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Assessment of Chelators in Wort and Beer 
Model Solutions

Long-term storage of beer often results in flavour deterioration and quality reduction. Prolonging beer  
freshness would benefit both brewers and consumers worldwide. Oxygen has always been a major focus  
in regard to oxidation. Less naturally is the key involvement of catalytic transition metals (Fe, Cu, Mn) in  
oxidative beer ageing. Physicochemically removing these entities through chelation – rendering them  
incapable of forming reactive oxygen species – could greatly benefit flavour stability. This study aims to  
explore nine chelating compounds (EDTA, citric acid, tartaric acid, quercetin, chlorogenic acid, ferulic acid, 
gallic acid, phytic acid, and tannic acid) for their capacity to form complexes with seven metal ions (FeII, FeIII, 
CuII, MnII, CaII, ZnII, MgII) and to examine whether the complexes can effectively be removed by filtration.  
Chelators and metal ions were mixed and incubated in two distinct acetate buffer solutions, one with the pH 
and ethanol content of wort (5.60; 0.0 vol%) and one with that of finished beer (4.30; 5.0 vol%). Measurements 
were conducted by UV-Vis and ICP-OES spectroscopy, to respectively assess complex formation (through  
absorbance changes) and filterability (through metal level reductions). Ideally, chelators deplete iron, copper, 
and manganese, without affecting any metals vital for brewing (Ca, Zn, Mg). The findings suggest tannic acid 
to be the most promising chelator in this aspect, followed by quercetin, gallic acid, chlorogenic acid, and  
ferulic acid. EDTA, citric acid and tartaric acid did not form filterable complexes with any of the metal ions. 
Phytic acid chelated out zinc; among others when introduced to a mix of metal ions. Compared to beer pH, 
wort pH proved far superior overall in terms of transition metal removal by complex formation.

Descriptors: chelation, transition metals, flavour stability, oxidation, UV/Vis, ICP-OES

1 Introduction

Beer is one of the most all-time beloved beverages around the 
globe [1 chap. 1]; and in several aspects, it is also an exceedingly 
complex drink. Beer’s intricate nature brings forth a broad range 
of different styles and an almost inexhaustible range of possibili-
ties. This complexity, however, comes with the downside of (fresh) 
beer being unstable, as it is not in a state of chemical equilibrium. 

The poor (flavour) stability causes beer to change and turn unpal-
atable rather fast; especially considering the detrimental effects 
of transport and unrefrigerated storage. And even though beer 
will technically not expire and become unsafe to drink, its lack-
ing stability is a modern brewer’s biggest headache. The flavour 
changes that occur over time are almost always unpleasant and 
unintended. Adverse storage conditions with time can also cause 
haze defects and lack of foam in the beer. These phenomena are 

all very off-putting for the consumer. Given that buyers are becom-
ing more aware and increasingly demanding of beer quality and 
flavour [2] – along with an ever-expanding global beer distribution 
chain and a continuous rise in craft beer popularity – it’s safe to 
say that the issue of beer flavour stability has never been more 
relevant than today.

A big culprit in beer staling is oxygen, as oxidation is the main 
cause of beer turning ‘aged’ [3, 4]. That is why breweries go to great 
lengths avoiding any unnecessary oxygen pickup during brewing 
and why good bottling practices are so important. Big improvements 
with total package oxygen (TPO) were already seen over recent 
years – bottle fillers now allow for a TPO of 50 ppb or less [5]. But 
even though it continues to improve, complete avoidance of oxygen 
has its practical limits and is downright impossible.

But there is more to oxidation than oxygen alone. Due to spin 
restrictions, molecular (ground state) oxygen is rather inert [6]. 
Unfortunately, transition metals (iron, copper, and manganese) 
are – through electron exchange – able to undermine this energy 
barrier and cause oxygen to go out of its latent state. Resulting 
derivatives are called ‘reactive oxygen species’ (ROS), of which 
O

2
-, OOH•, H2O2, and OH• – generated by the Fenton and Haber-

Weiss reaction mechanism [7] – are chief examples. These ROS 
are highly reactive entities and cause substantial oxidative damage 
by attacking compounds directly, whilst also inducing a cascade 
of additional oxidizing reactions, resulting in the formation of 
flavour-active, volatile substances (such as aldehydes), which 
are generally – depending on their concentrations – responsible 
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for atypical tastes and odours. Thus, when it comes to preventing 
oxidation, one school of thought is to shift the focus more towards 
debilitating or removing these catalytic transition metals, instead 
of solely restricting oxygen.

