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Beer inevitably changes over time: the colour will darken, hazemay form, and stale flavours develop, while others fade. The chal-
lenge ofmaintaining the fresh flavour quality of beer (over a typical 9-12month storage period) is generally the determining fac-
tor of a beer’s shelf-life for brewers, as opposed to colloidal or microbiological stability. Fortunately, as early as the brewhouse,
oxidative degradation can - to a certain extent - be controlled, enabling the shelf-life to be increased. This review considers the
general issues of oxidative stability, mechanisms of ageing, ways of quantifying staleness and staling potential, and current prac-
tical approaches to prevent oxidative beer ageing. Emphasis is placed on the catalytic role of iron, copper andmanganese on ox-
idation during brewing and storage; and how the removal and/or inhibition of these prooxidative transition metal ions leads
to prolonged beer (flavour) stability.
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Introduction
Beer is the most widely consumed alcoholic drink and - together
with coffee and tea - one of the most popular beverages. The
beer market continues to expand (1), as does consumer knowl-
edge and demand for high(er) quality. Beer is expected to be
fresh and free of any contamination or inappropriate haze. Fortu-
nately, the latter are no longer serious problems for the brewer
to control, as microbial and colloidal stability are, respectively,
taken care of by removal of bacteria and wild yeast (e.g. by hy-
gienic working practices, pasteurisation, 0.45 μm membrane fil-
tration) and application of stabilisation agents (e.g. PVPP, silica
gel, tannic acid, etc.) (2). Accordingly, flavour stability - the ability
of a product to retain freshness and resist physicochemical
changes – is the key factor in determining beer shelf-life.

Beer flavour stability has been the subject of more than 500
publications (SciFinder). This is because, for any business to attract
and keep customers, the production and delivery of a consistent
quality product is key. Creating a well known identity is vital to
maintain customer selection preference (3). Delaying in-pack fla-
vour changes as long as possible is of great commercial impor-
tance (4).

The issue of beer flavour (in)stability is more relevant than ever,
given the international market where packaged beer can be
shipped around the globe, often under harsh conditions (e.g. hot
containers, vibrating trucks) and for extended periods of time (5).
Even though it has been intensively studied since the 1960s, the
science behind beer staling is still not fully understood and contro-
versies remain.

The chemical non-equilibrium of beer, emanating from its intri-
catematrix composition, gives rise to a complex set of ageing phe-
nomena; suggesting that fresh beer, as a natural product, will
never be a fully stable commodity (6). Nonetheless, considerable
improvements in beer flavour stability have been made over the
years and further advances can be expected, because of ongoing
research and the continuous improvement of technology.

Noticeable flavour changes may become apparent three
months from packaging (at room temperature) (7), but this is a

rough and general estimate. Actual dates will vary depending on
multiple factors, including beer style, storage conditions, total
package oxygen (TPO), packaging, and agitation (8). Oxidative pro-
cesses are widely recognised to be the main force behind product
degradation (9–12) and the resulting flavours are described as
‘oxidised’, ‘aged’ or ‘stale’. These are umbrella terms for describing
a combination of oxidation notes found in beer, such as card-
board/papery, sherry/Madeira, honey, ribes/blackcurrant/catty,
leathery, etc.
With high oxygen ingress (e.g. during the brewing process, filtra-

tion (13), poor filling practices, or usage of PET bottles (14) or inad-
equate bottle caps (15)), these flavour transitions take place more
rapidly. Off-flavour formation occurs, but also degradation of ini-
tial, fresh flavours, such as hop aromas and pleasant bitterness.
The organoleptic outcome of the shifts will depend on the concen-
tration of the formed and degraded substances, and their respec-
tive flavour activities.
Besides flavour deterioration, aged beers typically appear darker

than their fresh counterparts, due to the oxidised polyphenols be-
ing colourants (16). These oxidised polyphenols can also cause col-
loidal and foam stability issues, due to the polymerisation of pro-
tein-polyphenol-metal complexes (forming haze), which
concurrently diminishes the foaming ability through precipitation
of foam positive polypeptides (17,18).
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Beer ageing mechanisms

Oxidative beer ageing

Oxygen exposure is detrimental to beer stability and causes accel-
erated aldehyde formation (19). Fresh beer typically only contains
low levels of aldehydes which are below the flavour threshold. In
the past, the aldehyde trans-2-nonenal was subject to a lot of at-
tention since increasing concentrations of this potent, volatile car-
bonyl were often seen in conjunction with beer
staling, contributing to the ‘aged beer’ flavour characterised by
stale, oxidised, and cardboard/papery notes. These days, an array
of marker aldehydes is typically used to determine flavour instabil-
ity (20,21): including Strecker degradation aldehydes (2- and 3-
methylbutanal, 2-methylpropanal, methional, benzaldehyde, and
phenylacetaldehyde), lipid oxidation aldehydes (hexanal and
trans-2-nonenal), and aldehydes formed during Maillard reactions
(furfural). With the exception of furfural, these aldehydes can be
formed through oxidative reactions (6).

Oxidative degradation is the main cause of rapid beer staling
(22) and, in most cases, the principal oxidising agent will be oxy-
gen. However, as is later discussed in ‘oxygen-free beer ageing’,
other reagents can act as an oxidant, such as mineral ions (e.g.
Fe3+ or Cu2+), oxidised organic compounds (e.g. melanoidins, phe-
nols), and halogens (e.g. from cleaners/sanitisers). Regardless, the
presence of oxygen will invariably promote oxidation.

Remarkably, molecular oxygen (3O2) - partially dissolved in beer,
present in the headspace and diffusing through the crown cap
liner during storage - is relatively unreactive, as the reaction of ox-
ygen with organic compounds is hindered kinetically (23). How-
ever, ground state oxygen can be converted to highly reactive
forms, either by chemical reduction or collision with other organic
radicals, which can be formed during high energy stages, includ-
ing kilning of malt, wort boiling, beer pasteurisation, exposure to
light (24), and even milling (25). These highly reactive oxygen
forms are collectively termed ‘reactive oxygen species’ (ROS) and
are potent oxidisers. Each is more reactive than oxygen itself
and, in increasing order of reduction state and reactivity, involve
superoxide anion (O2

●-) < perhydroxyl radical (HO2
●) < hydrogen

peroxide (H2O2) < hydroxyl radical (OH●) (6).
Bamforth and Parsons (26) first noted the importance of ROS in

beer regarding flavour stability. At the time (1985), little was known
about themechanisms at play; but, involvement of the Fenton and
Haber-Weiss mechanismwas likely, as transition metal ions in beer
are known to catalyse these radical-creating reactions. In 1988,
Kaneda and colleagues (27) first monitored free radicals in beer
by electron spin resonance (ESR) spectroscopy. In further studies
(28–33), they uncovered the effects these radicals have on beer fla-
vour deterioration, and the pathways involved in their formation,
by trapping the short-lived radicals with spin-trapping reagents.
The technique to trap short-lived radicals, creating detectable
long-lived spin adducts is still used in beer ageing research today.

Supporting Bamforth’s claim, Kaneda and colleagues suggested
the free radicals formed in beer, to be hydroxyl radicals which, as
the most reactive oxygen species, attack almost every substance
with poor selectivity. While this is indeed taking place, Andersen
and Skibsted (34) later showed the 1-hydroxyethyl radical to be
the most abundant radical in beer, due to hydroxyl radicals
reacting with ethanol a good radical scavenger and copious in
beer. The generated alkyl radicals subsequently form acetaldehyde
and hydroperoxyl radicals, after electron loss by metal ions or oxy-
gen (see Figure 1) (34,35). The dominant radical species in

alcohol-free beer is unknown, but presumably, would also be car-
bon centred, since, in the absence of ethanol, the nonselective hy-
droxyl and alkoxyl radicals will react in a non-specific manner with
any nearby carbohydrate, protein, polyphenol, or other organic
molecules present in the matrix (36).

Although the mechanisms in Figure 1 are well understood, and
their significance is not in question, it is still uncertain exactly how
big a part they play in the overall staling picture. Oxidation, for ex-
ample, also occurs enzymically in malting and mashing through
the action of lipoxygenase (LOX) (37). There are however some ca-
veats, as iron besides promoting free radical and ROS formation
through Fenton and Haber-Weiss reactions, also plays a role in
lipoxygenase-induced oxidation (38,39). To further illustrate the
complexity, other enzymes such as catalase conversely protect
against oxidative damage (36,40).

In addition, staling compounds (such as aldehydes) that are
formed during malting and mashing, may bind to other com-
pounds, resulting in adduct formation (41,42). While the influence
of oxygen (and other parameters) on the formation of bound state
aldehydes has yet to be fully investigated (43), their gradual release
may be considered an indirect form of oxidative staling, as they
progressively become ‘unmasked’ during storage (44–47).
Protecting the malt and wort from oxidation could prove benefi-
cial to shelf-life, since it would limit the endogenous ‘ageing poten-
tial’ carried over to the fresh beer. However, it is still unknown to
which degree oxidised substances in the free or bound state are
formed during malting and brewing, or how much of the intrinsic
antioxidative power of malt and wort is lost during these stages,
and how substantial this is in the ageing of packaged beer. In sum-
mary, beer staling is an immensely complex interplay of reactions,
with its kinetics still mostly unclear (e.g. enzymatic versus non-en-
zymatic) (48).

As briefly mentioned, and displayed in Figure 1, transition
metals, such as ferrous (Fe2+) and cuprous (Cu+) ions, play a vital
role in ROS formation (49). The participation of manganese ions
(Mn2+) in generating radicals has been investigated but to a lesser
extent. Although, like iron and copper, manganese is a d-block el-
ement (found from the third group to the twelfth group of the
modern periodic table), making it a viable metal catalyst, as it
shares the tendency to exhibit two or more oxidation states. Since
the initial report by Zufall and Tyrell in 2008 (50), few recent studies
have confirmed the augmenting effects of manganese ions on
beer staling (51,52).

Fe2+, Cu+ and Mn2+ serve as electron donors to reduce oxygen
species and are oxidised to Fe3+, Cu2+ andMn3+. Oxygen (3O2) cap-
turing an electron forms superoxide (O2

●-), which can become pro-
tonated to generate the perhydroxyl ion (HO2

●), or is further re-
duced to peroxide (O2

2-) which is then protonated twice, forming
hydrogen peroxide (H2O2). Both perhydroxyl and hydrogen perox-
ide are reduced to hydroxyl (OH●) via the Fenton and Haber-Weiss
reactions. Because beer is relatively acidic (pH ∼ 4.3), most of the
superoxide will be in the more reactive perhydroxyl radical form
(pKa 4.8).

Prooxidantmolecules present in beer can reduce oxidisedmetal
ions back to their reduced state, so that they can contribute to the
activation of ground state oxygen (or a ROS) again. This is aggra-
vated by a process of ‘free radical atom abstraction’, where the pro-
oxidant itself can turn radical, furthermore degrading or reacting
with other compounds, producing off-flavours. Examples of wort/
beer species, which have easily abstractable hydrogen and can be-
come secondary organo-radicals, are alcohols (primarily ethanol),
sugars (e.g. glucose), free-thiol group (e.g. cysteine) containing
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proteins, organic acids (e.g. isohumulones), and phenolic sub-
stances (e.g. hydroquinone, catechols) (53–56).

Some prooxidants, such as cysteine or other sulfhydryl-group
containing proteins, can act as a direct source of H2O2, when
heated or illuminated (57). Examples of compounds that can act
as prooxidative electron donors are reductones (e.g. early and in-
termediate stage Maillard reaction products) (58), polyphenols,
sugars, iso-humulones, oxidised melanoidins, and alcohols (33).

Antioxidants, on the other hand, inhibit the effects of oxygen, by
either chelating metal ions and/or capturing ROS and other free
radicals (‘quenching’) (59). Some native beer andwort components
- when present in appropriate (typically high) amounts - already ex-
hibit theseprotective properties, including yeast produced sulphite
and certain malt and hop products (such as tocopherols, flavo-
noids, tannoids, phenolic acids, reduced/unoxidised melanoidins,
reductones, and specific amino acids and peptides (60)).

Sulphite tends to get the most attention, as it is arguably the
best naturally occurring antioxidant found in beer that can, in ad-
dition, mask aged flavours by forming flavour inactive adducts
with carbonyl staling compounds (61–63). Nevertheless, some au-
thors claim that there may be an upper limit regarding the ideal
SO2 content in a beer (22,64). Yeast, for example, cannot readily re-
duce carbonyl-SO2 adducts. Reduced formation of sulphite during
fermentation will equate to higher levels of free aldehydes, which
the yeast can then reduce to alcohols. This may mitigate the car-
bonyl ‘blooms’ often seen during (warm) beer storage (65). Addi-
tionally, when it comes to anti/prooxidants, concentration is deci-
sive. Even with sulphite, a recent study by Foster and Ranguelova
(66) found that when the total beer SO2 is in excess of what is

needed for the quenching of free radicals, reduction of H2O2 and
adduct formation, excessive HSO3

- is converted to SO3
●- (a free rad-

ical detrimental to beer flavour stability).
The oxidative mechanisms in wort and beer are an intertwined

chain of electron transfer (oxidation-reduction/redox) reactions.
Each reaction has a reaction rate (the speed at which a chemical
reaction proceeds) and this rate is affected by the type of reaction,
the substrate concentration, and the temperature. Thus, that a re-
action is thermodynamically probable, does not guarantee that it
happens under storage conditions.
As noted - apart from obvious parameters (storage temperature

and in-pack oxygen) - transitionmetals play a key role in the loss of
beer freshness (22). They may even be responsible for the majority
of oxidative degradation reactions in foods, as oxidation in the ab-
sence of catalysts is often negligible (67). Transition metal ions in-
fluence a myriad of chemical reactions and aid in the creation of
free radicals. This causes oxidative degradation of various organic
molecules in wort and beer, including iso-humulones (68), unsatu-
rated fatty acids (69), amino acids (70), polyphenols (68), sugars
(71), alcohols (19), and melanoidins (72) - although melanoidins re-
quire high temperatures to oxidise (72).
Iron, copper andmanganese are directly or indirectly involved in

the formation of aldehydes (stale flavours) and (di)ketones (27,70).
These contribute to a rapid alteration of the original/intended fla-
vour profile of a beer. Due to their abundance in beer, the degra-
dation of hop bittering acids (mainly iso-α) is especially noticeable;
making the continuous loss in bitterness over time a defining pa-
rameter of beer ageing, which can be used as a quantitative mea-
sure for staling (trans/cis-ratio) (73). To produce beers that are

Figure 1. Mechanism of reactive oxygen species formation in beer, adapted from (33,34)
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consistently bitter, even after prolonged storage, brewers may use
tetrahydro-iso-α-acids, which are resistant to oxidative deteriora-
tion, more bitter and enhance foam stability (17).

