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Oxidative stability in brewing refers to the ability of wort and beer to resist degradation by free radicals 
and reactive oxygen species. It is a critical quality aspect in beer production, as it affects both the shelf 
life and overall excellence of the final product. The catalytic role of iron, copper and manganese in 
radical-associated staling is widely acknowledged. In this context, the present study investigates the 
effectiveness of polyphenolic chelators (tannic acid, pomegranate and green tea extract) in enhancing 
oxidative wort stability by sequestering transition metals during mashing. The results, obtained from 12 
comparable brews from two distinct pilot breweries, show that incorporating either pomegranate extract 
or tannic acid during mashing effectively lowers the levels of transition metals, specifically iron, in the 
brewhouse. Early mash addition of pomegranate extract (90 % ellagic acid) demonstrates the highest 
efficacy, with an almost 90 % decrease in iron levels and a nearly 80 % reduction in radical concentration, 
as measured in the final wort by ICP-OES and ESR spectroscopy, respectively. While the investigated 
chelators do not facilitate the removal of copper or manganese, their levels naturally decline during the 
brewing process. Chelator addition yields an average reduction of 40 – 60 % in total post-boil aldehydes. 
Furthermore, strong correlations are identified between iron levels, polyphenols and wort aldehydes after 
boiling, whereas only weak to moderate correlations with copper and manganese. Aldehydes levels, however, 
are greatly influenced by thermal stress throughout the brewing process. The findings suggest that natural 
chelators have the potential to enhance beer flavour stability by diminishing radical formation during brewing 
and lowering the amount of transition metals and aldehydes in the final product. However, further research is 
needed to fully understand the implications of these findings on beer stability, given the intricacy of staling.
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1	 Introduction

Beer is the oldest alcoholic beverage that is universally consumed. 
In recent times, however, the beer industry has become increas-
ingly competitive and, for a business to attain or keep a leading 
position in the current market, delivering a product that exhibits 
both high quality and an extended shelf life is essential. Consumers 
expect beer to taste similar to prior batches they have enjoyed and 
consistent throughout storage. Accomplishing that often proves 
challenging. Despite being primarily made from only four ingre-
dients (water, malt, hop, yeast), beer is incredibly complex; and 
the mechanisms involved in beer staling present an even greater 
level of complexity.

To maintain the flavour of a beer over time – or, in other words, 
increase its flavour stability – it is crucial to prevent the beer from 
(oxidative) ageing. Common industry practices include the control 
of dissolved oxygen levels (throughout brewing and particularly 
packaging), the limit of heat load and the use of healthy yeast with 
high oxygen scavenging activity, antioxidants that quench free 
radicals and chelators that remove oxidation catalysing transition 
metal ions (iron, copper, manganese) [1].

The deleterious effects of metals – particularly iron – on wort and 
beer oxidative stability are well documented [1–11] and are also 
seen in other beverages, such as wine [12–14], coffee [15] and 
spirits [16]. Through the activation of molecular oxygen by reduced 
transition metal ions, reactive oxygen species (ROS) can be gener-
ated, such as superoxide anions (O

2
●-), perhydroxyl radicals (HO2

●), 
hydrogen peroxide (H2O2) and hydroxyl radicals (OH●). These highly 
reactive entities play a crucial role in the formation of many stale 
flavour characteristics by oxidising various components present 
in wort and beer (fatty acids, hop compounds, amino acids, thiols, 
polyphenols, etc.). 

In addition to reducing the number of metal ions potentially ending 
up in the beer, effectively removing Fe, Cu and Mn during brew-
ing should minimise the formation of ROS and mitigate oxidative 
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damage throughout the process. By decreasing radical forma-
tion – especially during the high-temperature stages of mashing 
and boiling – de novo formation of wort aldehydes is anticipated 
to be partially impeded since Strecker aldehydes can be directly 
generated through radical attack of their parent amino acid [17, 
18]. A reduction in bound-state aldehydes would also be expected, 
consequently [19].

The focus of this work is to achieve wort transition metal removal 
through the employment of polyphenolic chelators (tannic acid, 
pomegranate and green tea extract) during mashing. By seques-
tering transition metals early, we aim to positively impact wort 
oxidative stability, and thus, beer flavour stability. This assertion 
is substantiated by studies demonstrating a positive relationship 
between heightened oxidative stability in wort and improved 
quality, as well as extended shelf life, of the resultant beers under 
comparable conditions [20–32].

Some researchers, however, have expressed scepticism regard-
ing this claim. Arguments on the insignificance of wort oxidation 
include the inherent capacity of the brewing process to strongly 
negate the content of transition metals (without the help of pro-
cessing aids) during wort separation [33, 34] and fermentation [2, 
35, 36], the oxygen ingress during brewing being low (especially 
for large vessels) [18, 21, 37], the aldehydes evaporating during 
wort boiling [4, 38] and the ability of yeast to scavenge any of the 
undesirable compounds that may reside after boiling [38–40]. It 
is important to note though that a wort with high oxidative stabil-
ity does not inherently ensure good flavour stability, as a beer’s 
shelf life is ultimately determined by its weakest component. In 
the absence of adequate control over downstream factors, such 
as total package oxygen, optimisation of upstream processes will 
have little impact.

This study seeks to address a specific facet within the complex 
mechanism of staling by investigating the impact of chelator ad-
dition (at different mashing stages) on metal ion concentration, 
prooxidative radical generation and aldehyde levels in wort. The 
results of which augment the current, albeit limited, understanding 

of the effects of external chelators in brewing and the influence 
of transition metal concentrations on wort aldehyde content. The 
authors hope that this work may serve as a cornerstone for future 
research on the topic of metal chelation in brewing – an area in 
the field of beer flavour stability still underexplored – and to put 
another tool in the brewer’s arsenal to combat oxidative ageing.