1.1 Chelation

The detrimental effects of transition metals should not be made 
light of; without them, the vast majority of the “auto-oxidative” reac-
tions in beer would cease to happen [8]. Despite this, content of 
transition metals is seldom monitored and/or controlled.

The bulk of metals, found in wort and beer, unavoidably enter 
through the grain at mashing [9]. Despite being added at significantly 
lower quantities, also hops are a relatively substantial source of 
manganese in beer (and especially so with dry hopping) [10]. Apart 
from the unwanted catalytic metals, there is also a leaching-out of 
desirable metal ions for brewing – such as calcium, magnesium, 
and zinc. The most feasible way of strictly removing the undesir-
able metal ions whilst brewing would have to be physicochemical, 
through means of chelation (the act of binding metal ions to other 
molecules or chelators). Only limited research has been conducted 
on the captivation of stale inducing metal ions in brewing, albeit 
with some very positive outcomes. Wietstock, Kunz and Methner 
showed that addition of a strong chelator – ethylenediaminetet-
raacetic acid (EDTA) – to beer actively reduces the amount of 
Strecker aldehydes formed during its storage [4] (note that fresh 
beer is low in aldehydes). Analogous anti-oxidative effects through 
iron complexation are seen with hop acids, albeit weaker [11–15]. 
Amino acids and melanoidins have been known to chelate copper 
ions [16], which is also the reason why the ‘hot break’ (which largely 
consists out of coagulated protein) is rich in metals [17]. Certain 
polyphenols, like prenylflavonoids and pro-anthocyanidins, should 
also act as anti-oxidants by similar metal-confining mechanisms, 
yet some debate still exists [18, 19].

The existing amount of controversy can largely be attributed to 
the fact that complexes may act as double-edged swords; behav-
ing oxidation retardant under certain conditions, but accelerative 
under others. A certain crossline exists on which every chelator 
balances: the agent being reducing enough for it to serve protec-
tively, by reducing ROS; and it being overly reducing, causing the 
metal ions to be converted back to their reduced states [20]. The 
cross-over phenomenon – whether a ligand 
acts pro- or anti-oxidative – is influenced by 
factors like chelator concentration and metal-
to-chelator ratio [21, 22]. In this aspect, high 
chelator concentrations are usually preferred. 

To add to the complexity of it all, the pH and 
the way the complex is chemically structured 
will play a role too [13]. If the chelating agent 
succeeds in shielding off the central metal ion 
from its environment, it prevents the elec-
trons from taking part in the whole electron 
exchanging interplay, which greatly reduces 
the system’s redox potential. However, if the 
complexed transition metal is still oxygen ac-
cessible, the ligands surrounding the metal 

ion will often get degraded through site-specific oxidation [23]. 
This is problematic, as these ligands are usually biomolecules 
which we wish to keep intact. On the other hand, by introducing a 
strong chelator, transition metal ions can be detached from these 
vulnerable bio-compounds, thus enhancing flavour stability. For 
chelation strength, the rule of thumb is: the more donor atoms a 
given chelator has, the stronger and more stable it will bind with 
metal ions [24].

Because of the obscure nature that complexes have on oxidative 
stability, we tried to focus more in this study on actual removal of 
catalytic transition metals. In practice, this meant screening for 
chelators that would form complexes with them, large enough so 
that they could effectively be filtered out. However, an important 
aspect of the study was to also monitor the beneficial metal ions 
(Ca, Mg, Zn). As mentioned earlier, we would prefer that these 
metals remain available for the workings of the brewing process. 

2 Materials and method

2.1 Chemicals

Ferulic acid (99.0 %), phytic acid sodium salt hydrate (90 %), tan-
nic acid (99.0 %), quercetin dihydrate (98.0 %), iron(II) sulphate 
heptahydrate (99.0 %) and calcium(II) acetate hydrate (99.0 %) 
were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, 
Germany). Ethylenedinitrilo-tetraacetic acid disodium salt dihydrate 
(Titriplex® III; 99.0 %), citric acid monohydrate (99.5 %), tartaric 
acid (99.5 %), anhydrous gallic acid (98.0 %), iron(III) chloride 
hexahydrate (99.0 %), and manganese(II) sulphate monohydrate 
(99.0 %) were obtained from Merck KGaA (Darmstadt, Germany). 
Chlorogenic acid (98.0 %) was acquired from Acros Organics (New 
Jersey, USA). Magnesium(II) acetate tetrahydrate (99.5 %) was 
bought from Honeywell Riedel-de Haën AG (Seelze, Germany). 
Zinc(II) acetate dihydrate (99.5 %) was acquired from AppliChem 
GmbH (Darmstadt, Germany). Copper(II) acetate monohydrate 
(99.0 %), dimethyl sulfoxide (99.5 %), and glacial acetic acid 
(100 %) was attained from Carl Roth GmbH (Karlsruhe, Germany). 
Hydrochloric acid (37 %), ethanol absolute (100 %) and sodium 
hydroxide came from VWR International S.A.S. (Fontenay-sous-
Bois, France). Sodium acetate (99.0 %) was obtained from Chem-
solute (Renningen, Germany). All aqueous solutions were made 