The concentration of metals is important. Even more significant,
however, is the chemical state (speciation) in which these metallic
ions are present (74,75), which depends heavily on the physico-
chemical conditions of the system: pH, composition, temperature,
and oxidation-reduction potential. These same variables also influ-
ence precipitation, dissolution, redox and complexation reactions.
The ligand speciation can also drastically affect the nature and
characteristics of the formed metallic complexes (76). The chelator
size and the strength of the complex, for example, determine
whether the electron is transferred by an inner- or outer-sphere
mechanism, which influences the reactivity of the complexed
metal (77). An inner-sphere mechanism involves electron transfer
through a bridging ligand, with bonds being broken and new ones
formed. An outer-spheremechanism involves electron transfer be-
tween complexes that do not undergo substitution, with no bonds
broken or formed.

While determining the speciation of metals in beer is important,
only limited experimental research has been reported with the pi-
oneering work of Svendsen and Lund (78), and subsequent studies
of Pohl and colleagues (79–82) on metal species in beer. Both iron
and copper seem to be mostly complexed (78,80,83). The state of
the bound iron is reported to be negatively charged (although
later findings also imply positive and neutral species), while copper
was found as neutrally, negatively (∼ 70%) and positively (< 30%)
charged species (78,80,84). Manganese (which has a much weaker
ability to form complexes with beer components), remains mostly
unbound (> 90% at pH 4.0), as simple Mn2+ cations (78,80). The
small bound fraction presumably exists as polyphenolic
complexes.

Even from the limited data available, it is obvious that a wide
range of ligands are at play. More research into the different forms
of Cu, Fe and Mn in beer is needed to learn more about which re-
actions drive flavour instability.

Oxygen-free beer ageing. Although oxygen is the main staling
agent, it would be incorrect to regard (O2-driven) oxidation as the
sole force behind beer ageing. Glycoside and ester hydrolysis, ester
and etherification and Maillard reactions are all flavour deteriorat-
ing reactions that can operate non-oxidatively (6). Even trans-2-
nonenal which is a major indicator of beer staling and an impor-
tant oxidative off-flavour is released during beer storage, indepen-
dently of oxygen content (46).

Reactive oxygen species are not the only (re)active molecules in
beer. Melanoidins, for example, can oxidise higher alcohols to alde-
hydes in the absence of oxygen although O2 does accelerate the
reaction (19) and metals can catalyse some (e.g. fatty acid) radical
formation independent of oxygen (85). β-Damascenone - an
aroma compound that behaves similarly to trans-2-nonenal during
extended storage of beer - has been reported to develop indepen-
dently of the total oxygen and SO2 content in bottled beer (86,87).
It has also been reported that, in the presence of suitable electron
acceptors, flavour active beer constituents (e.g. five-membered-
ring hop derivatives, including trans-isohumulones,
dihydroisohumulones, tetrahydroisohumulones, and
humulinones) can be oxidatively degraded, even without the in-
volvement of any oxygen containing entities (88).

Aldol condensation such as the formation of trans-2-nonenal, by
condensation of acetaldehyde and heptanal (89) is another oxygen
independent process linked to staling. It is unclear, however,

whether this non-oxidative reaction causes off-flavours in a signif-
icant way (90). Similarly, Strecker degradation of amino acids in
beer can happen in the absence of oxygen, but is of questionable
relevance at low total package oxygen (TPO) (70,91).

A further example of oxygen free off-flavour formation is beer
becoming ‘sun-struck’, ‘light-struck’ or ‘skunked’. This involves the
occurrence of a sulphury, skunky note when beer is exposed to vis-
ible and ultra-violet (UV) light. Light-struck flavour is strongly asso-
ciated with isohumulones, which decompose - under the influence
of light and the photosensitiser riboflavin - to 3-methyl-2-butene-
1-thiol (MBT), the main chemical related to the odour and flavour
of light struck beer (92). Interestingly, Lusk et al (93) found that
MBT can also form in beer in the absence of light, through thermal
ageing, although slowly.

Measuring beer staling and stability

Over the years, multiple techniques have been developed to mon-
itor beer staling. Sensory analysis is a well-established approach
(94), but suffers from poor reproducibility and requires a lot of re-
sources (time, people). Chemical analyses are usually more sensi-
tive but unfortunately, there is no absolute test or
all-encompassing assay for quantifying beer staling or flavour sta-
bility, as flavour changes are not due to one single reaction (95).
The most used methods are listed in Table 1.

Of thesemethods, two address the direct and indirect detection
of free radicals and ROS in real-time. Electron spin resonance spec-
troscopy (ESR) measures electrical signals whilst chemilumines-
cence uses photochemical detection. In both methods, samples
are forcibly oxidised (typically by applying heat) and the resulting
free radicals measured. The time before detection and formation
rate of the radicals offers information about the oxidative stability
and staling potential. Both methods, however, require expensive
equipment with high operating costs and the need for skilled
operators.

The ESR assay is a widely used holistic and established tech-
nique for predicting beer flavour stability and the technology is in-
creasingly available commercially. Themain advantage of ESR is its
capability to unambiguously detect unpaired electrons in complex
biological samples (quantification), and its capacity to shed light
on themolecular structure of the free radicals (identification), while
requiring only small amounts of sample (96–98).

Uchida andOno (99,100) first applied ESR to predict beer flavour
stability in 1996. They observed, when force ageing beer, that long
lived spin adducts were not detected immediately after the start of
heating but were produced after a period of incubation. This
inhibited oxidation phase (‘lag time’) is the result of naturally pres-
ent antioxidants in the beer quenching the generated radicals or
ROS. Once the antioxidants are sufficiently depleted, the radical
products react covalently with the spin-trapping agent to form
(more) stable adducts, which can then be determined. Figure 2 dis-
plays two typical ESR spectra of wort and beer, with successive
measurements taken during forced ageing.

The endogenous antioxidant activity of beer - its natural ability
to quench radicals - can be estimated through its lag time deter-
mined (using N-tert-butyl-α-phenylnitron/PBN as spin-trap) (27)
or the endogenous antioxidant potential (EAP) value (using α(4-
pyridyl-1-oxide)-N-tert-butylnitrone/POBN as spin-trap) (101). Both
metrics correlate strongly with the sulphite content of the beer
and give an indication of its inherent antioxidant capacity and po-
tential flavour stability. Only the EAP value shows a linear correla-
tion with the SO2 content, while the lag time portrays an
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exponential relationship (102). Because of the linearity between
sulphite and EAP value, the time to consume one mg of SO2 per
litre of beer can be determined. Expressed in min*L/mg, this ratio
is termed the Beverage Antioxidant IndeX or BAX value and pro-
vides information about the interplay of anti- and prooxidative
beer components independent of the sulphite content and the
rate of consumption of the existing antioxidative potential during
storage (102).
Beers with high endogenous antioxidant activity show retarded

formation of stale flavours (103). A supplementary ESRmetric is the
T-value: an indicator for the quantitative radical generation after a
certain time, typically around minute 450 (although T150 and T600
are also used). It is mainly influenced by pH and substances that
suppress or promote radical formation, such as complexing
agents, transition metals, and intermediates of the Maillard reac-
tion (99,102,104). A high T-value has been shown to correlate with
the rapid development of Strecker aldehydes (65). Thus, an ESR
graph provides information about the anti/prooxidative balance
in a wort or beer, where a longer lag phase = higher EAP value =
greater antioxidant potential = higher flavour stability; and a
steeper slope = higher radical generation = higher T-value =
greater prooxidant potential = faster staling.
However, the ESR technique is not free from criticism. Studies

(77,105–107) have demonstrated certain chelators to form strong
oxidativemetal complexes, capable of oxidising biomolecules, that

Table 1. Methods for determining staleness, staling potential and flavour stability

Type Method

I Measuring fluctuations in marker compounds
Increase of staling components, such as

• 5-Hydroxymethyl furfural (5-HMF) (256)
• Acetaldehyde (257)
• Ethylene (258)
• Furfural (259) and othermarker aldehydes (2- and 3-methylbutanal, hexanal, 2-

methyl-propanal, etc.) (20)
• β-Damascenone (86)

Decrease of ‘fresh’ components, such as

• Iso-α-acids (bitterness); trans/cis-ratio (73)
• Pro-anthocyanidins (20)
• Sulphur dioxide (SO2) (260)
• Total flavanoids (261)

II Antioxidant capacity assays
• 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical scavenging or Trolox-equivalent antioxidant capacity

(TEAC) (262)
• 2,2-Diphenyl-1-picrylhydrazyl (DPPH) reducing activity (263,264)
• Cupric reducing antioxidant capacity (CUPRAC) (265)
• Ferric reducing antioxidant power (FRAP) (266)
• Hydrogen peroxide scavenging (267)
• Linoleic acid (LA) assay (268)
• Metal-chelating activity (of Fe2+ with ferrozine) (269,270)
• Oxygen radical absorbance capacity (ORAC) (271)
• Peroxyl radical scavenging (β-carotene bleaching) (272)
• Superoxide and hydroxyl radical scavenging (273)
• Thiobarbituric acid (TBA) index (274,275)
• Total reactive antioxidant potential (TRAP) (276)

III Others
• Chemiluminescence (CL) (277–279)
• Electron spin resonance (ESR) spectroscopy (99,100)
• Nonenal potential concept (69)
• Peroxide challenge test (PCT) (96)

Figure 2. ESR analysis of wort and beer during an oxidative forcing test at 60°C. An
increase in free radical formation is observed in beer after the lag phase. Wort typically
does not have a lag phase. Note: while the lag time and EAP-value might seem inter-
changeable, consider that lag time is determined by using PBN as a spin-trap reagent,
while EAP-value (and T-value) is determined by using POBN.
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are not ESR-detectable (by being spin-trap inaccessible). Accord-
ingly, ESR does not detect every oxidative species; contrary to
chemiluminescence, which does not rely on spin-trapping.

It is important that a spin-trap reagent does not affect the pH, as
a small change in acidity will dramatically affect the autoxidation
rate of a metal (77). However, several studies make use of PBN as
the ESR spin-trap, which can increase the sample pH. This causes
lag time measurements to be significantly distorted (up to 500%
in high EAP beers) through accelerated radical generation (102).
For this reason, using a spin-trap agent without any effect on pH
(such as POBN) is recommended (101,102,108).

A further concern involves the typical ESR measurement being
conducted in vials that are open to the atmosphere, leading
to oxygen ingress and volatilisation of ethanol. However, a recent
development rectifies this by encapsulating the beer sample in a
sealed capillary tube (66). This substantially reduces sample oxida-
tion during analysis and better represents packaged beer in trade.

Lastly, the calculated lag time is not always an ideal metric in
predicting sensory flavour stability, as it can be imprecise and inac-
curate due to high variability of the fitted sigmoidal curve (22). This
is especially the case with beer styles that have low or no lag time
(stale lagers, red beers, dark beers) (22). The ESR area under the
curve has been suggested as a better metric, since it correlates
more strongly with sensory data and consumer acceptance (22).
Others, because of the complexity of beer ageing, propose an even
broader approach to measuring flavour stability (109), such as the
‘stability index’ (SI) method, which combines the results of four dif-
ferent antiradical analyses (110,111).

Preventing beer ageing

Keep it dark, cool, and still. A principle for slowing down any
chemical reaction, including those involved in beer staling, is to
keep the system energy low. For beer, this typically involves no
light irradiation (keep dark) and low temperatures (keep cold). Less
significant, but not inconsequential, is to limit vibrational energy
(keep still), particularly during transport (112). Agitation enhances
the diffusion of any headspace oxygen into the beer, such that ox-
ygen involved reactions proceed at a faster rate.

In terms ofminimising the penetration of light, cans and kegs in-
evitably outperform glass bottles. With glass, brown/amber bottles
are best at protecting the product against the damaging effects of
ultraviolet light, with green bottles being a poor second, followed
by blue/cobalt and uncoloured/flint glass (113). Besides preventing
beer from being light-struck, it is important to shield beer from ir-
radiation to prevent it undergoing other photo-oxidative reactions.
Examples include the photochemical oxidation of unsaturated
fatty acids through the formation of singlet oxygen via
photosensitisers (e.g. riboflavin) (45), and the photo-oxidation of
sulphur containing amino acids/polypeptides/proteins by triplet-
excited riboflavin (and other flavins), delivering S-centred radicals
(114).

Formation of 3-methyl-2-butene-1-thiol (MBT) can also be
avoided by using modified/advanced hop products, such as rho,
tetra and hexa hop extracts (containing rho-, tetra-, and
hexahydro-iso-α-acids). Because these hop products do not
photodecompose into MBT, there is the misconception that these
compounds are light stable. However, they do break down, but
into light-struck flavours with higher aroma thresholds (114).

It is a general rule of thumb for most food systems that a 10°C
decrease in temperature roughly halves the rate of all chemically
based deterioration reactions (i.e. a Q10 temperature coefficient

of ∼2; Figure 3) (115,116). Accordingly, a beer held at 0-4°C will
keep four times longer than one held at room temperature
(Figure 3) (95). Refrigerated transport and storage is used by some
brewing companies but is a logistically complex and expensive af-
fair. So, despite being one of the most powerful tools to prevent
staling, it is not always an economically feasible option (117).