2	 Materials and methods

2.1	 Chemicals and consumables

Calcium chloride dihydrate (≥ 99.0 %), glacial acetic acid (≥ 99.0 
%), ethanol absolute (≥ 99.2 %), 2-thiobarbituric acid (≥ 99.0 %), 
disodium hydrogen phosphate dihydrate (≥ 99.5 %), potassium 
dihydrogen phosphate (≥ 99.5 %), D-fructose (≥ 99.0 %), ninhydrin 
(≥ 99.0 %), potassium iodate (≥ 99.7 %), glycine (≥ 99.7 %), carboxy
methylcellulose (CMC; low viscosity), ethylenedinitrilotetraacetic 
acid disodium salt dihydrate (EDTA, Titriplex® III; ≥ 99.0 %), n-butanol 
(≥ 99.9), isooctane (≥ 99.8 %), iron(II) sulphate heptahydrate (≥ 99.0 
%), ammonium iron(III) citrate (≥ 16.5 % Fe), ammonia solution (≥ 
25.0 %), bovine serum albumin (BSA, albumin fraction V; ≥ 98.0 %), 
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL; ≥ 97.0 
%), O-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine-hydrochloride 
(PFBHA; ≥ 99.0 %), trans-2-nonenal (≥ 97.0 %), phenylacetaldehyde 
(≥ 90.0 %), furfural (≥ 99.0 %), hexanal (≥ 98.0 %), 3-methylbuta-
nal (≥ 97.0 %), 2-methylbutanal (≥ 95.0 %), 2-methylpropanal (≥ 
99.0 %) and deuterated benzaldehyde (benzaldehyde-d6; 98 atom 
%D) were purchased from Merck KGaA (Darmstadt, Germany). 
Deuterated 2-methylbutanal (2-methylbutanal-d10; 100 atom %D) 
was synthesised upon ordering from MercaChem (Nijmegen, the 
Netherlands). MN-polyamide CC 6 was from Macherey-Nagel™ 
GmbH & Co. KG (Düren, Germany). Bradford’s protein assay dye 
reagent concentrate (0.01 % Coomassie® Brilliant blue G-250) was 
made by Bio-Rad Laboratories GmbH (Munich, Germany). Concen-
trated nitric acid (≥ 65.0 %) was obtained from Th. Geyer GmbH & 
Co. KG (ChemSolute®, Renningen, Germany). Hydrochloric acid (≥ 
32 %) and sodium hydroxide (≥ 98.5 %) were acquired from VWR 
International (Radnor, USA). Glycerine (≥ 98.0 %) and hydrogen 

Fig. 1	 Process outline of the 5-hL pilot brewery of KU Leuven, Technology Campus Ghent
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peroxide (ROTIPURAN®; ≥ 30 %) were procured from Carl Roth 
GmbH (Karlsruhe, Germany). Methional (≥ 95.0 %) was attained 
from Acros Organics (New Jersey, USA). N-tert-Butyl-α-(4-pyridyl-1-
oxide)-nitrone (POBN; ≥ 98.0 %) was bought from TCI Deutschland 
GmbH (Eschborn, Germany). Reference standards (1000 µg/mL) 
for iron, copper, manganese and zinc were acquired from Perkin 
Elmer LAS GmbH (Rodgau, Germany). Argon (Alphagaz™ 1; ≥ 
99.999 %), nitrogen gas (≥ 99,999 %), helium (Alphagaz™ 2; ≥ 
99.9999 %) and methane (≥ 99,995 %) were from Air Liquide GmbH 
(Düsseldorf, Germany). Tannic acid (BrewTan B®; ≥ 98.0 %) was 
supplied by S.A. Ajinomoto OmniChem N.V. (Wetteren, Belgium), 
pomegranate extract (ellagic acid, ≥ 90.0 %) by PureBulk Inc. 
(Oregon, United States) and green tea extract (epigallocatechin 
gallate, ≥ 50.0 %) by Fairvital B.V. (Landgraaf, The Netherlands). All 
aqueous solutions were made with ultrapure water, either through 
Milli-Q® purification (Merck Millipore, Darmstadt, Germany) or via 
Sartopore® 2 MidiCap 0.2 µm filtration (Sartorius AG, Goettingen, 
Germany). For the KU Leuven brewing trials, pilsner malt was 
sourced from Holland Malt (Lieshout, The Netherlands) and Munich 
(15 MD) malt from Mouterij Dingemans (Stabroek, Belgium). Hop 
extract (IsoHop®; 20 % iso-α-acids) was provided by Barth-Haas 
(Paddock Wood, England). For the TU Berlin brewing trials, both 
pilsner and Munich (type II) malt were sourced from Weyermann 
Malting Company (Bamberg, Germany). Hop extract (30 % iso-α-
acids) was provided by Hopsteiner (Mainburg, Germany).

2.2	 Wort samples

2.2.1 Pilot scale production at the Katholieke Universiteit  
	 Leuven

Eight batches of wort were produced at the pilot brewery of KU 
Leuven, Technology Campus Ghent (Fig. 1), under analogous, 
atmospheric conditions and with identical materials and equipment. 
All batches were brewed on a 5-hL scale by mixing 88 kg of kilned 
malt (50:50 Pilsner:Munich) with 1.94 hL of mash water at a rate 
of 2.2 L/kg (malt/liquor ratio of 1:2.2 w/w) during fine milling with 
a wet disc mill (disc gap, #19; Hydromill®, Meura SA, Péruwelz, 
Belgium). Mashing-in occurred at 64 °C for 30 min, followed by 
an intermediate temperature rest at 72 °C for 15 min (ΔTrise 
= 1.5 °C/min) and mashing-off at 78 °C for 1 min. 