Table 1 Instrumental parameters for the ICP-OES analysis

Parameter
Baffled Cyclonic Spray Chamber, Meinhard K1 Nebuliz-
er, 2.0 mm Alumina Injector, Two-Dimensional Charge 

Coupled Device (CCD) Detector

Radio Frequency (RF) Power 1500 Watts

Nebulizer Flow 0.35 L/min

Auxiliary Flow 0.2 L/min

Plasma Flow 11 L/min

Sample Flow Rate 1.00 mL/min

Equilibration Time 20 sec

Torch Position – 3.00 mm

Carrier and purge gas Gaseous argon

Shear gas Air
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with ultrapure water (by Sartopore® 2 MidiCap 0.2 µm filtration; 
Sartorius AG, Goettingen, Germany). 

2.2 Preparation of reagent 

Buffer 1 (‘wort’ buffer; pH 5.60, 0.0 vol% ethanol) and buffer 2 (‘beer’ 
buffer; pH 4.30, 5.0 vol% ethanol) were both 0.1 M sodium acetate 
buffers. Where necessary, minor pH adjustments were made with 
either hydrochloric acid (HCl) or sodium hydroxide (NaOH).

All metal ion solutions (FeII, FeIII, CuII, MnII, CaII, ZnII, MgII) and 
chelator solutions (EDTA, citric acid, tartaric acid, quercetin, chlo-
rogenic acid, ferulic acid, gallic acid, phytic acid, and tannic acid) 
had concentrations of 500 µmol/L – allowing for a final concentra-
tion of 250 µmol/L, of both metal ion and chelator, when mixed 
in equal volumes. All solutions were aqueous, with exception of 
quercetin (dissolved in dimethyl sulfoxide) and ferulic acid (80:20 
water:ethanol).

The ‘metal ion mix’ contained six 
metal ions (FeII, CuII, MnII, MgII, 
ZnII, and CaII) with concentrations 
of 250 µmol/L (half that of the sole 
metal ion solutions). Blending 
equal volumes of metal ion mix 
and chelator solution yield final 
concentrations of 125 µmol/L for 
each metal ion and 250 µmol/L 
for the chelating agent. 

2.3 Spectrophotometric  
 determination of com- 
 plex formation

The stabilization of any charge-
transfer complex accompanies 
the transferring of electrical 
charges between electron-donor 
and -acceptor (e.g. metal ions and 
ligands). This electron distribution 
change gives rise to the creation 
of charge-transfer bands – which 
are optical absorption bands – that 
are detectable through ultravio-
let–visible (UV/Vis) spectroscopy. 
So technically, complex formation 
can be monitored through spec-

trophotometry: a shift in absorbance (spectrum change) should 
indicate that chelation occurred.

Spectra of metal ion complexes, as well as each individual metal 
ion and chelator, were examined with a Lambda 25 UV/Vis spec-
trophotometer (PerkinElmer, Waltham, USA) and a 10 mm high 
precision cell made of special optical glass (Hellma Analytics, Jena, 
Germany), in a wavelength range of 200 – 800 nm (full spectrum).

2.4 Determination of complex filterability and metal 
 concentration

The filterability of metal complexes was tested by pushing each 
metal-chelator mixture through a microfilter (0.2 µm) and analys-
ing the filtrate for residual metal with inductively coupled plasma-
optical emission spectroscopy (ICP-OES). For the latter, an Avio 
200 spectrometer (PerkinElmer, Rodgau, Germany) was employed 
with following instrumental parameters (Table 1).

The analytical wavelengths used for the determination of each metal 
ion are stated in table 2. A seven-point matrix-matched calibration 
curve, ranging from 0 to 300 µmol/L for each individual metal ion, 
was used to quantify the sample concentrations (r² > 0.99).