It is not only during storage that (high) temperatures drive stal-
ing. Throughout the brewing process, and especially during the
high heat stages, a variety of staling relevant compounds are
formed. These include the Maillard reaction products (reductones
and melanoidins), formed via the reaction of reducing sugars with
proteins or amino acids (present in malt, wort, and beer). They add
colour and flavour to malt and beer and are responsible for a myr-
iad of (pro- and anti) oxidative effects throughout the production
chain and in the final product (102,118).

The TBA method (Table 1) is used to gauge heat load in the
brewhouse. Thiobarbituric acid forms complexes with many
Maillard intermediates but is particularly sensitive towards furfu-
rals. One complex (5-hydroxymethylfurfural-TBA) acts as a yellow
indicator, with a maximum absorption at 448 nm that can be used
as a quantitativemeasure for thermal load (119). A downside of the
TBA method is its limited specificity, since thiobarbituric acid can
also react with other substances, including proteins and sugars,
to form coloured species that can interfere with the assay.

The heat/thermal load received bywort, beer, andmalt, gives an
indication of the expected flavour stability of beer. A high (er) heat
load equates to high (er) rates of unwanted staling reactions (free
radical generation, autoxidation of unsaturated fatty acids, Maillard
reactions, Strecker degradation), which equates to high (er) levels
of aldehydes, ageing precursors and prooxidative compounds.

Reduction of heat load typically involves reducing the time and/
or temperature of the high heat process steps (kilning, mashing,
wort boiling, pasteurisation). Mashing-in above 63°C can, for in-
stance, limit unnecessary thermal stress. Additionally, it will inhibit
enzymatic (lipid) oxidation of unsaturated fatty acids to trans-2-
nonenal by deactivating the lipoxygenase (LOX) enzyme (120).

Figure 3. Calculated time before noticeable beer staling in relation to storage tem-
perature, based on a 90 day shelf-life assumption at room temperature (20°C), with
the following Q10 values: 1.5 (▼-line), 2 (bars) and 3 (▲-line). Note: The Q10 describes
the ratio by which reaction rates change when the temperature is increased by 10°C
and is used to predict the expected shelf-life of a food product. Typically, a Q10 value
of 2 is used as an initial shelf-life estimate, but it can range anywhere from 1.1-3 for
beer (depending on the temperature and the system/product).
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Another possibility to lower heat stress is to brew with raw
(unmalted, unkilned) barley (121) or with green (germinated,
unkilned) malt (122,123); to cool the wort before the whirlpool rest
with the added benefit of limiting SMM (DMS precursor) cleavage
(124), or to centrifuge the wort instead of using a whirlpool. With
boiling, many alternative systems that reduce heat load and save
energy are available, including internal boiling/heating system
(9), thin-film evaporation (125,126), dynamic low-pressure boiling
(127), vacuum boiling (128) and innovative wort production (with
mashing-off at 95°C) (129).

Avoid oxygen. To battle oxidative ageing, exposure to oxygen
must be avoided as best as possible. This means oxygen ingress
throughout the brewing process is as low as is reasonably achiev-
able, and headspace oxygen in packaging is as low as is practically
attainable, with avoidance of any oxygen ingress during storage.
Bamforth (64) estimated that 0.1 μg/L of oxygen would incite oxi-
dative mechanisms to a damaging degree. With modern filling
machines achieving in-pack dissolved oxygen levels of 20-50 μg/
L in beer (130,131), it is debatable whether we should continue
to strive for even lower oxygen concentrations.

Good manufacturing practices will improve the shelf-life of beer
byminimising the formation of ROS. Kuchel et al (132) suggest that
lowering the in-pack oxygen of beer to 1 μg/L should, at a mini-
mum, extend its shelf-life beyond the typical 120 days. It can also
be reasonably assumed that ‘downstream’ oxygen ingress is a big-
ger concern than ‘upstream’ oxidation (95); notwithstanding that
both should be prevented. Upstream entails the materials needed
for production and any part of the production involving the extrac-
tion (making of wort); downstream includes processing after fer-
mentation, the finished product (packaged beer), distribution
and retail.

For this reason, any unnecessary transfer of beer should be
prevented, whether in the brewery or in retail. When required, it
should be done gently, to avoid splashing and turbulence, which
leads to aeration (133). Where possible, wort and beer should be
‘pushed’ with CO2 or another inert gas. It is best to purge any con-
tainer (bottles, kegs, cans, carboys, tanks) with CO2 or N2 before fill-
ing and to fill from the bottom up. Hoses and pumps can also be
purged, or better still, prefilled with deaerated water to expel any
air. When bottling or canning, always ‘cap on foam’ by agitating/
fobbing the beer slightly so that headspace oxygen is minimised
(134).

The caps on glass bottles are another unavoidable contributor
to flavour instability, as air can permeate into the headspace. There
are, however, differences among cap/crown types when it comes
to oxygen ingress (135). Pry-off bottle caps are better at keeping
oxygen out than twist-offs (14,136,137). The crown liner material
is also instrumental, as polymers vary in the extent of oxygen per-
meation (135,138,139). To minimise the problem, innovative oxy-
gen-scavenging caps can be used. The scavengers within the
liner react with gaseous oxygen, reducing the overall oxygen con-
tent in the bottle (140–142).

With keg beer, gases can permeate through some grades of dis-
pense tubing with CO2 leaving and air entering the system (143).
This is of greater concern with keg beers that are ‘slow moving‘.
The use of CO2 as top pressure gas for beer dispense may contrib-
ute oxygen, as commercially available food-grade CO2 contains
trace amounts of O2 (131). Conversely, canned beer has zero oxy-
gen ingress after sealing, but bears the risk of having a higher
TPO than bottled beer (Table 2), as cans cannot be vacuum evacu-
ated without collapsing and have wide mouths (which impedes

the pre-seal fobbing of beer). Regardless of the container type,
beer should be stored upright and vibration/transportation
minimised. This way, the beer has less surface area to interact with
trace amounts of oxygen in the headspace, slowing down
oxidation.
A practical but niche option to lower in-pack oxygen is to add

yeast to beer in bottle or can, which scavenges some of the re-
maining free amino acids and removes oxygen (144,145). In addi-
tion, the yeast also removes aged flavour notes (such as aldehydes)
from the beer, prolonging its overall freshness (146,147). However,
refermentation or secondary conditioning is a complex biochemi-
cal process that involves more than oxygen removal. Suspended
yeast can cause haze and the additional carbon dioxide may lead
to excess carbonation and gushing. Furthermore, there is the risk
of yeast autolysis and the release of intracellular enzymes, lipids,
amino acids, andmetal ions, which can increase beer pH and cause
off-flavours (148–151).

Add antioxidants. Antioxidants are substances that prevent,
delay or remove oxidative damage, either by eliminating superox-
ide, hydroxyl radicals or other reactive species (like peroxides,
which sulphite will quench), or by inactivating trace amounts of
Fe, Cu and Mn (through complexation/chelation) (61). They are al-
ready present in beer and play a vital role as endogenous staling
inhibitors, even at low concentrations. However, there are ways
to naturally enrich the antioxidant content, such as ageing the
beer in wooden barrels (152), by using ingredients or brewing pro-
cesses that favour a high polyphenol content in wort and/or beer
or, as noted above, the use of re-fermentation, which will produce
in-pack SO2 (146–148). Other options to enhance the sulphite con-
tent are to use a high-sulphite producing yeast strain (153,154),
zinc addition (155), reduced fermentation temperature (155,156),
lower dissolved oxygen in pitching wort (154,157), clear/bright
wort (154,158,159), and a higher wort pH (160).
Depending on the regional legislation, antioxidants may be

added to the brewing process or the final product to potentially
prolong shelf-life. However, better packaging technologies with
lower oxygen pick-up have made the practice of adding exoge-
nous antioxidants less common (161). Additionally, regulations
have become stricter in recent years and consumers increasingly
prefer ‘clean label’ products with no artificial ingredients or syn-
thetic chemicals. In Europe and the United States, beers with
sulphite contents > 10 mg/L must be labelled as such, as high
sulphite residues can trigger allergenic effects in susceptible
individuals (63).

Table 2. Industry standard oxygen levels across the brewery
(131)

Stage Oxygen content (μg/L)

Aerated/oxygenated wort 8000 – 17000+
Fermentation < 10 – 30
Filtration 5 – 50
Bright beer after filtration 10 – 50
Beer at the filler 10 – 30
Package dissolved O2 (bottle) 20 – 50
Package dissolved O2 (can) 30 – 60
Total package O2 (dissolved +
headspace)

40 – 150
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Common antioxidants used in brewing are ascorbic acid (vita-
min C; E300) and sulphur dioxide (90). The latter can be adminis-
tered by dissolving (potassium or sodium) metabisulphite at vari-
ous stages in the brewing process. Apart from the quenching of
ROS (61), sulphites will form adducts with unwanted aldehydes
(acetaldehyde and other carbonyl compounds (162,163)), making
them less flavour active, although this masking effect may only
be temporary (43,65). Ascorbic acid, like most antioxidants, also
has prooxidative capabilities (164,165). This is due to ascorbate, be-
ing a typical reductone, having a strong affinity to reduce oxidised
metal ions back to their catalytic state (e.g. Fe3+ to Fe2+) so that they
are again available to activate oxygen by electron transfer (58).

Whether a chemical entity behaves as an anti- or prooxidant de-
pends greatly on the type and the concentration of the com-
pound, oxidation state, pH, the type and concentration of transi-
tion metals present and the matrix. It can be difficult to make
clear cut predictions, as what works in one medium might not
work in another. This may explain why, for some substances, con-
flicting results have been reported in the literature. Indeed, in this
review, melanoidins have had both pro- and antioxidative effects
attributed to them (catalysing oxidation of higher alcohols into
their equivalent aldehydes, but also chelating transition metals)
(58,166–169). The same is true of certain phenolic compounds
(chelating transition metals, but also reducing them back to their
prooxidative form) (170–172).

A novel antioxidative compound that can be employed during
brewing is punicalagin (173) a water-soluble ellagitannin, found
in pomegranates, which can be hydrolysed to smaller phenolic
compounds (such as ellagic acid). Both punicalagin and ellagic acid
are capable of forming chelates with iron and copper ions at beer
and wort pH (174,175), inhibiting the production of reactive oxy-
gen species and scavenging them (176).

Remove transition metals. Metals in beer are mainly derived
from the raw materials (malt, hops, water, yeast), but also from
the brewing equipment and additives (filter media (102), pipes,
tanks, vessels, packaging (177,178), adjuncts, stabilisers,
pesticides (179)). Table 3 summarises the range of
concentrations reported for iron, copper and manganese from
different raw materials and stages of the brewing process.
Whether good or bad, their presence plays a substantial and
overlooked part in the palatability, conservation and overall
stability of beer. Positive effects include supporting yeast and
fermentation and contributing to the nutritional value. Negative
effects involve spoilage - due to haze formation, oxidative
processes, gushing - and other sensory defects (31,180).

The metal content of a beer varies depending on the quality of
the materials and processing aids used, though it is unavoidable
that a portion of the metal ions are present in the final beer. A
study byWietstock et al demonstrated transfer rates, from rawma-
terials to the finished beer, of 0.1% Fe, 0.4% Zn, 3.1% Cu, 6.3% Ca
and 15.1% Mg (181), with the biggest metal source being (pale
lager) malt (ca. 96%). With darker malt types, such as crystal or
roasted malts, different transfer ratios would be anticipated;
namely, higher for Fe and Mn and lower for Cu, due to changes
in the binding capacity of malt solids (166,173,182).

Beer has a much lower transition metal content than wort (183),
which make the ransfer rates appear low. The explanation for this
is that a large fraction of the metals in wort are bound to nitroge-
nous and polyphenolic compounds and are removed with the hot
break and trub during mashing, wort boiling, and in the whirlpool
(181,184–186). The spent grains, left after lautering or mash filtra-
tion, are also a great sink for metals, particularly transition metal
ions (187,188). Moreover, yeast in addition to removing oxygen
(145,189), scavenges metals during fermentation (especially Cu,
Fe and Zn), lowering the final metal content in beer (190–193). In
contrast, manganese is not significantly lost during the brewing
process, making it a potent beer prooxidant (50,52).

However, it is important to note that the metal concentration in
finished beer does not need to be high to cause noticeable de-
fects. The damaging properties of copper occur at < 50 μg/L (50)
and a transition metal addition of 10 μg/L results in a measurable
decrease in oxidative stability (52,102,194). Some metal ions may
be introduced after the brewhouse and fermentation stages,
bypassing the protective effects of spent grains, hot/cold break/
trub formation, and yeast. The increasingly popular practice of
dry hopping is one such example. Considering that hops are rich
in metal ions (181), dry-hopping is presumably detrimental to beer
flavour stability, although this has yet to be adequately investi-
gated (51,179,195,196). Furthermore, such additions to finished
beer, can inadvertently result in oxygen pick up.

It is likely that a high amount of transitionmetals, present during
brewing, will negatively impact the final quality and stability of the
finished beer; even though a beer made from an iron-rich wort
might finish with a similar iron content as a beer from an iron-poor
wort. This notion is often overlooked, despite the known capacity
of (metal ion) oxidation catalysts to facilitate oxidative degradation
of wort (and its antioxidative compounds) especially during high
heat stages and regardless of the catalysts being in a bound state
or not.

To reduce any negative flavour effects, the content of transition
metals (Fe, Cu andMn) needs to be lowered in someway, ideally as
early as possible. One approach is by complexing metals during

Table 3. Transition metals throughout the brewing process

Fe Cu Mn

Malt (mg/kg dm) 25-32a 2-3a 8-12a

Hops (mg/kg dm) 300-800b 5-10b 40-60b

Filtered wort (μg/L) 200-500a 50-100a 70-150a

Pitching wort (μg/L) ≥ 200a ≥ 70a ≥ 70a

Beer (μg/L) 20-80a 20-60a 70-130a

a Range according to Zufall and Tyrell (50).
b Range according to Lie et al. (280).
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the brewing process so that they are no longer chemically in-
volved in activating oxygen (Reaction 1). Certain chelators can do
this by one or more of the following: interruption of the metal re-
dox cycle; occupation of all coordination sites; formation of insolu-
ble metal complexes; steric hindrance between metals and oxida-
tion intermediates (e.g. peroxides) (197). However, perfect ‘catch-
all’ chelators may not exist (49).