The mashing liquor was pre-heated reverse osmosis water, 
enriched with 81 mg/L of Ca2+ ions, but without acid addition 
(unadjusted mash pH of 5.6 at the onset of boiling, measured 
at 20 °C). For the non-reference brews, chelator addition 
occurred either at the onset of mashing (mashing-in) or at 
the end of mashing (mashing-off), as summarised in table 1. 
Mash filtration was performed with a membrane-assisted 
thin-bed filter (Meura 2001, Meura SA). The resulting filter 
cake was sparged with 2 hL of water (sparging rate, 2.3 L/kg; 
first running, 25 °P; last running, 3 °P; collected wort, 16-17 
°P). The sweet wort was adjusted to 13.4 °P during boiling. 
Additionally, isomerised hop extract was added, aiming for 
a final bitterness of 29 mg/L iso-α-acids (presumed yield, 50 
%), and 10 µL/L of zinc. After the 60 min boil, the hot wort was 
pumped into an open whirlpool (filling, 6 min; rest, 20 min; 
emptying, 20 min), where trub was removed. The clarified 
wort was subsequently cooled to 20 °C. Wort samples were 

collected in metal-free tubes (VWR International) at the onset of 
mashing, end of mashing, mash filtration, onset of boiling, end 
of boiling and end of cooling (before wort aeration) and stored at 
– 20 °C until analysis.

2.2.2 Pilot scale production at the Technische Universität 
	 Berlin

Likewise, four batches of wort were produced at the pilot brewery 
of TU Berlin, Department of Brewing and Beverage Technology. All 
batches were brewed on a 2-hL scale by mixing 24 kg of kilned malt 
(50:50 Pilsner:Munich) with 80 L of mash water (malt/liquor-ratio of 
1:3.3 w/w) after milling with a two-roll mill (grinding gap, 1.2 mm; 
Künzel Maschinenbau GmbH, Mainleus, Germany). Mashing-in 
occurred at 62 °C for 5 min, followed by a temperature rest at 66 
°C for 30 min, one at 72 °C for 20 min (ΔTrise = 0.5 °C/min) and 
mashing-off at 78 °C for 10 min. The mashing liquor was pre-heated 
reverse osmosis water, enriched with 68 mg/L of Ca2+ ions, but 
without acid addition (unadjusted mash pH of 5.4 at the onset of 
boiling, measured at 20 °C). For the non-reference brews, chelator 
addition occurred solely at the onset of mashing (mashing-in), as 
summarised in table 1. Mash filtration was performed by lauter tun. 
The spent grain was sparged with 40 L of water (first running, 16.5 
°P; collected wort, 11.3 °P). The sweet wort was adjusted to 12.0 
°P during boiling and isomerised hop extract was added, aiming 
for a final bitterness of 30 mg/L iso-α-acids (presumed yield, 85 
%). After the 60 min boil, the hot wort was pumped into an open 
whirlpool (filling, 10 min; rest, 20 min; emptying, 10 min), where 
trub was removed. The clarified wort was subsequently cooled 
to 12 °C. Wort samples were collected in metal-free tubes at the 
onset of mashing, end of mashing, onset of boiling, end of boiling 
and end of cooling (before wort aeration) and stored at – 18 °C 
until analysis. 

2.3	 Standard wort analyses

Density, extract and pH were evaluated using a DMA 5000 Alcolyzer 
beer analysing system (Anton Paar GmbH, Graz, Austria) on clear, 
undiluted samples, according to MEBAK (method 2.9.6.3 and 2.13, 

Table 1	 Chelator mash addition protocol

Brew Chelator Addition 
time

Concentration 
(mgchel./kgmalt)

KU 
Leuven

Ref1 ( ▲ )
– – 0

Ref2 ( ■ )

PGₑ (▲) Pomegranate extract
Onset of  
mashing 
(“early”)

0.17

GTₑ (▲) Green tea extract

TAₑ (▲) Tannic acid

PGι (■) Pomegranate extract
End of  

mashing  
(“late”)

GTι (■) Green tea extract

TAι (■) Tannic acid

TU 
Berlin

Refₔ (◆) – – 0

PGₔ (◆) Pomegranate extract
Onset of  
mashing 
(“early”)

0.20GTₔ (◆) Green tea extract

TAₔ (◆) Tannic acid
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respectively) [41]. Thiobarbituric acid index (TBI) and soluble protein 
content were determined using ultraviolet-visible spectrophotometry 
(Varian Cary 100 UV-Vis spectrophotometer, Agilent Technologies, 
California, USA), according to MEBAK (method 2.4) [41] and the 
Bradford protein assay [42]. Anthocyanogens and bitterness were 
quantified by continuous flow analysis (continuous flow analyser, 
type San+; Skalar Analytical B.V., Breda, The Netherlands), ac-
cording to MEBAK (method 2.16.2 and 2.17.1, respectively) [41]. 
Free amino nitrogen (FAN) and total polyphenols were analysed 
according to MEBAK (method 2.6.4.1 and 2.16.1, respectively) 
[41], using UV-Vis spectrophotometry for the KU Leuven samples 
and continuous flow analysis for the TU Berlin samples.

2.4	 Determination of the metal content

Quantification of metal ions (iron, copper, manganese and zinc) in 
wort was performed by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES), for which an Avio 200 spectrometer 
(PerkinElmer, Rodgau, Germany) was employed, in accordance 
with a preceding study [6]. Preliminary sample preparation consisted 
of centrifugation of the wort.

2.5	 Determination of radical levels

Radical formation was measured in the wort samples under force-
ageing conditions (60 °C) through electron spin resonance (ESR) 
spectroscopy by using an X-band spectrometer (e-scan, Bruker 
BioSpin GmbH, Rheinstetten, Germany), in accordance with a 
preceding study [6] and MEBAK (method 2.15.3) [41]. Final radical 
concentrations were reported as the radical intensities at minute 
450 (T450-value).

2.6	 Determination of (free) aldehydes

Aldehydes (methional, trans-2-nonenal, phenylacetaldehyde, 
furfural, hexanal, 3-methylbutanal, 2-methylbutanal and 2-methyl-

propanal) were quantified by capillary gas chromatography-mass 
spectrometry (CGC-MS), based on the method of Baert et al. [43, 
44]. The setup employs headspace-solid phase microextraction 
(HS-SPME), using a 65 µm polydimethylsiloxane/divinylbenzene 
(PDMS/DVB) fibre (StableFlex; Supelco, Bellefonte, USA) and 
on-fibre PFBHA derivatisation, coupled with a Thermo Scien-
tific™ FOCUS GC gas chromatograph (Thermo Fisher Scientific 
Inc., Waltham, USA) and a Thermo Scientific™ ISQ™ EC Single 
Quadrupole mass spectrometer. Standards for external calibration 
were prepared from stock solutions of eight ethanol-dissolved 
aldehyde markers.