2.5 Main methodology

In order to expand upon the current knowledge of metal chelation 
in wort and beer, we tested nine food-grade chelators (EDTA, citric 
acid, tartaric acid, quercetin, chlorogenic acid, ferulic acid, gallic 

Table 2 Emission lines used for the quantification of Fe, Cu, Mn, 
 Zn, Ca, and Mg by ICP-OES

Element Emission line used [nm]

Fe 238.204

Cu 327.398

Mn 257.612

Zn 213.857

Ca 317.933

Mg 279.553

Fig. 1 Experimental setup for the measurement of complex formation and the filterability
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acid, phytic acid, and tannic acid) on their capacity to form filterable 
complexes with seven metal ions (FeII, FeIII, CuII, MnII, CaII, MgII, and 
ZnII) in both ‘wort’ and ‘beer’ buffer solutions (buffer 1 and buffer 
2, respectively). Likewise, each chelator was also subjected to a 
mix of these metals to check the binding affinities – chelators bind 
metals in order of decreasing complex-stability constants – and 
performance consistency – whether similar efficiencies to sole 
metal ions are seen.

As depicted in figure 1, both metal and chelator solution were 
transferred simultaneously into a beaker and mixed. Molar concen-
trations were 250 µmol/L for each, entailing that chelator:metal-ratio 

was always 1:1. The only exception being the trials with 
metal ion mix, which had final molar concentrations of 
125 µmol/L for each of the six different metal ions and 
250 µmol/L for the chelator. All samples were carried out 
in duplicate; except for the blanks (no chelator added), 
which were conducted in triplicate.

The chelator-metal mixtures were analysed by spectro-
photometer: once at the beginning (within 1 minute from 
mixing) and once at the ‘end’ (60 minutes from mixing). 
Separate absorbance spectra of the (blank) buffer solu-
tions, chelators, and metal ions were also collected. 

After that, the chelator-metal mixtures were filtered 
through a syringe filter with 0.2 µm cellulose acetate 
membrane (VWR International, Radnor, USA) and the 
filtrates analysed for residual metal ions by ICP-OES. All 
syringes (Henke-Sass Wolf, Tuttlingen, Germany) and 
tubes (VWR International, Radnor, USA) were single-use 
and metal-free.

3 Results & Discussion

In order to find compounds with the potential of slowing 
down radical formation in beer and brewing, a multi-
tude of chelators was screened on two key features: 
Whether the chelator forms complexes with the metal 
ion(s) in question and, if so, whether these complexes 
are large enough to be effectively filtered out. Figure 2 
displays the chemical structures and possible chelation 
mechanisms of all tested chelators. A quick and easy 
experimental setup allowed for the numerous combina-
tions to be explored.

Due to the high variability and extreme complexity of beer 
and wort matrices, acetate buffer solutions were used. 

Using buffers negate any unwanted interferences coming from 
endogenous beer/wort components, such as naturally present 
chelators, metal ions, colour, etc.

Some metal-chelator combinations produced distinct colour forma-
tions, visible to the naked eye (Table 3); meaning that complex 
formation indisputably occurred.

UV/Vis spectrophotometry was used to more accurately detect 
whether complexes were formed between metal and chelator. 
The findings can be found in table 4 (see page 62). The table only 
addresses buffer 1 (‘wort’), but the spectrum changes generally 

Table 3 Combinations leading to visibly coloured complex formations

 

Quercetin Chlorogenic acid Gallic acid Tannic acid

pH 4.30 pH 5.60 pH 4.30 pH 5.60 pH 4.30 pH 5.60 pH 4.30 pH 5.60

Fe(II) – Green – Dark Green – Dark purple Purple Dark purple

Fe(III) Green Dark green Green Dark green Dark purple Purple Dark purple Purple

Cu(II) – – – White 
(cloudy) – – – White 

(cloudy)

Fig. 2 Chemical structures and possible chelation mechanisms of all tested 
chelators
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Table 4 Complex formation – study findings and percentage of bound metal ion (as calculated by Visual MINTEQ software) in ‘wort’ 
 buffer 1 (pH 5.60)

Cation Chelator

No  
chelator* EDTA Citric  

acid
Tartaric 

acid Quercetin Chloro-
genic acid

Ferulic 
acid

Gallic  
acid

Phytic 
acid

Tannic 
acid

Fe(II) (49.2) 99.8 
(0.1)

56.5 
(21.4)