(Reaction 1)
Some native wort/beer components seem to portray such char-

acteristics naturally, through donor N-, O- and S-atoms, and in-
clude polyphenols (198,199), amino acids (192), phytic acid
(200,201), melanoidins (202–204), and hop acids (205,206). These
mostly derive from malt, but also from hops. So, even without
the addition of complexing agents, a natural and complex equilib-
rium already exists between free and boundmetal ions inwort and
beer with an inclination to the bound, organometallic state (78).

The benefit of scavenging metal ions is clear, but the reality
proves challenging. To prevent Fenton chemistry, a chelator must
stabilise themetal ion in a state inert to either oxidation by H2O2 or
reduction by reducing agents (207). But the bound-state metal
ions can even - depending on the concentration and type of che-
lator - end up promoting oxygen radical formation (Reaction 2 and
3, forming a cycle), instead of quenching it (90,99,133).

(Reaction 2)

(Reaction 3)

The degradation of ascorbic acid serves as an illustration of this.
The oxidation of ascorbate is catalysed by both copper and iron,
with free Cu+2 being roughly 80 times more potent than unbound
Fe3+. The presence of EDTA diminishes the ability of copper to ca-
talyse ascorbate oxidation. However, this is not the case for Fe3+, as
EDTA bound iron is four timesmore potent in degrading ascorbate
than its free form (208).

The extent of metal ion binding does not necessarily correlate
with the extent of protection against oxidation from that metal.
Thismay also explainwhy there are still disagreements onwhether
some compounds are anti- or prooxidative (e.g. melanoidins and
polyphenols), especially in complex systems such as wort and
beer. Model studies with lipid peroxidation show that when the ra-
tio of chelator (EDTA or DTPA) to transition metal (Fe) is high (> 1),
oxidation is inhibited. When the ratio is low (< 1), oxidation is stim-
ulated (209,210). This suggests that chelator/metal-ratio also plays
an important role and that chelators must be present at sufficiently
high concentrations.

Overall, chelation properties are influenced greatly by the pH of
the solution, which in turn will also influence the reactivity of the
metal species present (211). The complexity of metal and chela-
tion/coordination chemistry is immense. In addition to the factors
already noted, many others will affect the outcome, including che-
lator size, nature of the ligand (andwhether it is capable of forming
a multiligand complex), buffer system, competing ions, and the
matrix (77,212).

‘Simple’ chelation might not suffice in protecting wort and beer
from oxidative damage. A chelator that forms an insoluble metal
complex has a better chance of diminishing oxidation, by decreas-
ing the mobility, and the reactivity of the metal. Ideally, a chelator
should also possess a high enough binding affinity for transition
metals, so that it can strip them away from other molecules,
protecting possibly flavour relevant molecules from site-specific
degradation by the metal-catalysed radicals (213). Good examples
of site-specific degradation reactions in beer are when
isohumulones or polyphenols are directly attacked by ●OH radi-
cals, generated by iron ions that they captured, destroying them;
respectively resulting in cardboard off-flavour and haze formation
(31). In addition, chelators must be food safe and flavour neutral;
not remove metals required for brewing (yeast requires trace
amounts of Zn2+, Ca2+ and Mg2+) (84); they must perform well
at high temperature and low pH; destroy O2

●- and H2O2 without
reducing agents; and, preferably, be low in cost and practical
in use.
In 1999, Bamforth et al (133) called for a deeper exploration of

the aspects of chelation, but little has been subsequently been
published. A few studies have examined the metal ion scavenging
capabilities in beer of added, exogenous compounds. Effective
ones include diethylenetriaminepentaacetic acid (DTPA) (26), eth-
ylenediaminetetraacetic acid (EDTA) (31,99,165), egtazic acid
(EGTA) (214), bipyridine (99), phenanthroline (99), Divergan® HM
(102,215), gallotannins/tannic acid (Brewtan®) (13,216,217).
All these chemicals are foreign to beer, but a few chelation stud-

ies in brewing have shown promising results with native beer and
wort compounds. As noted, phytic acid is a strong antioxidant be-
cause of its metal scavenging ability (Cu and Fe, but also Zn and
Ca) (184,218,219). Proteins of all fractions especially bind Cu and
Fe ions, with their amino acids acting as ligands (214,220), which
explains why trub contains a high amount of metals. Despite this,
the nature and extent of the binding do not prevent copper from
participating in oxidative reactions (221). Hop α-acids
(isohumulones) and hop β-acids can firmly bind Fe ions by com-
plex formation (195,205,222). The organic compound citric acid
forms complexes with Fe and Cu (80,214). Melanoidins are known
to strongly capture Cu, Fe and Zn strongly. Beer flavonols (e.g. from
hops) can bind Cu at beer pH; myricetin and quercetin can chelate
Fe (183,223). Oxalic acid (oxalate) is reported tomodulate the activ-
ity of iron (224).
It is important to note that most of these studies were con-

ducted by examining chelating agents in finished beer. However,
chelators are often unstable at low pH (211,225) and typically per-
form better in less acidic environments (35,67,212). Accordingly, it
might prove more effective to add chelators during mashing, as
wort has a higher pH. Additionally, the high level of amino acids
in wort may help complex formation (amino acid + organic acid
+ metal ion). Such mixed complexes are often stronger than those
composed solely of organic and amino acids (226).
A recent study explored the binding capacities of 19 chelators

added during mashing (173). The findings highlight the advanta-
geous effect of some chelating agents, of which themost effective
were green tea extract, tannic acid and pomegranate extract. The
latter two were especially successful in reducing the iron content
of wort after lautering. The addition of pomegranate extract (60
mg/L, 90% ellagic acid) resulted in an 80% decrease in radical gen-
eration. The study also showed that excessive release of iron and
manganese during mashing can be avoided by not acidifying
the mash, but instead mashing at a ’natural’ pH of 5.6. This is in
accordance with the findings of Narziß et al (227), who observed
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an increase of ageing related compoundswith the reduction of the
mash pH (from 5.8 to 5.5 and 5.2). Not acidifying the mash might
also result in a less acidic beer, which according to Grigsby et al
and Kaneda et al (32,228), will lead to a more flavour stable beer
that tastes less oxidised when aged. At lower pH, more of the su-
peroxide radical will be in its protonated state (themore damaging
perhydroxyl radical).

The free radical and ROS scavenging properties that some che-
lators also possess should not be overlooked. Caffeic acid shows
low iron binding ability but has outstanding antioxidant proper-
ties, as it can scavenge several reactive species (DPPH, peroxyl
and hydroxyl radicals) (229,230). There is still much room for re-
search in the field of ‘chelation therapy’ with respect to improve-
ment of beer oxidative stability. It is well known that phenolic
acids, containing the catechol or galloyl moiety (an
ortho-dihydroxy functional group), are effective in chelating transi-
tion metals (231,232); and that beer contains a number of these
acids, including caffeic acid, chlorogenic acid, protocatechuic acid,
and gallic acid. Accordingly, enhancing these phenolic acids dur-
ing the brewing process could potentially improve the shelf-life
of beer (233). However, at certain concentrations - depending on
the polyphenol type and beer composition - they may lead to
the formation of protein-polyphenol hazes over time (234).

Control of flavour stability in practice

Table 4 provides a summary of the strategies to prevent beer
ageing.

Raw materials, equipment and additives. The excellence of
the raw materials (malt, water, hops, yeast), processing aids, and
equipment is paramount to ensure good beer quality. They will in-
fluence the overall metal load throughout the entire process.
Brewing water can be used ‘as is’, if the local raw water quality is
adequate, but will commonly have to be deionised to removemin-
erals and unwanted metal ions. Water treatment, such as reverse
osmosis, may come with high costs and process complexity, as
salts must be added back to the brewing liquor (235,236). The
metal content of the other inputs is not always as transparent or
easy to control. The use of whole hops, rather than pellets or ex-
tracts, raises the antioxidative polyphenol content of the wort
but also tends to be higher in heavy metals (237). With malt, the
wortmetal content can vary by variety, cultivation, and roast inten-
sity (182,185). Similar considerations also apply to spices, herbs,
and other additives (238). Brewing equipment should not leach
metal ions into the wort or beer and accordingly, passivated stain-
less steel ‘coppers’ should be used for wort boiling, rather than
copper. Similarly, membrane filtration of beer is recommended
rather than filtration through kieselguhr/diatomaceous earth,
which is rich in iron (216,239). The design of process equipment
(pumps, stirrers, pipes, vessels) should be to reduce high mechan-
ical stress and shear, to minimise oxygen pick-up, to impede β-glu-
can extraction during mashing, and to avoid disruption of any ag-
gregates, such as coagulated protein/polyphenols. The primary
purpose is to prevent reduced filterability by averting the forma-
tion of large hydrogel complexes and, thus, poorer flavour stability.

With dark, roasted malts, more metal ions are transferred to the
wort during mashing (173). This explains why dark beers, such as
stouts, typically have a higher Fe content (52,240). Roasted malts
also contribute higher levels of organic radicals, deterioration-rele-
vant carbonyl compounds (Strecker aldehydes), and reductone
compounds (Maillard reaction products), due to the elevated heat

stress that these malts undergo during kilning, resulting in de-
creased beer flavour stability (166,168,241).

Brewing with green malt or unmalted barley (or a combination
of both, making use of the high diastatic power of green malt to
compensate for the enzyme deficiency in raw barley) would re-
duce the staling potential considerably, since these starch sources
do not have the above defects - although they might contribute
other shortcomings. Green malt, for example, must be produced
and used on-site, as it is microbiologically unstable raw material
with a limited shelf-life (123). Contrary to expectation, the height-
ened LOX content of greenmalt does not result in beer with signif-
icant taints or obvious defects, even when using it at a 100% (122).

Milling. Aggressive milling of malt results in excessive fracture
of the husks and embryo, which increases wort polyphenol levels,
but also leads to increased LOX, lipase, and lipid release, leading to
elevated nonenal potential (60,242). Finely milled grist (from ham-
mer milling) would, typically be utilised by modern mash filters,
which provide reduced filtration time, less heat load, lower oxygen
pick-up, and shorter mashing times (due to the larger surface-to-
volume ratio of the fine grist, leading to higher enzyme and extract
yields).

Alternatively, or in addition, the malt acrospire can be kept in-
tact by employing steep conditioned or wet milling. Wet milling
systems can use deaerated water to minimise oxidation during
milling and mashing. To achieve this with steep conditioned mill-
ing, the milling and mashing chambers should be flooded with ni-
trogen or carbon dioxide.

Mashing, wort separation, boiling, and clarification. Al-
though chelating agents, such as tannic acid and ellagic acid, can
be used successfully across the brewing process, addition during
the mashing stage is recommended. Firstly, the early elimination
of transition metals will more promptly negate their catalytic ef-
fects on oxidation. Secondly, wort has a higher, more suitable pH
for chelation, compared to beer (206,212). Hop acids also possess
chelating capacity, of which the non-isomerised α-acids have the
highest binding efficiency (206). Application of optimised hopping
regimes, where hops are added incrementally - rather than a single
dosage at the beginning of wort boiling - can achieve lower levels
of iron and copper in the pitching wort (195).

At mashing-in temperatures of ≥ 63°C, LOX is inactivated and
fewer staling components are retained in the beer (241,243). A fur-
ther advantage of mashing-in above the gelatinisation tempera-
ture of barley malt starch is shortened vessel occupation time,
which in turn limits the total heat damage (244). Wort kettles are
usually fitted with vents that aid the removal of unwanted volatiles
(such as staling aldehydes and DMS), and condensate traps that
prevent their re-entrance (129). The addition of oxygen to warm
wort (upstream oxidation or ‘hot side aeration’) should be avoided
as oxidation ofwort compounds (proteins, fatty acids,melanoidins,
polyphenols) will happen rapidly at high temperatures (72). Wort
should be aerated/oxygenated on the cold side of the heat ex-
changer. The hot wort should be treated gently, by filling themash
tun and kettle from the bottomup and avoiding turbulence during
transfers. Where possible, mashing and sparging should use
deaerated liquor. Better still perform mashing, wort filtration, and
boiling anaerobically (under an inert atmosphere). Another ’inno-
vative’ concept to reduce hot side aeration, heat load, and energy
costs is to brew without wort boiling, which can either be done
through the use of near-boiling temperatures and stripping (129)
or by omitting wort boiling entirely. Traditional no-boil beers (or
raw ales) have been brewed for centuries including Finnish sahti,
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Danish gammeltøl, Norwegian kornøl, and German Berliner Weisse
(245).

There has been much debate about the impact of trub rich
(cloudy or turbid) worts on beer quality and flavour stability, with
most research focusing on the potential negative effects of the
higher lipid content (246,247). However, little consideration is
given to trub being high in iron and copper (181,248). In terms of
transition metal content, trub removal for a bright/clear wort is
recommended.

Fermentation and conditioning. Healthy yeast and vigorous
fermentation are important for flavour stability (95,249). Yeast re-
duces aldehydes to their corresponding alcohols and produces
low levels of sulphur dioxide. The use of yeast of high viability
and good physiological state enhances flavour stability and the or-
ganoleptic properties of the final beer (250). Appropriate levels of
zinc (andmagnesium) are required in the pitchingwort to facilitate
yeast performance (251,252).

Anaerobic, repitched yeast requires trace amounts of dissolved
oxygen (5-20 mg/L) in the wort to synthesise sterols and unsatu-
rated fatty acids, which are needed for membrane formation and
cell multiplication. Accordingly, pitchingwort is aerated or oxygen-
ated, post heat exchanger, on route to the fermenter. Although a
necessary process, the addition of oxygen to wort is counter intu-
itive in managing flavour stability. To limit the oxidative damage,
oxygen is added on the cold side and yeast is pitched without
delay.

