33 5.85 ± 0.01 5.5 ± 0.7 1.89 ± 0.05 

Roast125 8.17 ± 0.31 5.62 ± 0.01 19.4 ± 0.8 1.48 ± 0.11 

Roast150 6.15 ± 0.04 5.39 ± 0.01 53.8 ± 0.5 0.68 ± 0.09 

Roast190 4.80 ± 0.30 4.83 ± 0.01 89.2 ± 1.6 0.38 ± 0.05 

Pilsner/Roast190 

ratio 80/20 
8.60 ± 0.10 5.63 ± 0.03 35.7 ± 0.4 1.43 ± 0.02 

Set II     

Cara1Ref 8.90 ± 0.08 5.74 ± 0.01 8.7 ± 0.7 2.63 ± 0.09 

Cara1 9.08 ± 0.02 5.46 ± 0.01 10.3 ± 0.5 3.77 ± 0.00 

Cara2Ref 9.08 ± 0.05 5.48 ± 0.02 15.9 ± 0.6 1.90 ± 0.10 

Cara2 9.11 ± 0.02 5.22 ± 0.05 40.4 ± 4.1 2.93 ± 0.02 

Cara3Ref 8.84 ± 0.02 5.12 ± 0.00 74.6 ± 1.2 1.17 ± 0.02 

Cara3 6.93 ± 0.43 4.82 ± 0.06 144 ± 13 1.35 ± 0.00 
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Table 3. Total Cu, Mn, Fe, and Zn concentrations in congress worts made from experimental roasted and 

caramel malts, determined by ICP-OES (N/A = not available). 

  Total Cu Total Mn Total Fe Total Zn 

  [µM] [µM] [µM] [µM] 

Set I     

Pilsner 2.83 ± 0.17 2.07 ± 0.16 1.22 ± 0.34 N/A 

Roast125 1.77 ± 0.10 2.86 ± 0.24 1.69 ± 0.13 N/A 

Roast150 0.86 ± 0.03 6.82 ± 0.06 5.48 ± 0.20 N/A 

Roast190 0.92 ± 0.01 4.82 ± 0.29 3.37 ± 0.95 N/A 

Pilsner/Roast190 

ratio 80/20 
2.29 ± 0.13 3.16 ± 0.15 1.81 ± 0.01 N/A 

Set II     

Cara1Ref 3.00 ± 0.08 3.44 ± 0.04 1.42 ± 0.01 3.34 ± 0.83 

Cara1 2.68 ± 0.13 5.70 ± 0.03 2.73 ± 0.11 4.18 ± 0.11 

Cara2Ref 2.08 ± 0.09 5.32 ± 0.05 3.95 ± 0.00 4.76 ± 0.24 

Cara2 1.56 ± 0.06 8.46 ± 0.95 10.27 ± 1.92 6.52 ± 1.17 

Cara3Ref 0.59 ± 0.10 11.18 ± 0.23 13.01 ± 0.68 7.72 ± 0.64 

Cara3 0.99 ± 0.07 19.02 ± 0.61 25.43 ± 0.28 14.64 ± 1.41 
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