3.3 
(47.5)

56.6 
(21.2)

0.0 
(49.1) – 28.8 

(35.0)
5.1 

(45.6)
99.8 
(0.1)

Fe(III) (100)a 100 
(0.0)

90.4 
(9.6)b

0.5 
(99.5)c

100 
(0.0)

83.7 
(16.3)d

8.6 
(91.4)e

100 
(0.0) – 99.4 

(0.6)f

Ca(II) (37.3) 91.6 
(3.2)

21.9 
(29.1)

2.1 
(36.5)

0.0 
(37.0) – – 63.3 

(13.7)
0.0 

(36.2) –

Zn(II) (62.1) 100 
(0.0)

58.1 
(26.0)

5.1 
(58.9)

0.0 
(61.8) – 0.0 

(62.1)
81.3 

(11.6)
97.5 
(1.5)

0.1 
(62.1)

Mg(II) (41.7) 47.3 
(22.0)

21.2 
(32.8)

0.7 
(41.3)

0.0 
(41.4) – – 28.5 

(29.8)
0.0 

(40.6) –

Mn(II) (49.3) 99.7 
(0.1)

27.0 
(35.9)

5.8 
(46.3) – – – 0.0 

(49.2)
98.8 
(0.6)

0.1 
(49.2)

Cu(II) (93.1)g 100 
(0.0)

79.8 
(18.8)h

3.3 
(90.0)i – 0.0 

(93.1)j
10.3 

(83.5)k
95.8 
(3.9)l

0.0 
(92.7)m –

Grey cells imply substantial UV/Vis absorbance changes were seen (indicating complex formation occurred).

The primary value indicates the percentage of chelator-bound metal. The secondary value (in brackets) indicates the percentage of metal bound to 
other species present (acetate, hydroxide). Even though these latter complexes are weak (log k < 2; specified if otherwise), the metal ions are techni-
cally not considered free.

Vacant cells (–) are due to lacking component information.

 * In the ‘no chelator’ column, the buffer’s acetate operates as the active chelator.

 [Fe(acetate)2]
+ (log K 7.6), [Fe(acetate)3]

0 (log K 9.6) and [Fe(OH)2]
+ (log K -5.8): a 11.9 %, 68.2 %, 19.9 %; b 1.1 %, 6.6 %, 1.9 %; c 11.9 %, 0.6 %, 

19.8 %; d 1.9 %, 11.1 %, 3.2 %; e 10.9 %, 62.3 %, 18.2 %; f 0.1 %, 0.4 %, 0.1 %

 [Cu(acetate)3]
- (log K 3.9), [Cu(acetate)]+ (log K 2.2) and [Cu(acetate)2]

0 (log K 3.4): g 11.0 %, 43.9 %, 38.2 %; h 2.2 %, 8.9 %, 7.7 %; i 10.6 %, 
42.5 %, 36.9 %; j 11.0 %, 43.9 %, 38.2 %; k 9.8 %, 39.4 %, 34.3 %; l 0.5 %, 1.8 %, 1.6 %; m 10.8 %, 44.3 %, 37.6 %

Table 5 Residual metal content (μmol/L) of metal-chelator mixtures after 60 minutes reaction time at room temperature and filtration with 
 a 0.2 μm filter

The larger the decrease in metal ion concentration after filtration, the more intensely shaded the cell.

 

 

 

 

 

   

 

 

Metal ion 
added 

(250 µmol/L) 
pH 

Chelator added (250 µmol/L) 

No chelator EDTA Citric acid Tartaric acid Quercetin Chlorogenic 
acid Ferulic acid Gallic acid Phytic acid Tannic acid 