Fig. 2	 Original extracts of the KUL and TUB worts. Reference brews (no chelator addition) are in black with hollow symbols ( , , ), 
pomegranate extract brews are in red (early addition, ▲ & ◆; late addition, ■), green tea extract brews are in green (early addition, 
▲ & ◆; late addition, ■) and tannic acid brews are in blue (early addition, ▲ & ◆; late addition, ■)

Fig. 3	 Mash filtration flow rates of the KUL worts. Reference brews 
(no chelator addition) are in black with hollow symbols ( , 

), pomegranate extract brews are in red (early addition, 
▲; late addition, ■), green tea extract brews are in green 
(early addition, ▲; late addition, ■) and tannic acid brews 
are in blue (early addition, ▲; late addition, ■)
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2.7	 Data analysis

Mean values and standard deviations (SDs; graphically represented 
through error bars, where applicable) are determined via two tech-
nical replicates unless noted otherwise. Scientific graphing and 
data analysis were conducted using OriginPro (version 9.6.5.169, 
OriginLab Corporation, Northampton, MA, USA) and Microsoft Excel 
for Office 365 (version 16.0.12527.22286, Redmond, WA, USA). 

3	 Results and discussion

3.1	 Chelator effects on brewing-relevant parameters

The eight batches of wort produced at the KU Leuven pilot brew-
ery, henceforth referred to as the ‘KUL worts’, were very similar 
in terms of extract (SDs of 0.1 °P for every mashing stage). It 
verifies suitable batch reproducibility and the inconsequentiality 
of chelator addition on starch conversion. The same applied to 
the four batches of wort produced at the TU Berlin pilot brewery, 
henceforth referred to as the ‘TUB worts’. 

The graphed data are shown in figure 2 and are also summarised 
in table 5 (see page 68). The latter serves as a comprehensive 
compilation of all the analyses and results of the study, allowing 
a comparison of averages between both breweries and providing 
insight into parameter fluctuations during brewing. In addition, the 
inclusion of standard deviations alongside the means provides 
information on the impact of chelator additions on each variable. 
A large standard deviation indicates a noticeable effect, whereas 
a small SD suggests a negligible impact.

Extract yields are important, as considerable variations in the 
extract can lead to different concentrations of staling-related wort 
compounds that are extracted from the malt (such as polyphenols, 
transition metals, aldehydes, etc.). Similarly, no consequential de-

Fig. 4	 Soluble protein contents of the clarified KUL worts. Cal-
culated from 2 x 2 biological/technical replicates

viations were found for the KUL wort mash filtration times (Fig. 3). 
It is not unthinkable that an effect would have been observed if a 
more oxidised wort or a lauter tun was used, since tannic acid – at 
the concentrations employed – has been shown to positively influ-
ence lautering performance when added to the brewing liquor [45, 
46]. It does this i.a. by preventing top-dough or ‘teig’ formation (a 
layer of oxidised cross-linked proteins that hinders wort separation) 
through coagulation and flocculation of thiol-containing proteins [47].

The ability to precipitate sensitive proteins makes tannic acid a 
valuable physicochemical stabilisation agent during wort boiling 
[48]. Given that pomegranate and green tea extract also contain 
polyphenols with protein-binding capabilities [49–51], it is reason-
able to assume that these chelators may have similar potential for 

 Fig. 5	 pH of the KUL and TUB worts. Reference brews (no chelator addition) are in black with hollow symbols ( , , ), pomegranate 
extract brews are in red (early addition, ▲ & ◆; late addition, ■), green tea extract brews are in green (early addition, ▲ & ◆; late 
addition, ■) and tannic acid brews are in blue (early addition, ▲ & ◆; late addition, ■)
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beer stabilisation. However, as yet, no studies have explored their 
effectiveness in this regard. Although this study found no measur-
able differences in soluble protein content among the clarified KUL 
worts (Fig. 4), pronounced differences in protein concentration 
would likely have been observed if the chelators were added to 
the boiling kettle, due to the lower protein content of filtered wort.

At the concentrations employed (75 and 60 mgextract/Lmash liquor for 
the KUL and TUB worts, respectively), the chelators did not affect 
mash pH. The acidities of the KUL and TUB worts (measured at 
20 °C) did, however, show natural pH fluctuations throughout the 
brewing process. As seen in figure 5, wort pH gradually declines 
during mashing mainly due to the liberation of (organic and inor-
ganic) malt phosphates [52]. Further pH decrease takes place 

during boiling by i.a. addition of hop bitter acids and production of 
Maillard reaction products (MRPs) [53].

Negligible inter-batch pH variations were detected for both brewer-
ies, with SDs ∈ [0.01−0.05] and ΔpHmaxima ∈ [0.03−0.14], depending 
on the mashing stage. The larger inter-brewery variation (ΔpHmeans 
∈ [0.16−0.29], depending on the mashing stage) seen is likely 
due to the utilisation of more strongly roasted Munich malt in the 
TU Berlin trials (25 EBC, as opposed to the KU Leuven’s 15 EBC 
Munich malt), leading to more acidic melanoidins being released 
in the wort.

Only minor deviations were seen in the free amino nitrogen contents 
of the KUL and TUB worts (Fig. 6), with both breweries achieving 

Fig. 6	 FAN contents of the KUL and TUB worts, measured at the onset of boiling (light grey) and end of cooling (grey)

Fig. 7	 TBI values of the KUL and TUB worts, measured at mash filtration (light grey), the onset of boiling (grey) and end of boiling (dark 
grey). All values were normalised to 12 % w/w extract
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FAN levels of ca. 180 ± 13 mg/L after clarification. This is relevant 
because significant differences in amino acid content can lead to 
a high disparity in aldehydes, due to amino acids being important 
ageing precursors [54–56].