Alternatives to wort aeration have been explored, including the
direct addition of oxygen to yeast slurries. In one study (253),
pitching yeast was exposed to olive oil prior to fermentation, so
as to supply unsaturated fatty acids (such as oleic acid). This ap-
proach does not satisfy the nutritional need for sterols (anabolic
or exogenous) but was said to produce beers that were less
oxidised.

Downstream processing and packaging. In-pack oxygen as
low as is reasonably achievable is critical for the prolonged shelf-
life of beer. Due to improved beer processing and packaging tech-
niques, the TPO can be as low as 40-150 μg/L. But even at these
levels, oxidative staling of beer is still taking place. While it is true
that the oxygen initially present is already enough for oxidation
to occur (as it will be recycled through the Fenton and
Haber-Weiss reaction), a large factor is ‘new’ oxygen finding its
way into the beer package by penetration through the closure
and/or packaging material. As such, a continuous dynamic situa-
tion exists, where in-pack oxygen lost through reaction with beer
constituents, can be supplemented by atmospheric oxygen. This
is why aged bottled beer can still have dissolved oxygen levels of
30 μg/L (254), rather than near-zero as with aged canned beer
(255). In the absence of oxygen scavenging caps, ingress rates of
1-5 μg/L O2 per day can be anticipated (131,135).

Distribution and storage. Storage temperature may be the sin-
gle most important quality factor in beer stability. However, there
is generally limited control over the distribution and retail condi-
tions, such as temperature, light, motion, time in warehouses, dis-
tribution, wholesalers, and retailers. Ideally, the distribution and re-
tail chain are temperature controlled, with short transport and
storage duration, rapid turnover, and stock rotation. Further, ther-
mal insulation and vibration damping can be employed. Con-
sumers should also be encouraged to store beer refrigerated.

Best practice should be applied to stock rotation with FIFO (first
in, first out), where older stock is preferentially sold. Where

economically viable, brewers and retailers can agree on positive
release systems, where the beers released for consumption are
(still) true to their brand specification. Additionally, brand owners
can enforce ’pull dates’ - deadlines where unsold beer should
return to the brewery, usually ranging from 60 to 180 days.

Concluding remarks
Fresh beer is not in chemical equilibrium and flavour shifts inevita-
bly occur over time. This inherent flavour instability of beer re-
mains a major challenge facing brewers. Each of the reactions in-
volved is subject to numerous determinants, including
temperature, oxygen, time, transition metal content and specia-
tion, pH, and beer composition. The multitude of variables make
beer ageing an immensely complex chemical process that is not
fully understood. Although multiple methods for measuring beer
staling and stability are available, none are absolute. ESR spectros-
copy has been among the most adopted analytical techniques in
recent years and gives valuable information about the endoge-
nous antioxidant potential and the interplay between the pro-
and antioxidants in wort or beer.

Although oxygen and oxidation are not the sole reasons for stal-
ing, they play a central role in beer ageing, together with transition
metals. Iron, copper andmanganese aremajor drivers of oxidation,
as they catalyse the production of reactive oxygen species. As
brewing and packaging technology may be approaching the prac-
tical limit for in-pack oxygen, it is wise to explore other pathways in
restricting oxidation, such as the depletion and inhibition of transi-
tion metal catalysts. Their chemical or physical removal from the
brewing process is desirable and can be achieved by chelation,
an uncharted area in brewing science. Because of the complexity,
contradictory results are found in the literature about the anti- or
prooxidative effects of chelating compounds, such as polyphenols,
melanoidins, and ascorbic acid. Nevertheless, chelation and flavour
stability warrant further investigation.

Author contributions
Tuur Mertens: writing (original draft).
Thomas Kunz: writing (review and editing).
Brian R. Gibson: writing (review and editing).

Acknowledgements

This project was funded by the European Union’s Horizon 2020 re-
search and innovation programme under the Marie Skłodowska-
Curie grant agreement No. 722166.
Open Access funding enabled and organized by Projekt DEAL.

Conflicts of interest
The authors declare no conflicts of interest.

References
1. Jesús Callejo M, Tesfaye W, Carmen González M, Morata A. 2020. Craft

beers: current situation and future trends. In: New Advances on Fer-
mentation Processes, 1st ed. IntechOpen, UK. p 1-18. https://doi.org/
10.5772/intechopen.90006

2. Withouck H, Boeykens A, Jaskula B, Goiris K, De Rouck G, Hugelier C,
Aerts G. 2010. Upstream beer stabilisation during wort boiling by ad-
dition of gallotannins and/or PVPP BrewSci 63:14–22.

3. Stephenson WH, Bamforth CW. 2002. The impact of lightstruck and
stale character in beers on their perceived quality: a consumer study.

T. Mertens et al.

J. Inst. Brew.© 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.5772/intechopen.90006
https://doi.org/10.5772/intechopen.90006


J Inst Brew 108:406–409. https://doi.org/10.1002/j.2050-0416.2002.
tb00568.x

4. Paternoster A, Jaskula-Goiris B, Buyse J, Perkisas T, Springael J, Braet J,
De Rouck G, De Cooman L. 2020. The relationship between flavour in-
stability, preference and drinkability of fresh and aged beer. J Inst
Brew 126:59–66. https://doi.org/10.1002/jib.582

5. Aguiar D, Pereira AC,Marques JC. 2022. The influence of transport and
storage conditions on beer stability—a systematic review. Food
Bioprocess Technol 15:1477–1495. https://doi.org/10.1007/s11947-
022-02790-8

6. Vanderhaegen B, Neven H, Verachtert H, Derdelinckx G. 2006. The
chemistry of beer aging – a critical review. Food Chem 95:357–381.
https://doi.org/10.1016/j.foodchem.2005.01.006

7. Paternoster A, Jaskula-Goiris B, Perkisas T, Springael J, De Rouck G, De
Cooman L, Braet J. 2019. A model to simulate the overall ageing score
impact of temperature and time on the sensorial quality of lager. J Inst
Brew 125:364–373. https://doi.org/10.1002/jib.566

8. Jaskula-Goiris B, De Causmaecker B, De Rouck G, Aerts G, Paternoster
A, Braet J, De Cooman L. 2019. Influence of transport and storage con-
ditions on beer quality and flavour stability. J Inst Brew 125:60–68.
https://doi.org/10.1002/jib.535

9. Herrmann M, Klotzbücher B, Wurzbacher M, Hanke S, Kattein U, Back
W, Becker T, Krottenthaler M. 2010. A new validation of relevant sub-
stances for the evaluation of beer aging depending on the employed
boiling system. J Inst Brew 116:41–48. https://doi.org/10.1002/j.2050-
0416.2010.tb00396.x

10. Savel J. 2007. Negative role of oxidised polyphenols and reductones
in beer. Monatsschrift fur Brauwiss 60:33–40.

11. Mikyška A, Jurková M, Horák T, Slabý M. 2022. Study of the influ-
ence of hop polyphenols on the sensory stability of lager beer.
Eur Food Res Technol 248:533–542. https://doi.org/10.1007/s00217-
021-03900-0

12. Savel J, Kosin P, Broz A. 2015. Indigo carmine degradation in the pres-
ence of maltose and ethanol. J Inst Brew 121:548–552. https://doi.org/
10.1002/jib.261

13. Maxminer JP. 2016. Assessing the flavour stability of lager-style beers.
PhD Thesis. University of Nottingham, Nottingham, UK.

14. Müller K. 2007. Oxygen permeability of plastic bottles for oxygen sen-
sitive beverages. BrewSci 49:74–83.

15. Takashio M, Shinotsuka K. 1998. Preventive production of beer
against oxidation - recent advances in brewing technology. Food Sci
Technol Int 4:169–177. https://doi.org/10.3136/fsti9596t9798.4.169

16. Callemien D, Collin S. 2007. Involvement of flavanoids in beer color in-
stability during storage. J Agric Food Chem 55:9066–9073. https://doi.
org/10.1021/jf0716230

17. De Schutter DP, Saison D, Delvaux F, Derdelinckx G, Delvaux FR. 2009.
The chemistry of aging beer. In: Beer in Health and Disease Prevention,
1st ed. Academic Press, USA. p 375–388. https://doi.org/10.1016/
B978-0-12-373891-2.00036-5

18. Bamforth CW. 1999. Beer haze. J Am Soc Brew Chem 57:81–90. https://
doi.org/10.1094/ASBCJ-57-0081

19. Hashimoto N. 1972. Oxidation of higher alcohols by melanoidins in
beer. J Inst Brew 78:43–51. https://doi.org/10.1002/j.2050-0416.1972.
tb03428.x

20. Malfliet S, Opstaele F, Clippeleer J, Syryn E, Goiris K, Cooman L, Aerts G.
2008. Flavour instability of pale lager beers: determination of analyti-
cal markers in relation to sensory ageing. J Inst Brew 114:180–192.
https://doi.org/10.1002/j.2050-0416.2008.tb00324.x

21. Jaskula-Goiris B, De Causmaecker B, De Rouck G, De Cooman L, Aerts
G. 2011. Detailed multivariate modeling of beer staling in commercial
pale lagers. BrewSci 64:119–139.

22. Marques L, Espinosa MH, Andrews W, Foster RT. 2017. Advancing fla-
vor stability improvements in different beer types using novel elec-
tron paramagnetic resonance area and forced beer aging methods.
J Am Soc Brew Chem 75:35–40. https://doi.org/10.1094/ASBCJ-2017-
1472-01

23. Michiels Y, Puyvelde P, Sels B. 2017. Barriers and chemistry in a bottle:
mechanisms in today’s oxygen barriers for tomorrow’s materials. Appl
Sci 7:1-30. https://doi.org/10.3390/app7070665

24. Bamforth CW. 2001. Oxido-reduction processes and active forms of
oxygen in aqueous systems. Cerevisia 26:149–154.

25. Wasik RJ, Bushuk W. 1973. Free radicals in flour, starch, and gluten
produced by ball-milling, electric discharge, and gamma-irradiation.
Cereal Chem 50:654–660.

26. Bamforth CW, Parsons R. 1985. New procedures to improve the flavor
stability of beer. J Am Soc Brew Chem 43:197–202. https://doi.org/10.
1094/ASBCJ-43-0197

27. Kaneda H, Kano Y, Osawa T, Ramarathnam N, Kawakishi S, Kamada K.
1988. Detection of free radicals in beer oxidation. J Food Sci
53:885–888. https://doi.org/10.1111/j.1365-2621.1988.tb08978.x

28. Kaneda H, Kano Y, Osawa T, Kawakishi S, Kamada K. 1989. The role of
free radicals in beer oxidation. J Am Soc Brew Chem 47:49–53. https://
doi.org/10.1094/ASBCJ-47-0049

29. Kaneda H, Kano Y, Osawa T, Kawakishi S, Kamimura M. 1990. Role of
free radicals in chemiluminescence generation during the beer oxida-
tion process. Agric Biol Chem 54:2165–2166. https://doi.org/10.1080/
00021369.1990.10870275

30. Kaneda H, Kano Y, Osawa T, Kawakishi S, Kamimura M. 1990. Effect of
free radicals on haze formation in beer. J Agric Food Chem
38:1909–1912. https://doi.org/10.1021/jf00100a006

31. Kaneda H, Kano Y, Koshino S, Ohya-Nishiguchi H. 1992. Behavior and
role of iron ions in beer deterioration. J Agric Food Chem
40:2102–2107. https://doi.org/10.1021/jf00023a013

32. Kaneda H, Takashio M, Tamaki T, Osawa T. 1997. Influence of pH on
flavour staling during beer storage. J Inst Brew 103:21–23. https://
doi.org/10.1002/j.2050-0416.1997.tb00932.x

33. Kaneda H, Kobayashi N, Takashio M, Tamaki T, Shinotsuka K. 1999.
Beer staling mechanism. Tech Q Master Brew Assoc Am 36:41–47.

34. Andersen ML, Skibsted LH. 1998. Electron spin resonance spin trap-
ping identification of radicals formed during aerobic forced aging of
beer. J Agric Food Chem 46:1272–1275. https://doi.org/10.1021/
jf9708608

35. Decker EA, Elias RJ, McClements DJ. 2010. Oxidation in Foods and Bev-
erages and Antioxidant Applications. Volume 2: Management in Differ-
ent Industry Sectors, 1st ed, p 528. Woodhead Publishing Limited,
Cambridge, UK. https://doi.org/10.1533/9780857090331

36. Frederiksen AM, Festersen RM, Andersen ML. 2008. Oxidative reac-
tions during early stages of beer brewing studied by electron spin res-
onance and spin trapping. J Agric Food Chem 56:8514–8520. https://
doi.org/10.1021/jf801666e

37. Baxter ED. 1982. Lipoxidases in malting and mashing. J Inst Brew
88:390–396. https://doi.org/10.1002/j.2050-0416.1982.tb04130.x

38. Formanek JA, Bonte P. 2017. Use of tannic acid in the brewing indus-
try for colloidal and organoleptic stability. Tech Q Master Brew Assoc
Am 54:11–6. https://doi.org/10.1094/TQ-54-1-0112-01

39. Pistorius EK, Axelrod B, Palmer G. 1976. Evidence for participation of
iron in lipoxygenase reaction from optical and electron spin reso-
nance studies. J Biol Chem 251:7144–7148. https://doi.org/10.1016/
S0021-9258(17)32954-X

40. Clarkson SP, Large PJ, Bamforth CW. 1992. Oxygen-scavenging en-
zymes in barley and malt and their effects duringmashing. J Inst Brew
98:111–115. https://doi.org/10.1002/j.2050-0416.1992.tb01096.x

41. Bustillo Trueba P, Jaskula-Goiris B, Ditrych M, Filipowska W, De
Brabanter J, De Rouck G, Aerts G, De Cooman L, De Clippeleer J.
2021. Monitoring the evolution of free and cysteinylated aldehydes
from malt to fresh and forced aged beer. Food Res Int 140:110049.
https://doi.org/10.1016/j.foodres.2020.110049

42. Filipowska W, Jaskula-Goiris B, Ditrych M, Bustillo Trueba P, De Rouck
G, Aerts G, Powell C, Cook D, De Cooman L. 2021. On the contribution
of malt quality and the malting process to the formation of beer stal-
ing aldehydes: a review. J Inst Brew 127:107–126. https://doi.org/10.
1002/jib.644