Fe(II) 
4.30 267.5 259.5 253.9 249.4 239.5 164.6 264.4 236.8 223.1 220.8 

5.60 175.6 243.2 224.6 245.5 114.9 238.6 159.1 251.4 245.6 10.6 

Fe(III) 
4.30 241.1 232.6 236.5 224.6 186.6 213.0 229.9 213.6 215.2 182.2 

5.60 149.5 168.7 207.1 194.7 5.7 14.6 132.1 40.9 211.0 4.8 

Ca(II) 
4.30 244.2 218.0 231.4 231.8 247.7 262.2 264.5 216.2 308.5 218.5 

5.60 237.4 200.6 204.5 208.7 237.8 232.9 246.7 197.9 262.9 195.2 

Zn(II) 
4.30 270.3 267.5 276.2 276.2 235.3 237.8 234.5 264.2 131.9 269.4 

5.60 226.9 212.9 228.2 228.4 229.2 211.9 224.4 222.5 67.3 215.3 

Mg(II) 
4.30 233.4 214.1 221.3 219.7 223.9 231.6 217.6 212.6 288.4 216.8 

5.60 213.2 240.4 202.0 203.5 211.6 204.7 204.8 197.7 241.6 206.1 

Mn(II) 
4.30 268.5 238.7 251.6 251.0 244.8 238.3 277.7 238.2 329.9 240.0 

5.60 241.3 207.5 196.8 201.4 233.0 221.8 232.5 186.2 232.2 227.1 

Cu(II) 
4.30 251.8 229.8 239.7 236.6 225.0 225.8 215.9 229.1 214.4 219.2 

5.60 239.1 198.7 190.6 225.3 233.3 238.1 245.4 143.7 219.8 4.1 

did not differ greatly between the two buffers. The represented 
values were calculated by using chemical equilibrium modelling 
software (Visual MINTEQ version 3.1). The data depict the (pre-
dicted) percentages of metal ion bound to any given chelator in 
buffer 1 (pH 5.60). Predictive calculations could not be made for all 
metal-chelator combinations, because of lacking stability constants 
published in literature for some.

According to the results depicted in table 4, all investigated iron 
species easily form complexes with all tested chelators (cells 
highlighted in grey). Even though the calculated values for tartaric 
acid with iron predict only very low percentages of tartrate-bound 
Fe, we do observe a clear spectrum change. The opposite effect 
is also seen: high calculated ratios of bound metal, yet no noted 
absorbance changes. Thus, at least for this setup, it seems dif-
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ficult to draw a hard line between complex formation and a clear 
change in absorbance.

Additionally, and unfortunately, it appeared that in many cases 
the chelator-metal complexes were small enough to allow for filter 
penetration, given that often no substantial metal decrease could 
be noticed after filtration. Nevertheless, as said, even unfilterable/
small complexes could have anti-oxidative properties, as the tran-
sition metals could be bound in such a way that they no longer 
behave pro-oxidatively. This potential should not be dismissed. For 
this study, it was decided not to focus on this aspect. However, 
follow-up studies will further investigate the chelation behaviour of 

some of these chelators in wort during mashing; and electron spin 
resonance (ESR) spectroscopy will be employed to look deeper 
into their anti/pro-oxidative effects.

We could deduct, however, that decreases in residual metal after 
filtration (Table 5: shaded cells) are always accompanied with big 
changes in UV/Vis absorbance (e.g. Fig. 3a and 3c). This only 
goes one way, because – like already explained – some formed 
complexes will be small enough to permeate the microfilter. Thus, 
an obvious absorbance change is no guarantee that a decrease 
of the particular metal after filtration will take place (e.g. Fig. 3b 
and 3d).

Fig. 3 Absorbance spectra of tannic acid with Fe(II) in ‘wort’ buffer 1 (a) & ‘beer’ buffer 2 (b); and Fe(III) in ‘wort’ buffer 1 (c) & ‘beer’ 
buffer 2 (d)
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Fig. 4 Absorbance spectra of tannic acid with Cu(II) in ‘wort’ buffer 1 (e) & ‘beer’ buffer 2 (f)

The larger the decrease in metal ion concentration after filtration, the more intensely shaded the cell.

Table 6 Residual metal content (in µmol/L) of metals-chelator mixtures after 60 minutes reaction time at room temperature and filtration 
 with a 0.2 µm filter

Metal ion 
added 

(125 µmol/L) 
pH 

Chelator added (250 µmol/L) 

No chelator EDTA Citric acid Tartaric 
acid Quercetin Chlorogenic

 acid Ferulic acid Gallic acid Phytic acid Tannic acid 

Mix 

Fe(II) 

4.30

116.6 118.1 119.0 115.0 95.5 104.2 93.2 114.3 42.6 99.8 

Ca(II) 121.6 128.9 129.0 126.1 106.8 158.8 105.4 126.4 121.7 133.6 

Zn(II) 114.8 116.0 114.6 115.3 107.5 121.8 103.6 112.2 80.0 120.0 

Mg(II) 121.2 119.2 122.8 121.4 109.7 141.2 106.6 124.9 125.8 125.2 

Mn(II) 116.3 117.5 116.9 114.8 104.5 141.9 102.1 116.8 100.8 122.5 

Cu(II) 117.3 117.8 117.7 108.9 109.5 119.8 122.6 105.6 93.5 127.6 

Mix 

Fe(II) 