The levels of total polyphenols in the clarified KUL and TUB worts 
were all very similar (Table 5), with an average of 241 ± 15 mg/L 
for both breweries. As with the FAN content, the significance is 
that polyphenols can also influence staling by i.a. increasing the 
reducing activity and decreasing the formation of carbonyls [57]. 
The utilisation of isomerised (CO2) hop extract in this study was 
motivated by the aim to exclude the potential influence of hop-
derived polyphenols as a confounding factor.

These results suggest that the additions of the polyphenolic extracts 
(pomegranate, green tea, tannic acid) during mashing did not lead 
to a measurable increase in the polyphenol content of the clarified 
worts. The excess polyphenols seem to remain in the brewhouse 
(during mash filtration and clarification, adsorbed to wort proteins 
and trub) and, thus, do not carry over into fermentation. To substanti-
ate this claim, however, a more elaborate examination is needed. 
Tannic acid, for example, has been known to impart (di)gallic acid 
residues to finished beer when added in the brewhouse [46, 58].

A significant discrepancy was observed in the thiobarbituric acid 
index – a value used for gauging cumulative thermal stress in malt, 
wort and beer, brought about by heat exposure during kilning, 
mashing, boiling, etc. – for two of the KUL brews (Fig. 7). Both 
brews PGι and GTι (late additions of pomegranate and green tea 
extract, respectively) had higher TBIs compared to the other KUL 
brews, before and after boiling. Worts and beers with higher TBIs 
generally have heightened staling-related benchmarks, such as 
increased aldehyde levels, colour and radical concentrations, as 
will be discussed in greater detail later on.

As stated, the elevated heat stress in brews PGι and GTι appeared 

to originate prior to wort boiling. One potential explanation is the 
possible presence of Maillard intermediates in the pomegranate 
and green tea extracts, carrying over into the filtered/boiled wort 
when added late to the mash but not with early mash addition, due 
to cross-linking and co-precipitation of the MRPs with wort proteins 
during mashing [59, 60]. The elevated TBI values observed in the 
TUB worts, e.g. when comparing the 'end of boiling' data points from 
both breweries, can be attributed to the use of the more intensely 
roasted Munich malt, as previously mentioned.

The worts with higher TBI values, PGι and GTι, were visibly darker 
than the others. This observation is in line with the evident correlation 
that exists between the thermal loads of malt, wort and beer and 
the corresponding increase in their colour, due to greater produc-
tion of coloured Maillard reaction products [61–63]. It is important 
to note that similar associations have been established between 
these factors and prooxidative radical generation [8, 62, 64–66]. 
This is attributed to specific MRPs, such as reductone intermedi-
ates, which can rapidly reduce oxidised metal ions, promoting e.g. 
catalytic iron redox cycling (Fe3+  Fe2+) [67, 68].

3.2	 Chelator effects on metal ion, free radical and 
	 aldehyde content in wort

Transition metal (Fe, Cu, Mn, Zn) concentrations naturally fluctuate 
throughout the brewing process (Table 5). Copper concentrations 
decrease every subsequent step, whereas manganese is less 
readily retained in the brewhouse but ultimately declines during 
whirlpooling. Overall, metal levels decline during mashing, wort 
boiling and/or at the whirlpool step as a result of metal retention 
with spent grain, hot break and/or trub [1, 8, 35].

In the present work, however, the primary objective was to coer-
cively reduce wort transition metal levels further. This was suc-
cessfully achieved for iron in both pilot breweries by the addition 
of the external chelators, as shown in figure 8, which replicates 

Fig. 8	 Iron concentrations of the KUL and TUB worts during mashing, measured at the onset of boiling (light grey), end of boiling (grey) 
and end of cooling (dark grey). All values were calculated from four technical replicates, with an average relative standard devia-
tion below 2 %, and normalised to 12 % w/w extract
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the findings of a previous lab-scale study [6]. Similarly, ellagic acid 
and tannic acid – despite their ability to chelate copper in wort-pH 
buffer solutions [69, 70] – appeared unable to influence the final 
wort concentrations of copper and manganese. Their low standard 
deviations, observed in table 5, indicate little variation among the 
brews and provide further confirmation of the chelators' inefficacy 
in removing Cu and Mn ions.

Copper ions likely have stronger binding affinities for amino acids 
and proteins, which are abundant in wort, than for endo- or exo
genous polyphenols. According to Jacobsen et al., certain amino 
acids can form complexes with copper at wort pH that may com-
pete with potent chelating agents such as EDTA and EGTA [71]. 
This assertion is supported by brewing studies that have found 
heightened concentrations of copper bound to proteinaceous mat-
ter [2, 72–74]. In contrast, divalent manganese ions tend to form 
unstable complexes with organic ligands and are therefore easily 

separated from their binding partners [75–78]. This behaviour is 
confirmed by studies that have shown minimal losses of Mn during 
the brewing process [2, 7, 9].

A slight discrepancy with the preceding lab-scale study [6] was 
the better performance of the early (pomegranate) extract addition 
towards iron removal at pilot scale. This effect explains the lower 
ESR signal intensities observed after the 450-minute assay (repre-
sented by T

450-values) with the early additions in this study (Fig. 9).