43. Lehnhardt F, Gastl M, Becker T. 2019. Forced into aging: analytical pre-
diction of the flavor-stability of lager beer. A review. Crit Rev Food Sci
Nutr 59:2642–2653. https://doi.org/10.1080/10408398.2018.1462761

44. Barker RL, Gracey DEF, Irwin AJ, Pipasts P, Leiska E. 1983. Liberation of
staling aldehydes during storage of beer. J Inst Brew 89:411–415.
https://doi.org/10.1002/j.2050-0416.1983.tb04216.x

45. Baert JJ, De Clippeleer J, Hughes PS, De Cooman L, Aerts G. 2012. On
the origin of free and bound staling aldehydes in beer. J Agric Food
Chem 60:11449–11472. https://doi.org/10.1021/jf303670z

46. Lermusieau G, Noël S, Liégeois C, Collin S. 1999. Nonoxidative mech-
anism for development of trans-2-nonenal in beer. J Am Soc Brew
Chem 57:29–33. https://doi.org/10.1094/ASBCJ-57-0029

47. Baert JJ, De Clippeleer J, De Cooman L, Aerts G. 2015. Exploring
the binding behavior of beer staling aldehydes in model systems.
J Am Soc Brew Chem 73:100–8. https://doi.org/10.1094/ASBCJ-
2015-0109-01

Review of metals and oxidative stability in brewing

J. Inst. Brew. © 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.1002/j.2050-0416.2002.tb00568.x
https://doi.org/10.1002/j.2050-0416.2002.tb00568.x
https://doi.org/10.1002/jib.582
https://doi.org/10.1007/s11947-022-02790-8
https://doi.org/10.1007/s11947-022-02790-8
https://doi.org/10.1016/j.foodchem.2005.01.006
https://doi.org/10.1002/jib.566
https://doi.org/10.1002/jib.535
https://doi.org/10.1002/j.2050-0416.2010.tb00396.x
https://doi.org/10.1002/j.2050-0416.2010.tb00396.x
https://doi.org/10.1007/s00217-021-03900-0
https://doi.org/10.1007/s00217-021-03900-0
https://doi.org/10.1002/jib.261
https://doi.org/10.1002/jib.261
https://doi.org/10.3136/fsti9596t9798.4.169
https://doi.org/10.1021/jf0716230
https://doi.org/10.1021/jf0716230
https://doi.org/10.1016/B978-0-12-373891-2.00036-5
https://doi.org/10.1016/B978-0-12-373891-2.00036-5
https://doi.org/10.1094/ASBCJ-57-0081
https://doi.org/10.1094/ASBCJ-57-0081
https://doi.org/10.1002/j.2050-0416.1972.tb03428.x
https://doi.org/10.1002/j.2050-0416.1972.tb03428.x
https://doi.org/10.1002/j.2050-0416.2008.tb00324.x
https://doi.org/10.1094/ASBCJ-2017-1472-01
https://doi.org/10.1094/ASBCJ-2017-1472-01
https://doi.org/10.3390/app7070665
https://doi.org/10.1094/ASBCJ-43-0197
https://doi.org/10.1094/ASBCJ-43-0197
https://doi.org/10.1111/j.1365-2621.1988.tb08978.x
https://doi.org/10.1094/ASBCJ-47-0049
https://doi.org/10.1094/ASBCJ-47-0049
https://doi.org/10.1080/00021369.1990.10870275
https://doi.org/10.1080/00021369.1990.10870275
https://doi.org/10.1021/jf00100a006
https://doi.org/10.1021/jf00023a013
https://doi.org/10.1002/j.2050-0416.1997.tb00932.x
https://doi.org/10.1002/j.2050-0416.1997.tb00932.x
https://doi.org/10.1021/jf9708608
https://doi.org/10.1021/jf9708608
https://doi.org/10.1533/9780857090331
https://doi.org/10.1021/jf801666e
https://doi.org/10.1021/jf801666e
https://doi.org/10.1002/j.2050-0416.1982.tb04130.x
https://doi.org/10.1094/TQ-54-1-0112-01
https://doi.org/10.1016/S0021-9258(17)32954-X
https://doi.org/10.1016/S0021-9258(17)32954-X
https://doi.org/10.1002/j.2050-0416.1992.tb01096.x
https://doi.org/10.1016/j.foodres.2020.110049
https://doi.org/10.1002/jib.644
https://doi.org/10.1002/jib.644
https://doi.org/10.1080/10408398.2018.1462761
https://doi.org/10.1002/j.2050-0416.1983.tb04216.x
https://doi.org/10.1021/jf303670z
https://doi.org/10.1094/ASBCJ-57-0029
https://doi.org/10.1094/ASBCJ-2015-0109-01
https://doi.org/10.1094/ASBCJ-2015-0109-01


48. Kanauchi M, Bamforth CW. 2018. A challenge in the study of flavour
instability. BrewSci 71:82–4. https://doi.org/10.23763/BrSc18-
11bamforth

49. Miller DM, Buettner GR, Aust SD. 1990. Transitionmetals as catalysts of
‘autoxidation’ reactions. Free Radic Biol Med 8:95–108. https://doi.org/
10.1016/0891-5849(90)90148-C

50. Zufall C, Tyrell T. 2008. The influence of heavy metal ions on beer fla-
vour stability. J Inst Brew 114:134–142. https://doi.org/10.1002/j.2050-
0416.2008.tb00318.x

51. Porter JR, Bamforth CW. 2016. Manganese in brewing raw materials,
disposition during the brewing process, and impact on the flavor in-
stability of beer. J Am Soc Brew Chem 74:87–90. https://doi.org/10.
1094/ASBCJ-2016-2638-01

52. Jenkins D, James S, Dehrmann F, Smart K, Cook D. 2018. Impacts of
copper, iron, and manganese metal ions on the EPR assessment of
beer oxidative stability. J Am Soc Brew Chem 76:50–57. https://doi.
org/10.1080/03610470.2017.1402585

53. Kocherginsky NM, Kostetski YY, Smirnov AI. 2005. Antioxidant pool in
beer and kinetics of EPR spin-trapping. J Agric Food Chem
53:6870–6876. https://doi.org/10.1021/jf051045s

54. Choe E, Min DB. 2006. Chemistry and reactions of reactive oxygen
species in foods. J Food Sci 70:R142–159. https://doi.org/10.1111/j.
1365-2621.2005.tb08329.x

55. Pignatello JJ, Oliveros E, MacKay A. 2006. Advanced
oxidation processes for organic contaminant destruction based on
the Fenton reaction and related chemistry. Crit Rev Environ Sci Technol
36:1–84. https://doi.org/10.1080/10643380500326564

56. Berton JKET, Verbeke Y, Van Durme B, Huvaere K. 2021. Radical inter-
mediates in the degradation of hop acids. J Agric Food Chem
69:9642–9653. https://doi.org/10.1021/acs.jafc.1c02977

57. Muller R. 1997. The formation of hydrogen peroxide during oxidation
of thiol-containing proteins. J Inst Brew 103:307–10. https://doi.org/10.
1002/j.2050-0416.1997.tb00961.x

58. Kunz T, Strähmel A, Cortés N, Kroh LW, Methner F-J. 2013. Influence of
intermediate Maillard reaction products with enediol structure on the
oxidative stability of beverages. J Am Soc Brew Chem 71:114–123.
https://doi.org/10.1094/ASBCJ-2013-0429-01

59. Halliwell B, Gutteridge JMC. 2015. Free Radicals in Biology and Medi-
cine, 5th ed, p 896. Oxford University Press, Oxford, UK. https://doi.
org/10.1093/acprof:oso/9780198717478.001.0001

60. Van Waesberghe J. 1996. Anti-oxidants and pro-oxidants in
preprocessed brewing ingredients. Tech Q Master Brew Assoc Am
33:96–101.

61. Andersen ML, Outtrup H, Skibsted LH. 2000. Potential antioxidants in
beer assessed by ESR spin trapping. J Agric Food Chem 48:3106–3111.
https://doi.org/10.1021/jf000354+

62. Zhao H. 2014. Endogenous antioxidants and antioxidant activities of
beers. In: Processing and Impact on Antioxidants in Beverages, 1st ed.
Academic Press, USA. p 15–24. https://doi.org/10.1016/B978-0-12-
404738-9.00002-7

63. Guido LF. 2016. Sulfites in beer: reviewing regulation, analysis and
role. Sci Agric 73:189–197. https://doi.org/10.1590/0103-9016-2015-
0290

64. Bamforth CW. 2000. Making sense of flavor change in beer. Tech Q
Master Brew Assoc Am 37:165–171.

65. Kunz T, Brandt NO, Seewald T, Methner F-J. 2015. Carbohydrates addi-
tion during brewing – effects on oxidative processes and formation of
specific ageing compounds. BrewSci 68:78–92.

66. Foster RT, Ranguelova K. 2021. Discovery of bisulfite and an
uncharacterized carbon-centered radical systems in non-dry-hopped
and dry-hopped beers using a different spin trap, 5, 5-dimethyl-1-
pyrroline-N-oxide, and a new electron paramagnetic resonance
method. J Am Soc Brew Chem 79:249–258. https://doi.org/10.1080/
03610470.2020.1864699

67. Damodaran S, Parkin KL. 2017. Fennema’s Food Chemistry, 5th ed, p
1121. CRC Press, Boca Raton, Florida, USA. https://doi.org/10.1201/
9781315372914

68. Mikyška A, Krofta K. 2012. Assessment of changes in hop resins and
polyphenols during long-term storage. J Inst Brew 118:269–279.
https://doi.org/10.1002/jib.40

69. Drost BW, van den Berg R, Freijee FJM, van der Velde EG, Hollemans
M. 1990. Flavor stability. J Am Soc Brew Chem 48:124–131. https://
doi.org/10.1094/ASBCJ-48-0124

70. Wietstock PC, Kunz T, Methner F-J. 2016. Relevance of oxygen for the
formation of Strecker aldehydes during beer production and storage.

J Agric Food Chem 64:8035–8044. https://doi.org/10.1021/acs.jafc.
6b03502

71. Savel J, Kosin P, Broz A. 2012. Redox power changes of caramels and
sugar reductones in beer. J Food Res 1:132. https://doi.org/10.5539/jfr.
v1n1p132

72. Fix GJ. 1999. Principles of Brewing Science: a Study of Serious Brewing Is-
sues, 2nd ed, p 189. Brewers Publications, Boulder, Colorado, USA.

73. De Clippeleer J, De Cooman L, Aerts G. 2014. Beer’s bitter compounds
- a detailed review on iso- α-acids: current knowledge of the mecha-
nisms for their formation and degradation. BrewScie 67:167–82.

74. Lewis MJ, Bamforth CW. 2007. Essays in Brewing Science, 1st ed, p 184.
Springer, Boston, Massachusetts, USA. https://doi.org/10.1007/0-387-
33011-9

75. Green AM, Clark AC, Scollary GR. 1997. Determination of free and total
copper and lead in wine by stripping potentiometry. Fresenius J Anal
Chem 358:711–717. https://doi.org/10.1007/s002160050496

76. Ibanez JG, Carreon-Alvarez A, Barcena-SotoM, Casillas N. 2008. Metals
in alcoholic beverages: a review of sources, effects, concentrations, re-
moval, speciation, and analysis. J Food Compos Anal 21:672–683.
https://doi.org/10.1016/j.jfca.2008.06.005

77. Welch KD, Davis TZ, Aust SD. 2002. Iron autoxidation and free radical
generation: effects of buffers, ligands, and chelators. Arch Biochem
Biophys 397:360–369. https://doi.org/10.1006/abbi.2001.2694

78. Svendsen R, Lund W. 2000. Speciation of Cu, Fe and Mn in beer using
ion exchange separation and size-exclusion chromatography in com-
binationwith electrothermal atomic absorption spectrometry. Analyst
125:1933–1937. https://doi.org/10.1039/b005187j

79. Pohl P, Prusisz B. 2007. Fractionation analysis of manganese and zinc
in beers by means of two sorbent column system and flame atomic
absorption spectrometry. Talanta 71:1616–1623. https://doi.org/10.
1016/j.talanta.2006.07.039

80. Pohl P, Prusisz B. 2010. Chemical fractionation of Cu, Fe and Mn in
canned Polish beers. J Food Compos Anal 23:86–94. https://doi.org/
10.1016/j.jfca.2009.08.002

81. Pohl P, Sergiel I. 2009. Evaluation of the total content and the opera-
tionally defined species of copper in beers and wines. J Agric Food
Chem 57:9378–9384. https://doi.org/10.1021/jf901942y

82. Pohl P. 2007. Fractionation analysis of metals in dietary samples using
ion-exchange and adsorbing resins. Trends Anal Chem 26:713–726.
https://doi.org/10.1016/j.trac.2007.03.006

83. Sakellari A, Karavoltsos S, Plavšić M, Bempi E, Papantonopoulou G,
Dassenakis M, Kalogeropoulos N. 2017. Copper complexing proper-
ties, tracemetal content and organic matter physico-chemical charac-
terization of Greek beers. Microchem J 135:66–73. https://doi.org/10.
1016/j.microc.2017.07.010

84. Pohl P. 2008. Determination and fractionation of metals in beer: a re-
view. Food Addit Contam Part A 25:693–703. https://doi.org/10.1080/
02652030701772323

85. Schaich KM, Shahidi F, Zhong Y, Eskin NAM. 2013. Lipid oxidation. In:
Biochemistry of Foods, 3rd ed. Academic Press, USA. p 419–478.
https://doi.org/10.1016/B978-0-08-091809-9.00011-X

86. Carneiro JR, Guido LF, Almeida PJ, Rodrigues JA, Barros AA, Ferreira
AA, Gonçalves C. 2003. Determination of β-Damascenone in beer by
HPLC with UV detection: an assay for the evaluation of beer ageing.
Proc Eur Brew Conv Congr. Dublin. Fachverlag Hans Carl, Nürnberg,
Germany. p 976–85.