5.60

89.0 122.5 138.9 137.8 45.8 84.7 71.1 110.6 15.1 15.9 

Ca(II) 91.7 95.7 110.7 97.1 82.9 83.0 90.2 100.9 61.2 97.2 

Zn(II) 126.0 122.1 122.9 124.3 122.5 119.9 124.2 125.7 17.2 92.6 

Mg(II) 127.6 125.3 123.5 128.1 118.9 122.7 135.0 143.3 136.3 155.4 

Mn(II) 129.3 124.9 124.3 127.9 124.5 123.7 129.7 135.3 68.0 133.8 

Cu(II) 127.6 125.5 123.5 125.4 116.3 114.8 127.1 117.0 63.5 13.4 

 

 

 

 

 

 

 

Copper behaves very similarly to iron with tannic acid, in terms 
of diminishment after filtration (see Table 5: big reduction at pH 
5.60 and significantly less at pH 4.30). However, when comparing 
the absorbances, copper behaves differently than both iron ions. 
Whereas a clear signal change is seen at pH 5.60 (Fig. 4e), one 
does not take place at pH 4.30 (Fig. 4f).

Concerning the question on whether the formed complexes are 
large enough to be filtered out: table 5 depicts all the sole metal ion 
ICP-OES results, featuring the mean residual metal ion concentra-
tions (in µmol/) found in the filtrate, after running the metal-chelator 
mixtures through a 0.2 µm filter. Table 6 presents the results of 
the metal ion mix.

The first column shows the quantified metal levels without any ad-
dition of chelator. Ideally, these values should all deviate around 
250 µmol/l, which seems to generally be the case (considering 
also the varying purities of the used chemicals). However, for 
both Fe-species, values appeared noticeably lower at pH 5.60. 
This can be explained due to formation iron-hydroxides [13, 25, 
26]. With Visual MINTEQ, it was calculated that – in absence of 
chelators and under buffer 1 (pH 5.60) conditions – 19.9 % of 
filterable [Fe(OH)

2]
+ is formed, but only for FeIII (0.0 % for FeII). 

It thus seems that FeII is capable of oxidizing to FeIII under these 
conditions – albeit slowly [27, 28].

This precipitation of iron-hydroxides does not happen as consid-
erably in acidic media or when a chelator is present [13, 29, 30]. 
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This may be the reason why FeII is the most commonly found 
iron-species in beer [31, 32], as it is low in pH and contains 
endogenous chelators. Although wort is less acidic than beer, 
iron-hydroxide formation is unlikely, because of many chelators 
naturally being present.

EDTA makes strong complexes with Fe, Ca, Zn, Mg, Mn, Cu [33, 
34], which is also seen from the calculations in table 4. However, 
the EDTA-complexes are small enough to penetrate the filter, 
which is the reason why we see only small drops in metal levels 
after filtration.

There are no noteworthy metal decreases with citric and tartaric 
acid. Good iron-catching compounds are quercetin (especially FeIII) 
[35], chlorogenic acid (ditto) [36, 37], ferulic acid [38], gallic acid 
(solely FeIII) [39, 40], and tannic acid [41, 42]. The latter performs 
extraordinarily well for both iron species and copper [41–43]. Gallic 
acid also chelates copper, but not as effectively [44]. Judging from 
these results, tannic acid seems the most promising compound in 
terms of large complex-making capability. This is consistent with 
tannic acid possessing multiple phenolic hydroxyl groups (Fig. 2), 
which allows for copious metal-chelator cross-links. Phytic acid is 
the only chelator binding with zinc in a way that it becomes filter-
able [45, 46]. As zinc is important for yeast health [47], this would 
be unfavourable in brewing practice. Edney and team made worts 
from different low-phytate barleys and saw significantly higher lev-
els of zinc and magnesium present [48]. Because of this mineral 
absorption tendency, phytic acid is sometimes referred to as an 
anti-nutrient.

In table 5, we also behold a clear connection between a more 
alkaline pH and the forming of better/larger complexes (with chlo-
rogenic acid as the sole exception, because of its low pKa, and 
only for FeII). pH has a big impact on chelation behaviour, as it 
determines the ionic species of the chelating agent (a chelator must 
be ionized to be active) as well as the speciation and hydrolysis 
products of the metal ions. Complexes are less stable in acidic 
systems, due to protonation of ligand functional groups; and the 
protons will compete with the metal ions for binding. Thus, in terms 
of pH, wort is generally a better environment for complex formation 
than beer [13, 17, 49].