 The KUL reference brews exhibited an average, unnormalised iron 
concentration of 320 ± 30 µg/L in the clarified worts, which was 
higher than any of the 'chelator brews'. In terms of iron removal, 
compared to the reference brews, both the early and late additions 
of pomegranate extract were the most effective (– 85 % and – 76 %, 
respectively), followed by tannic acid (– 36 % and – 38 %) and 
green tea extract (– 14 % and – 2 %). These results were reaffirmed 

Table 2	 Transition metal concentrations of the clarified KUL and TUB worts. All values were calculated from four technical replicates, 
	 with an average relative standard deviation below 2 %, and not subjected to normalisation for w/w extract

Brew Chelator Addition time [Fe] 
(µg/L)

[Cu] 
(µg/L)

[Mn] 
(µg/L)

Sum 
(µg/L)

KU  
Leuven

Ref1 ( ▲ )
– –

339.3 91.3 95.9 526.4

Ref2 ( ■ ) 298.1 76.9 95.1 470.0

PGₑ (▲) Pomegranate extract
Onset of  
mashing  
(“early”)

47.4 89.1 100.1 236.5

GTₑ (▲) Green tea extract 274.4 91.7 98.1 464.1

TAₑ (▲) Tannic acid 204.5 91.0 114.6 410.1

PGι (■) Pomegranate extract
End of  

mashing  
(“late”)

76.0 89.7 88.4 254.0

GTι (■) Green tea extract 312.6 90.7 94.0 497.3

TAι (■) Tannic acid 200.0 94.0 96.5 390.5

TU  
Berlin

Refₔ (◆) – – 180.1 39.1 68.7 287.9

PGₔ (◆) Pomegranate extract
Onset of  
mashing  
(“early”)

21.1 26.0 71.2 118.3

GTₔ (◆) Green tea extract 133.3 24.4 68.5 226.2

TAₔ (◆) Tannic acid 121.5 21.3 73.6 216.4

Fig. 9	 ESR results of the clarified KUL and TUB worts. Reference brews (no chelator addition) are in black with hollow symbols ( , , 
), pomegranate extract brews are in red (early addition, ▲ & ◆; late addition, ■), green tea extract brews are in green (early ad-

dition, ▲ & ◆; late addition, ■) and tannic acid brews are in blue (early addition, ▲ & ◆; late addition, ■)
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in the TUB trials (– 88 %; – 33 %; – 26 %), meaning that the find-
ings are brewery independent and irrespective of mash filtration or 
lautering. It should be noted that the TUB worts had smaller iron 
contents at mashing-in (Table 5), resulting in their lower final iron 
concentrations. Comparatively, however, larger quantities of iron 
were removed from the KUL brews.

Concentrations of iron, copper and manganese in the clarified 
worts can be found in table 2. Apart from the declarations already 
made, it is noticeable that the metal levels were lower in the TU 
Berlin trials, even though a more roasted Munich malt was used, 
which typically bestows excess iron and manganese to the wort 
[6, 33]. While there was, indeed, a slightly higher concentration 
of the chelators used, this would not account for the differences 
seen in the reference brews. The observed effect is likely caused 
by differences in barley cultivar [79], malt roasting conditions 
[80], as well as the use of high extract brewing with fine milling 
at KU Leuven, as opposed to e.g. the method of wort separation 

(lautering vs. mash filtration) – although 
these factors are often interrelated. 

Due to the variations in the total transi-
tion metal content among the different 
brews, different radical formation rates 
are anticipated in the worts. Figure 9 
depicts the results of the electron spin 
resonance (ESR) assay for the clari-
fied worts. Compared to the reference 
brews, the early additions of pome-
granate extract resulted in a ca. 80 % 
reduction in T

450-values, indicating a 
significant decline in radical generation. 
Incorporations of tannic acid also led to 
reduced T450-values, seemingly inde-
pendent of addition time. The radical 

reduction efficacies of green tea extract were observed to be mini-
mal, as they also did not demonstrate very effective iron removal. 

While the low metal content of pomegranate brews certainly con-
tributes to their low T450-values, it is plausible that an additional 
antioxidative effect is at play. Notably, the additions of tannic acid 
and green tea in the TUB trials show a lower amount of total tran-
sition metals (216 and 226 µg/l, respectively), compared to the 
pomegranate additions in the KUL trials (237 and 254 µg/L, early 
and late); yet, the latter two worts have lower T450-values.

Ellagic acid, for example, is also likely to engage in free radical 
scavenging [81, 82]. It is questionable, however, whether the low 
residual concentrations would account for the impact observed in 
figure 9. In reality, there is a strong correlation between the T450-
values and the wort Fe content (r of 0.95; R² of 0.90). The coefficients 
of correlation (r) and determination (R²) are significantly lower with 
Cu (0.39; 0.15), Mn (0.33; 0.11) and even the sum of transition 

Table 3	 Concentrations of eight distinct aldehydes, as measured in the respective KUL worts. 
	 All values were normalised to 12 % w/w extract, are means ± standard deviation of 
	 eight brews and include both reference and chelator brews

Aldehyde content (µg/L)

Mash filtration End of boiling Change over boiling 
(%)

Furfural 73.1 ± 6.1 92.9 ± 7.5 +28 ± 10

2-Methylpropanal 567.6 ± 137.4 109.0 ± 102.4 -80 ± 20

2-Methylbutanal 440.8 ± 85.2 66.4 ± 66.5 -84 ± 18

3-Methylbutanal 683.2 ± 158.2 108.7 ± 109.3 -83 ± 19

Methional 397.1 ± 53.2 207.5 ± 22.8 -47 ± 5

Phenylacetaldehyde 87.8 ± 11.5 78.4 ± 17.1 -11 ± 10

Hexanal 37.7 ± 4.6 3.0 ± 3.9 -91 ± 12

Trans-2-nonenal 0.1 ± 0.0 0.0 ± 0.0 -79 ± 20

Fig. 10	 Aldehyde concentrations of the KUL worts, measured at mash filtration and the end of boiling. All values were normalised to 
12 % w/w extract and calculated from three technical replicates. From bottom to top: 3-methylbutanal (red), 2-methylpropanal 
(blue), 2-methylbutanal (yellow), methional (green), phenylacetaldehyde (purple), furfural (grey), hexanal (pink), trans-2-nonenal 
(indistinguishable)
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metals (0.88; 0.78). Accordingly, the three worts with the lowest 
amount of iron (Table 2, bolded) display the lowest T450-values.