87. Chevance F, Guyot-Declerck C, Dupont J, Collin S. 2002. Investigation
of the β-Damascenone level in fresh and aged commercial beers. J
Agric Food Chem 50:3818–3821. https://doi.org/10.1021/jf020085i

88. Huvaere K, Andersen ML, Olsen K, Skibsted LH, Heyerick A, De
Keukeleire D. 2003. Radicaloid-type oxidative decomposition of beer
bittering agents revealed. Chem - A Eur J 9:4693–9. https://doi.org/
10.1002/chem.200305050

89. Hashimoto N, Kuroiwa Y. 1975. Proposed pathways for the formation
of volatile aldehydes during storage of bottled beer. Proc Ann Meet -
Am Soc Brew Chem 33:104–111. https://doi.org/10.1080/00960845.
1975.12007147

90. Bamforth CW. 1999. The science and understanding of the flavour sta-
bility of beer: a critical assessment. Brauwelt Int 17:98–110.

91. Wietstock PC, Methner F-J. 2013. Formation of aldehydes by direct ox-
idative degradation of amino acids via hydroxyl and ethoxy radical at-
tack in buffered model solutions. BrewSci 66:104–113.

92. Caballero I, Blanco CA, Porras M. 2012. Iso-α-acids, bitterness and loss
of beer quality during storage. Trends Food Sci Technol 26:21–30.
https://doi.org/10.1016/j.tifs.2012.01.001

T. Mertens et al.

J. Inst. Brew.© 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.23763/BrSc18-11bamforth
https://doi.org/10.23763/BrSc18-11bamforth
https://doi.org/10.1016/0891-5849(90)90148-C
https://doi.org/10.1016/0891-5849(90)90148-C
https://doi.org/10.1002/j.2050-0416.2008.tb00318.x
https://doi.org/10.1002/j.2050-0416.2008.tb00318.x
https://doi.org/10.1094/ASBCJ-2016-2638-01
https://doi.org/10.1094/ASBCJ-2016-2638-01
https://doi.org/10.1080/03610470.2017.1402585
https://doi.org/10.1080/03610470.2017.1402585
https://doi.org/10.1021/jf051045s
https://doi.org/10.1111/j.1365-2621.2005.tb08329.x
https://doi.org/10.1111/j.1365-2621.2005.tb08329.x
https://doi.org/10.1080/10643380500326564
https://doi.org/10.1021/acs.jafc.1c02977
https://doi.org/10.1002/j.2050-0416.1997.tb00961.x
https://doi.org/10.1002/j.2050-0416.1997.tb00961.x
https://doi.org/10.1094/ASBCJ-2013-0429-01
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1021/jf000354
https://doi.org/10.1016/B978-0-12-404738-9.00002-7
https://doi.org/10.1016/B978-0-12-404738-9.00002-7
https://doi.org/10.1590/0103-9016-2015-0290
https://doi.org/10.1590/0103-9016-2015-0290
https://doi.org/10.1080/03610470.2020.1864699
https://doi.org/10.1080/03610470.2020.1864699
https://doi.org/10.1201/9781315372914
https://doi.org/10.1201/9781315372914
https://doi.org/10.1002/jib.40
https://doi.org/10.1094/ASBCJ-48-0124
https://doi.org/10.1094/ASBCJ-48-0124
https://doi.org/10.1021/acs.jafc.6b03502
https://doi.org/10.1021/acs.jafc.6b03502
https://doi.org/10.5539/jfr.v1n1p132
https://doi.org/10.5539/jfr.v1n1p132
https://doi.org/10.1007/0-387-33011-9
https://doi.org/10.1007/0-387-33011-9
https://doi.org/10.1007/s002160050496
https://doi.org/10.1016/j.jfca.2008.06.005
https://doi.org/10.1006/abbi.2001.2694
https://doi.org/10.1039/b005187j
https://doi.org/10.1016/j.talanta.2006.07.039
https://doi.org/10.1016/j.talanta.2006.07.039
https://doi.org/10.1016/j.jfca.2009.08.002
https://doi.org/10.1016/j.jfca.2009.08.002
https://doi.org/10.1021/jf901942y
https://doi.org/10.1016/j.trac.2007.03.006
https://doi.org/10.1016/j.microc.2017.07.010
https://doi.org/10.1016/j.microc.2017.07.010
https://doi.org/10.1080/02652030701772323
https://doi.org/10.1080/02652030701772323
https://doi.org/10.1016/B978-0-08-091809-9.00011-X
https://doi.org/10.1021/jf020085i
https://doi.org/10.1002/chem.200305050
https://doi.org/10.1002/chem.200305050
https://doi.org/10.1080/00960845.1975.12007147
https://doi.org/10.1080/00960845.1975.12007147
https://doi.org/10.1016/j.tifs.2012.01.001


93. Lusk LT, Murakami A, Nielsen L, Kay S, Ryder D. 2009. Beer photooxi-
dation creates two compounds with aromas indistinguishable from
3-methyl-2-butene-1-thiol. J Am Soc Brew Chem 67:189–192. https://
doi.org/10.1094/ASBCJ-2009-0910-02

94. Meilgaard MC, Dalgliesh CE, Clapperton JF. 1979. Beer flavour termi-
nology. J Inst Brew 85:38–42. https://doi.org/10.1002/j.2050-0416.
1979.tb06826.x

95. Bamforth CW. 2004. A critical control point analysis for flavor stability
of beer. Tech Q Master Brew Assoc Am 41:97–103.

96. Miedl M, Rogers P, Day GL, Clarke FM, Stewart GG. 2011. The peroxide
challenge test: a novel method for holistic near-real time measure-
ment of beer flavour stability. J Inst Brew 117:166–175. https://doi.
org/10.1002/j.2050-0416.2011.tb00456.x

97. Antolovich M, Prenzler PD, Patsalides E, McDonald S, Robards K. 2002.
Methods for testing antioxidant activity. Analyst 127:183–198. https://
doi.org/10.1039/b009171p

98. Barba FJ, Roohinejad S, Ishikawa K, Leong SY, El-Din A Bekhit A,
Saraiva JA, Lebovka N. 2020. Electron spin resonance as a tool tomon-
itor the influence of novel processing technologies on food proper-
ties. Trends Food Sci Technol 100:77–87. https://doi.org/10.1016/j.tifs.
2020.03.032

99. Uchida M, Ono M. 1996. Improvement for oxidative flavor stability of
beer-role of OH-radical in beer oxidation. J Am Soc Brew Chem
54:198–204. https://doi.org/10.1094/ASBJ-54-0198

100. Uchida M, Suga S, OnoM. 1996. Improvement for oxidative flavor sta-
bility of beer-rapid prediction method for beer flavor stability by elec-
tron spin resonance spectroscopy. J Am Soc Brew Chem 54:205–211.
https://doi.org/10.1094/ASBCJ-54-0205

101. Kunz T, Methner F-J, Hüttermann J, Kappl R. Patent: WO 2007/028635
Al, 2006. Method for determining the endogenous antioxidative poten-
tial of beverages by means of ESR spectroscopy. Technische Universität
Berlin and Universität des Saarlandes.

102. Kunz T, Müller C, Methner F-J. 2012. EAP determination and Beverage
Antioxidative IndeX (BAX) – advantageous tools for evaluation of the
oxidative flavour stability of beer and beverages. BrewSci 65:12–22.

103. Zhao H, Li H, Sun G, Yang B, Zhao M. 2013. Assessment of endoge-
nous antioxidative compounds and antioxidant activities of lager
beers. J Sci Food Agric 93:910–917. https://doi.org/10.1002/jsfa.5824

104. Wietstock PC, Kunz T, Methner F-J. 2016. Influence of hopping
technology on oxidative stability and staling-related carbonyls in pale
lager beer. BrewSci 69:73–84. https://doi.org/10.23763/BrSc16-
12wietstock

105. Saran M, Michel C, Stettmaier K, Bors W. 2000. Arguments against the
significance of the Fenton reaction contributing to signal pathways
under in vivo conditions. Free Radic Res 33:567–579. https://doi.org/
10.1080/10715760000301101

106. Reinke LA, Rau JM, McCay PB. 1994. Characteristics of an oxidant
formed during iron (II) autoxidation. Free Radic Biol Med 16:485–492.
https://doi.org/10.1016/0891-5849(94)90126-0

107. Seibig S, van Eldik R. 1997. Kinetics of [FeII (edta)] oxidation by molec-
ular oxygen revisited. New evidence for a multistepmechanism. Inorg
Chem 36:4115–4120. https://doi.org/10.1021/ic970158t

108. Methner F-J, Kunz T, Schön T. 2007. Application of optimizedmethods
to determine the endogenous antioxidant potential of beer and other
beverages. Proc Eur Brew Congr. Venice, Fachverlag Hans Carl,
Nürnberg, Germany. p 755–764.

109. Frankel EN, Meyer AS. 2000. The problems of using one-dimensional
methods to evaluatemultifunctional food andbiological antioxidants.
J Sci Food Agric 80:1925–1941. https://doi.org/10.1002/1097-0010
(200010)80:13<1925::AID-JSFA714>3.0.CO;2-4

110. Franz O, Back W. 2003. Stability index—a new approach to measure
the flavor stability of beer. Tech Q Master Brew Assoc Am 40:20–24.

111. Liu J, Dong J, Li Q, Chen J, Gu G. 2008. Investigation of new indexes to
evaluate aging of bottled lager beer. J Am Soc Brew Chem 66:167–173.
https://doi.org/10.1094/ASBCJ-2008-0404-01

112. Paternoster A, Jaskula-Goiris B, De Causmaecker B, Vanlanduit S,
Springael J, Braet J, De Rouck G, De Cooman L. 2019. The interaction
effect between vibrations and temperature simulating truck transport
on the flavor stability of beer. J Sci Food Agric 99:2165–2174. https://
doi.org/10.1002/jsfa.9409

113. Duncan SE, Hannah S. 2012. Light-protective packaging materials for
foods and beverages. In: Emerging Food Packaging Technologies: Prin-
ciples and Practice, 1st ed. Woodhead Publishing Limited, Cambridge,
UK. p 303–22. https://doi.org/10.1533/9780857095664.3.303

114. De Keukeleire D, Keyerick A, Huvaere K, Skibsted LH, Andersen ML.
2008. Beer lightstruck flavor: the full story. Cerevisia 33:133–144.

115. Bamforth CW, Lentini A. 2009. The flavor instability of beer. In: Beer: A
Quality Perspective, 1st ed. Academic Press, USA. p 85–109. https://doi.
org/10.1016/B978-0-12-669201-3.00003-8

116. Lund MN, Krämer AC, Andersen ML. 2015. Antioxidative mechanisms
of sulfite and protein-derived thiols during early stages of metal in-
duced oxidative reactions in beer. J Agric Food Chem 63:8254–8261.
https://doi.org/10.1021/acs.jafc.5b02617

117. Paternoster A. 2018. The impact of vibrations, shocks, and tempera-
ture during distribution on the flavor quality of bottled beer. PhD The-
sis. University of Antwerp, Antwerp, Belgium.

118. Gibson B, Aumala V, Heiniö R-L, Mikkelson A, Honkapää K. 2018. Differ-
ential evolution of Strecker and non-Strecker aldehydes during aging
of pale and dark beers. J Cereal Sci 83:130–138. https://doi.org/10.
1016/jR.jcs.2018.08.009

119. De Schutter DP, De Meester MR, Saison D, Delvaux F, Derdelinckx G,
Rock JM, Neven H, Delvaux FR. 2008. Characterization and quantifica-
tion of thermal load during wort boiling. BrewSci 61:121–34.

120. Dugulin CA, Clegg SC, De Rouck G, Cook DJ. 2020. Overcoming tech-
nical barriers to brewing with green (non-kilned) malt: a feasibility
study. J Inst Brew 126:24–34. https://doi.org/10.1002/jib.602

121. Kunz T, Müller C, Mato-Gonzales D, Methner F-J. 2012. The influence
of unmalted barley on the oxidative stability of wort and beer. J Inst
Brew 118:32–39. https://doi.org/10.1002/jib.6

122. Dugulin CA, Acuña Muñoz LM, Buyse J, De Rouck G, Bolat I, Cook
DJ. 2020. Brewing with 100% green malt – process development
and key quality indicators. J Inst Brew 126:343–353. https://doi.org/
10.1002/jib.620

123. Dugulin CA, De Rouck G, Cook DJ. 2021. Greenmalt for a green future
– feasibility and challenges of brewing using freshly germinated
(unkilned) malt: a review. J Am Soc Brew Chem 79:315–332. https://
doi.org/10.1080/03610470.2021.1902710

124. Coors G, Krottenthaler M, BackW. 2003. Wort pre-cooling and its influ-
ence on casting. Brauwelt Int 21:40–42.

125. Schwill-Miedaner A, Miedaner H. 2002.Wort boiling – current state-of-
the-art. Brauwelt Int 20:19–22.

126. Weinzierl M, Stippler K, Wasmuht K, Miedaner H, Englmann J. 2000. A
new wort boiling system - part I: first results from pilot tests. Brauwelt
Int 18:40–43.

127. Michel RA, Vollhals B. 2002. Reduction of wort thermal stress— rela-
tive to heating methods and wort treatment. Tech Q Master Brew
Assoc Am 39:156–163.

128. Mezger R, Krottenhaler M, Back W. 2006. Vacuum boiling – a new al-
ternative for gentle wort processing in the brewhouse. Brauwelt Int
24:22–5.

129. De Rouck G, Flores-González AG, De Clippeleer J, De Cock J, De
Cooman L, Aerts G. 2010. Sufficient formation and removal of di-
methyl sulfide (DMS) without classic wort boiling. BrewSci 63:31–40.

130. Palmer J, Kaminski C. 2013.Water: A Comprehensive Guide for Brewers,
1st ed, p 300. Brewers Publications, Boulder, Colorado, USA.