Unfortunately, manganese did not form filterable complexes with 
any of the chelators. In contrast to the other transition metals, MnII 
is known for its rather weak ability to form organic complexes [50, 
51]. However, in the presence of other metal ions (mix), a reduction 
in Mn by phytic acid did take place (Table 6).

Phytic acid is also the only chelator that shows highly erratic 
behaviour compared to what is seen with the single metal ions 
(Table 5). Whereas most chelators retain (e.g. tannic acid) or even 
lose (e.g. gallic acid) some of their catching potential in the metal 
ion mix, phytic acid suddenly exceeds in capturing Fe, Ca, Zn, 
Mn, and Cu (especially at pH 5.60). On suspicion that ZnII played 
an important role in this, a follow-up chelation test was conducted 
with zinc being left out of the ion mix (data not shown). The results, 
however, were not significantly different from what was seen with 
the mix including zinc; except for the CaII being noticeably higher. 
That observation, together with the fact that calcium is known to 

form stable bridge structures with phosphates [52–54], makes 
calcium the likely cause of the decreased dialysability seen with 
the metal ion mix and phytic acid.

4 Conclusions

Nine compounds (EDTA, citric acid, tartaric acid, quercetin, chlo-
rogenic acid, ferulic acid, gallic acid, phytic acid, and tannic acid) 
were screened for their complexing capacities with seven metal ions 
(FeII, FeIII, CuII, MnII, CaII, ZnII, MgII; both separately and mixed) in 
both a ‘wort’ and ‘beer’ buffer solution (pH 5.60, 0.0 vol% ethanol 
and pH 4.30, 5.0 vol% ethanol, respectively). The aim was to find 
compounds that can aid brewers in producing a more flavour stable 
beer, by lowering the stale-inducing transition metals.

Amongst the tested chelators, there is a definite pH effect where 
they seem to make larger complexes (as appraised by filterability of 
the complexes) with metal ions at pH 5.60 (the approximate acidity 
of wort) than at 4.30 (the approximate acidity of beer). 

Most chelators do not cause a decrease in the beneficial metal 
ions (Ca, Zn, Mg), with phytic acid being the exception by chelat-
ing i.a. zinc. Tannic acid is by far the best performing chelator in 
terms of making large complexes with both FeII, FeIII and CuII. And 
although in this study it primarily shows this behaviour at the wort 
pH of 5.60, filtration trials have shown that tannic acid is able to 
form iron-complexes in finished beer as well [42].

Iron reducing effects were also witnessed with chelators like 
quercetin, chlorogenic acid, and gallic acid. The last one, however, 
did not bind FeII. Apart from tannic acid, gallic acid was also the 
only compound capable of chelating out copper (albeit to a lesser 
extent). This is in line with tannic acid being composed out of eight 
to nine gallic acid molecules, bound to a central glucose [55].

As mentioned, almost any concentration decrease was witnessed 
at pH 5.60. Noticeable exceptions were chlorogenic acid, which 
succeeds in binding FeII at the more acidic pH of 4.30, and phytic 
acid with zinc. Manganese is, unfortunately, never significantly 
removed by any of the tested chelators. The best effect is seen with 
gallic acid. This stability of manganese is also seen in the brewing 
process, where it is found in the final beer at higher concentrations, 
relative to the other heavy metals (such as iron and copper), which 
are more readily removed during wort boiling and fermentation [56].

In the metal ion mix trial, gallic acid does not chelate copper any-
more, chlorogenic acid chelates FeII slightly better, and tannic acid 
takes away some zinc; all at pH 5.60. Apart from that, phytic acid 
is the only chelator that is acting remarkably differently compared 
to its chelating behaviour seen with the single metal ions, suddenly 
chelating out every metal ion except for MgII. Calcium is thought to 
lie at the basis of this effect. These results are in accordance with 
how phytic acid behaves in more complex food systems [57, 58].

The high tendency of tannic acid to form large, precipitating com-
plexes with both iron and copper ions could be used to remove 
these pro-oxidative metals from wort (and beer). It is highly likely 
for the resulting beer to achieve an improved oxidative stability, 
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which would benefit brewers and consumers alike. Hence, follow-
up studies will be conducted to check whether the complexing 
tendencies of the most successful chelators can be replicated in 
wort during mashing, and how we can potentially optimize their 
chelation towards catalytic transition metals. 
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