It is reasonable to anticipate distinctive behaviour in beer, consid-
ering how radical formation, and hence ESR values, are highly 
dependent on various matrix factors [1], including extract, pH, levels 
of MRPs and reductones, presence of transition metals, complexing 
agents (e.g. hop acids), radical-quenchers (e.g. sulphite, ethanol), 
and the mutual concentration ratios of all pertinent compounds. 
Indeed, copper and manganese have been shown to affect beer 
lag times (i.e. the duration required for antioxidants to be depleted 
during ESR analysis) [5, 7].

Table 3 depicts the normalised aldehydes contents, before and after 
wort boiling. The data show that despite the added heat stress – and 
consequent furfural increase – over the course of boiling, there is 
a notable decrease in the overall aldehyde levels. This trend has 
been observed in several other studies [53, 83–86], and is attributed 
to volatilisation, particularly for the aldehydes with boiling points 
below 100 °C (2-methylpropanal, 2- and 3-methylbutanal). It is 
apparent that the amount of aldehydes lost through evaporation 
during boiling surpasses the amount that is generated through 
release or de novo formation (e.g. via Strecker degradation of 
amino acids, the Maillard reaction or oxidative processes) [87].

The total aldehyde contents of each brew are visually represented 
in figure 10 through stacked column graphs for both brewing 
stages. The highest aldehyde levels were observed at mash filtra-
tion; particularly in brews PGι and GTι, which correlate with the 
elevated TBIs and colour intensities of these two worts (Fig. 7). 
The latter observation strengthens the existing understanding 
that aldehydes are closely linked to heat load, as recognised by 
numerous researchers [8, 20, 88–93] and evident from table 4. 
In addition to demonstrating the high predictive capability of TBI 
and furfural (both heat load indicators) for pre-boil total aldehyde 
levels, the coefficients in  4 also reveal a moderate association 
with iron in this regard. 

It is worth noting that the correlation between TBI and furfural prior 
to wort boiling (r of 0.69) attenuates after boiling (r of – 0.09). Like-
wise, the correlation between TBI and total aldehydes also inverts 

and weakens post-boiling. Furfural, however, does not exhibit this 
behaviour and seems to be the more reliable predictor for post-boil 
wort aldehydes in this study. Nevertheless, it should be emphasised 
that the thiobarbituric acid index has been proposed by De Schutter 
et al. as the superior method for determining various types of heat 
load on wort [94, 95]. This is because, in addition to the volatile 
5-hydroxymethylfurfural, the TBI also accounts for non-volatile 
precursors of volatile ageing compounds (such as Amadori rear-
rangement products and α-dicarbonyl compounds). It is therefore 
less susceptible to the shortcomings of volatile heat load indicators 
such as furfural, where information about the applied thermal load 
on wort is lost through evaporation.

As illustrated in figure 10, the brew (PGₑ) with the least amount of 
transition metals and the lowest T

450-value remarkably demonstrated 
the highest aldehyde levels after boiling, exceeding even the boiled 
reference worts. This unexpected outcome can be solely attributed 
to an aberration during the boiling process, which impeded the 
evaporation of aldehydes. The elevated presence in brew PGₑ of 
aldehydes in the higher volatility range (2-methylpropanal, 2- and 
3-methylbutanal) bolsters this hypothesis. It is plausible that the 
brewing process for PGₑ involved a relatively subdued boiling 
state (simmering, rather than a rolling boil), leading to inefficient 
volatilisation [96, 97]. A comparison of the brewing log boiling times 
revealed that brew PGₑ spent a considerably shorter duration at 
temperatures of ≥ 100 °C (22 min), in stark contrast to the other 
brews (58 ± 7 min).

Consequently, including outlier brew PGₑ in the calculations of 
the coefficients presented in  4 introduces potential inaccuracies. 
The exclusion of brew PGₑ causes minimal changes in the ‘mash 
filtration’ coefficients (Δabs ≤ 0.1) but considerably alters the ‘end of 
boiling’ coefficients for certain variables. Omitting the outlier reveals 
positive correlations between the levels of free aldehydes detected 
in the boiled wort and the quantities of iron (r of 0.83; R² of 0.69) 
and manganese (0.45; 0.20), while a strong negative correlation 
with total polyphenols (– 0.81; 0.66) emerges. The recalculated 
coefficients align with the expected prooxidative influence of iron 
and manganese as transition metal catalysts and the antioxida-
tive effects of polyphenols, as discussed previously. It is worth 
noting that a weak negative correlation between wort aldehydes 
and copper (– 0.32; 0.10) persists, which contradicts the prevail-
ing understanding but is in line with recent observations made by 
other researchers [5, 33, 74].

Each chelator addition led to a lower level of total aldehydes in the 
boiled worts when compared to the reference brews. On average, 
there was a reduction of – 39 % for green tea extract, – 55 % for 
tannic acid and – 58 % for pomegranate extract (excluding brew 
PGₑ). Although these results are promising, further investigation 
is needed to determine the impact of the depleted iron levels dur-
ing the brewing process, and the subsequent lower T

450-values 
and aldehyde levels of the final worts, on the final beer quality 
and flavour stability. A follow-up study will analyse the fresh and 
force-aged beer samples resulting from these worts to address 
these queries. The potential benefits of these specified conditions 
have been speculated and are supported by the widespread use 
of tannic acid-based products (such as gallotannins) in the brew-
ing industry. 

Table 4	 Notable coefficients of correlation (r) and determination 
	 (R²) between seven selected variables and total wort alde- 
	 hyde concentrations at two brewing stages (pre- and 
	 post-boil), with inclusion of brew PGₑ. Correlations ex- 
	 cluding the brew PGₑ (as an outlier in terms of post-boil  
	 aldehydes) are provided and discussed in the text

Mash filtration End of boiling

  r R² r R²

TBI 0.86 0.74 – 0.53 0.28

Furfural 0.82 0.67 0.76 0.57

FAN* 0.64 0.41 – 0.57 0.32

Iron 0.39 0.15 – 0.07 0.00

Copper – 0.21 0.04 – 0.26 0.07

Manganese 0.09 0.01 0.02 0.00

Total polyphenols* 0.00 0.00 – 0.48 0.23

*Clarified wort data
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Table 5	 Summary of results obtained from the analyses of worts produced at the KU Leuven and TU Berlin pilot breweries. The reported 
	 values are means ± standard deviation of either eight (KUL) or four (TUB) brews and include both reference and chelator brews

KU Leuven worts (n = 8) TU Berlin worts (n = 4)

Stage Onset 
mashing

End 
mashing

Mash 
filtration

Onset 
boiling

End 
boiling

End 
cooling

Onset 
mashing

End 
mashing

Onset 
boiling

End 
boiling

End 
cooling

Analysis

Extract (°P) 25.6 ± 
0.1

12.9 ± 
0.1

12.7 ± 
0.1

12.7 ± 
0.1

16.3 ± 
0.8

11.6 ± 
0.1

12.8 ± 
0.4

12.1 ± 
0.1

pH 5.6 ± 0.0 5.6 ± 0.0 5.5 ± 0.0 5.6 ± 0.0 5.5 ± 0.1 5.5 ± 0.0 5.4 ± 0.0 5.3 ± 0.0 5.2 ± 0.0

Flow rate of initial  
100 min (L/min) 3.1 ± 0.2

TBI* 59.9 ± 
10.2

81.0 ± 
13.1

97.0 ± 
3.0

114.7 ± 
4.3

FAN (mg/L) 184.3 ± 
16.3

168.5 ± 
6.2

179.1 ± 
4.6

Soluble protein (mg/L) 507.8 ± 
14.8

Total polyphenols 
(mg/L)

236.6 ± 
10.8

255.9 ± 
15.1

Anthocyanogens (mg/L) 49.4 ± 
11.3

Iron* (µg/L) 486.3 ± 
95.0

290.4 ± 
60.9

380.0 ± 
130.6

193.5 ± 
70.8

200.7 ± 
88.8

202.9 ± 
101.0

236.8 ± 
173.5

180.3 ± 
114.1

179.2 ± 
119.3

126.2 ± 
79.3

112.7 ± 
66.0

Copper* (µg/L) 326.1 ± 
38.2

288.2 ± 
11.3

277.7 ± 
5.6

190.3 ± 
10.6

134.5 ± 
28.3

82.7 ± 
4.8

234.7 ± 
9.8

191.6 ± 
32.5

106.4 ± 
15.3

28.8 ± 
4.6

27.3 ± 
7.6

Manganese* (µg/L) 631.4 ± 
85.2

242.4 ± 
10.4

133.2 ± 
9.1

145.7 ± 
6.5

168.8 ± 
25.0

90.6 ± 
6.7

854.4 ± 
117.2

376.8 ± 
36.7

220.9 ± 
10.3

135.0 ± 
34.3

69.6 ± 
2.7

Zinc* (µg/L) 1093.6 ± 
162.7

430.3 ± 
38.8

152.4 ± 
17.8

183.7 ± 
10.3

395.2 ± 
103.3

251.5 ± 
58.0

970.1 ± 
143.9

504.3 ± 
50.3

202.5 ± 
11.8

93.2 ± 
30.0

19.8 ± 
3.2

T450-value (x 106) 6.7 ± 2.4 4.8 ± 2.6

Bitterness (IBU) 23.7 ± 
1.0

*Data normalised to 12 % w/w extract

The application of gallotannins (either pre- and post-wort boil, dur-
ing maturation or before filtering/centrifugation) has been shown 
to enhance beer stability [45, 47, 98, 99]. Nevertheless, recent 
brewing research, including the present study, has shown that el-
lagic acid [6], and in particular punicalagin (a glycoside of ellagic 
acid) [69, 100], outperform gallotannins in terms of iron chelation 
and overall antioxidative capabilities. Punicalagin, like tannic acid, 
is a high molecular weight polyphenol with a large number (16) of 
phenolic hydroxyl groups per molecule and has the potential to be 
an effective stabilising and antioxidative agent. Further scientific 
exploration, however, is required to determine its full potential in 
brewing.

4	 Conclusion

Incorporation of chelators during mashing influences the transition 
metal content of wort and does not adversely affect any of the per-
tinent brewing parameters (extract, pH, filterability, soluble protein, 
free amino acid content, total polyphenols, heat load). Among the 
polyphenolic substances investigated, pomegranate extract (90 % 
ellagic acid) and tannic acid are particularly effective in lowering 
iron levels in the wort throughout the brewing process. The addition 
of pomegranate extract during the early stage of mashing leads to 

an approximate 90 % reduction in the iron content of the final wort 
and a nearly 80 % reduction in prooxidative radical generation. 
None of the examined chelators significantly affect concentrations 
of copper and manganese. However, the levels of these metals 
naturally decline during brewing through wort separation (filtration 
and clarification).

On average, the chelator additions result in a 40 – 60 % reduc-
tion in total post-boil aldehydes compared to the reference brews, 
depending on the chelator used. However, only the pomegranate 
extract brews exhibit significantly higher oxidative wort stabilities, 
as evidenced by the diminished radical generation in ESR spec-
troscopy analysis (indicated by low T

450-values), which strongly 
correlate with wort iron content. Our investigation also identifies 
strong correlations between iron levels, polyphenols and total wort 
aldehydes after boiling, while only weak to moderate correlations are 
seen with copper and manganese. These associations, however, 
are not evident before boiling. It must furthermore be noted that 
aldehydes display a strong dependence on heat load throughout 
the brewing process.

Wort oxidative stability is important, as it can affect the quality 
and shelf life of the final beer product. In this regard, the use of 
pomegranate extract in brewing demonstrates great potential, 
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particularly for high-iron beers such as stouts and other dark ales. 
However, staling is complex; and the relationship between wort 
oxidative stability and beer flavour stability is not necessarily di-
rect. Further investigation is warranted to determine the impact of 
these findings on oxidative beer stability and beer flavour stability. 
Subsequent studies will evaluate the fresh and aged characteristics 
of the resulting beers.
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