131. Hach Company. 2018. Application Note: How to measure dissolved
oxygen in the brewery. https://www.hach.com/appnote-measure-
DO-brewery

132. Kuchel L, Brody AL, Wicker L. 2006. Oxygen and its reactions in beer.
Packag Technol Sci 19:25–32. https://doi.org/10.1002/pts.705

133. Bamforth CW, Muller RE, Walker MD. 1993. Oxygen and oxygen radi-
cals in malting and brewing: a review. J Am Soc Brew Chem
51:79–88. https://doi.org/10.1094/ASBCJ-51-0079

134. Eßlinger HM, Narziß L. 2012. Beer. In: Ullmann’s Encyclopedia of Indus-
trial Chemistry, 7th ed. Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany. p 177–221. https://doi.org/10.1002/14356007.
a03_421.pub2

135. Wisk TJ, Siebert KJ. 1987. Air ingress in packages sealed with crowns
lined with polyvinyl chloride. J Am Soc Brew Chem 45:14–18. https://
doi.org/10.1094/ASBCJ-45-0014

136. Robertson GL. 2009. Food Packaging and Shelf Life - a Practical Guide,
1st ed. CRC Press, Boca Raton, Florida, USA. p 404. https://www.doi.
org/10.1201/9781420078459

137. Koch G, Allyn M. 2011. The Brewer’s Apprentice: an Insider’s Guide to the
Art and Craft of Beer Brewing, Taught by the Masters. Quarry Books,
Beverly, Massachusetts, USA. p 192.

138. Teumac FN, Ross BA, Rassouli MR. 1990. Air ingress through bottle
crowns. Tech Q Master Brew Assoc Am 24:122–126.

Review of metals and oxidative stability in brewing

J. Inst. Brew. © 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.1094/ASBCJ-2009-0910-02
https://doi.org/10.1094/ASBCJ-2009-0910-02
https://doi.org/10.1002/j.2050-0416.1979.tb06826.x
https://doi.org/10.1002/j.2050-0416.1979.tb06826.x
https://doi.org/10.1002/j.2050-0416.2011.tb00456.x
https://doi.org/10.1002/j.2050-0416.2011.tb00456.x
https://doi.org/10.1039/b009171p
https://doi.org/10.1039/b009171p
https://doi.org/10.1016/j.tifs.2020.03.032
https://doi.org/10.1016/j.tifs.2020.03.032
https://doi.org/10.1094/ASBJ-54-0198
https://doi.org/10.1094/ASBCJ-54-0205
https://doi.org/10.1002/jsfa.5824
https://doi.org/10.23763/BrSc16-12wietstock
https://doi.org/10.23763/BrSc16-12wietstock
https://doi.org/10.1080/10715760000301101
https://doi.org/10.1080/10715760000301101
https://doi.org/10.1016/0891-5849(94)90126-0
https://doi.org/10.1021/ic970158t
https://doi.org/10.1002/1097-0010(200010)80:13%3c1925::AID-JSFA714%3e3.0.CO;2-4
https://doi.org/10.1002/1097-0010(200010)80:13%3c1925::AID-JSFA714%3e3.0.CO;2-4
https://doi.org/10.1002/1097-0010(200010)80:13%3c1925::AID-JSFA714%3e3.0.CO;2-4
https://doi.org/10.1094/ASBCJ-2008-0404-01
https://doi.org/10.1002/jsfa.9409
https://doi.org/10.1002/jsfa.9409
https://doi.org/10.1533/9780857095664.3.303
https://doi.org/10.1016/B978-0-12-669201-3.00003-8
https://doi.org/10.1016/B978-0-12-669201-3.00003-8
https://doi.org/10.1021/acs.jafc.5b02617
https://doi.org/10.1016/jR.jcs.2018.08.009
https://doi.org/10.1016/jR.jcs.2018.08.009
https://doi.org/10.1002/jib.602
https://doi.org/10.1002/jib.6
https://doi.org/10.1002/jib.620
https://doi.org/10.1002/jib.620
https://doi.org/10.1080/03610470.2021.1902710
https://doi.org/10.1080/03610470.2021.1902710
https://www.hach.com/appnote-measure-DO-brewery
https://www.hach.com/appnote-measure-DO-brewery
https://doi.org/10.1002/pts.705
https://doi.org/10.1094/ASBCJ-51-0079
https://doi.org/10.1002/14356007.a03_421.pub2
https://doi.org/10.1002/14356007.a03_421.pub2
https://doi.org/10.1094/ASBCJ-45-0014
https://doi.org/10.1094/ASBCJ-45-0014
https://www.doi.org/10.1201/9781420078459
https://www.doi.org/10.1201/9781420078459


139. Ruff C, Kunz T, Methner F-J. 2013. Inhibition of oxidative aging com-
pounds in beer using active packing material vs. SO2-addition. Tech
Q Master Brew Assoc Am Ann Conf, Austin, Texas, USA.

140. Teumac FN. 1995. The history of oxygen scavenger bottle closures. In:
Active Food Packaging, 1st ed. Springer, Boston, Massachusetts, USA. p
193–202. https://doi.org/10.1007/978-1-4615-2175-4_8

141. Ramos M, Valdés A, Mellinas A, Garrigós M. 2015. New trends in bev-
erage packaging systems: a review. Beverages 1:248–272. https://doi.
org/10.3390/beverages1040248

142. Dawson P. 2003. Active packaging for beverages. In: Beverage Quality
and Safety, 1st ed. CRC Press, Boca Raton, Florida, USA. p 205–217.
https://doi.org/10.1201/9780203491201-15

143. Heger P, Russell A. 2021. Nylon oxygen barrier tubing reduces biofoul-
ing in beer draught lines. Fine Focus 7:25–35. https://doi.org/10.
33043/FF.7.1.25-35

144. Derdelinckx G, Vanderhasselt B, Maudoux M, Dufour JP. 1992.
Refermentation in bottles and kegs: a rigorous approach. Brauwelt
Int 2:156–164.

145. Ahrens H, Schröpfer J, Stumpf L, Pahl R, Brauer J, Schildbach S. 2018.
Enhancing flavour stability in beer using biological scavengers - part
2: screening of yeasts. BrewSci 71:24–30. https://doi.org/10.23763/
BrSc18-04schildbach

146. Saison D, De Schutter DP, Delvaux F, Delvaux FR. 2011. Improved fla-
vor stability by aging beer in the presence of yeast. J Am Soc Brew
Chem 69:50–56. https://doi.org/10.1094/ASBCJ-2011-0127-01

147. Saison D, De Schutter DP, Vanbeneden N, Daenen L, Delvaux F,
Delvaux FR. 2010. Decrease of aged beer aroma by the reducing activ-
ity of brewing yeast. J Agric Food Chem 58:3107–3115. https://doi.org/
10.1021/jf9037387

148. Vanderhaegen B, Coghe S, Vanbeneden N, Van Landschoot A,
Vanderhasselt B, Derdelinckx G. 2002. Yeasts as postfermentation
agents in beer. Monatsschrift für Brauwiss 55:218–232.

149. Babayan TL, Bezrukov MG. 1985. Autolysis in yeasts. Acta Biotechnol
5:129–136. https://doi.org/10.1002/abio.370050205

150. Chen EC-H, Jamieson AM, Van Gheluwe G. 1980. The release of fatty
acids as a consequence of yeast autolysis. J Am Soc Brew Chem
38:13–18. https://doi.org/10.1094/ASBCJ-38-0013

151. Mochaba F, O’Connor-Cox ESC, Axcell BC. 1998. Practical procedures
to measure yeast viability and vitality prior to pitching. J Am Soc Brew
Chem 56:1–6. https://doi.org/10.1094/ASBCJ-57-0001

152. Pontes Guimarães B, Eduardo Pereira Neves L, Gonçalves Guimarães
M, Ferreira Ghesti G. 2020. Evaluation ofmaturation congeners in beer
aged with Brazilian woods. J Brew Distill 9:1–7. https://doi.org/10.
5897/JBD2019.0053

153. Chen Y, Yang X, Zhang S, Wang X, Guo C, Guo X, Xiao D. 2012.
Development of Saccharomyces cerevisiae producing higher levels of
sulfur dioxide and glutathione to improve beer flavor stability. Appl
Biochem Biotechnol 166:402–413. https://doi.org/10.1007/s12010-
011-9436-3

154. Kaneda H, Kano Y, Sekine T, Ishii S, Takahashi K, Koshino S. 1992.
Effect of pitching yeast and wort preparation on flavor stability of
beer. J Ferment Bioeng 73:456–460. https://doi.org/10.1016/0922-
338X(92)90137-J

155. Yang D, Gao X. 2021. Research progress on the antioxidant biological
activity of beer and strategy for applications. Trends Food Sci Technol
110:754–764. https://doi.org/10.1016/j.tifs.2021.02.048

156. Kaneda H, Kimura T, Kano Y, Koshino S, Osawa T, Kawakishi S. 1991.
Role of fermentation conditions on flavor stability of beer. J Ferment
Bioeng 72:26–30. https://doi.org/10.1016/0922-338X(91)90141-3

157. Wurzbacher M, Franz O, Back W. 2005. Control of sulphite formation
of lager yeast. Monatsschrift fur Brauwiss 58:10–17.

158. Dufour J-P, Carpentier B, van Haecht J-L, Devreux A. 1989. Alteration
of SO2 production during fermentation. In: Proc Eur Brew Con Congr.,
Zürich, Switzerland. p 331–338.

159. Samp EJ, Hughes P. 2009. Sulphite production by lager yeast in high
gravity glucose rich worts: clarifying the role of cloudy worts. In Proc
Eur Brew Con Congr. Hamburg. Fachverlag Hans Carl, Nürnberg,
Germany. p 1617.

160. Nordlöv H. 1985. Formation of sulphur dioxide during beer fermenta-
tion. In: Proc Eur Brew Con Congr. Helsinki. IRL Press, Oxford. p 291–8.

161. Pascoe HM, Ames JM, Chandra S. 2003. Critical stages of the brewing
process for changes in antioxidant activity and levels of phenolic
compounds in ale. J Am Soc Brew Chem 61:203–209. https://doi.org/
10.1094/ASBCJ-61-0203

162. Wedzicha BL, Bellion I, Goddard SJ. 1991. Inhibition of browning by
sulfites. In: Nutritional and Toxicological Consequences of Food Process-
ing, 1st ed. Springer, Boston, Massachusetts, USA. p 217–236. https://
doi.org/10.1007/978-1-4899-2626-5_16

163. Dufour J-P, Leus M, Baxter AJ, Hayman AR. 1999. Characterization of
the reaction of bisulfite with unsaturated aldehydes in a beer model
system using nuclear magnetic resonance spectroscopy. J Am Soc
Brew Chem 57:138–144. https://doi.org/10.1094/asbcj-57-0138

164. Brezová V, Polovka M, Staško A. 2002. The influence of additives on
beer stability investigated by EPR spectroscopy. Spectrochim Acta Part
A Mol Biomol Spectrosc 58:1279–1291. https://doi.org/10.1016/S1386-
1425(01)00717-X

165. Irwin AJ, Barker RL, Pipasts P. 1991. The role of copper, oxygen, and
polyphenols in beer flavor instability. J Am Soc Brew Chem
49:140–149. https://doi.org/10.1094/ASBJ-49-0140

166. Hoff S, Lund MN, Petersen MA, Jespersen BM, Andersen ML. 2012. In-
fluence of malt roasting on the oxidative stability of sweet wort. J
Agric Food Chem 60:5652–5659. https://doi.org/10.1021/jf300749r

167. Nøddekær T V, Andersen ML. 2007. Effects of Maillard and
caramelization products on oxidative reactions in lager beer. J Am
Soc Brew Chem 65:15–20. https://doi.org/10.1094/ASBCJ-2007-0112-
02

168. Cortés N, Kunz T, Suárez AF, Hughes P, Methner F-J. 2010. Develop-
ment and correlation between the organic radical concentration in
different malt types and oxidative beer stability. J Am Soc Brew Chem
68:107–113. https://doi.org/10.1094/ASBCJ-2010-0412-01

169. Wunderlich S, Wurzbacher M, Back W. 2013. Roasting of malt and
xanthohumol enrichment in beer. Eur Food Res Technol
237:137–148. https://doi.org/10.1007/s00217-013-1970-5

170. Yen G-C, Chen H-Y, Peng H-H. 1997. Antioxidant and pro-oxidant ef-
fects of various tea extracts. J Agric Food Chem 45:30–34. https://doi.
org/10.1021/jf9603994

171. Carvalho DO, Gonçalves LM, Guido LF. 2016. Overall antioxidant prop-
erties of malt and how they are influenced by the individual constitu-
ents of barley and the malting process. Compr Rev Food Sci Food Saf
15:927–943. https://doi.org/10.1111/1541-4337.12218

172. Carvalho DO, Guido LF, Andersen ML. 2016. Implications of
xanthohumol enrichment on the oxidative stability of pale and dark
beers. J Am Soc Brew Chem 74:24–9. https://doi.org/10.1094/ASBCJ-
2016-1209-01

173. Mertens T, Kunz T, Wietstock PC, Methner F. 2021. Complexation of
transition metals by chelators added during mashing and impact on
beer stability. J Inst Brew 127:345–357. https://doi.org/10.1002/jib.673

174. Przewloka SR, Shearer BJ. 2002. The further chemistry of ellagic acid II.
Ellagic acid and water-soluble ellagates as metal precipitants.
Holzforschung 56:13–19. https://doi.org/10.1515/HF.2002.003

175. Aloqbi A, Omar U, Yousr M, Grace M, Lila MA, Howell N. 2016. Antiox-
idant activity of pomegranate juice and punicalagin. Nat Sci
8:235–246. https://doi.org/10.4236/ns.2016.86028

176. Priyadarsini KI, Khopde SM, Kumar SS, Mohan H. 2002. Free radical
studies of ellagic acid, a natural phenolic antioxidant. J Agric Food
Chem 50:2200–2206. https://doi.org/10.1021/jf011275g

177. Sharpe FR, Williams DR. 1995. Content, chemical speciation, and sig-
nificance of aluminum in beer. J Am Soc Brew Chem 53:85–92.
https://doi.org/10.1094/ASBCJ-53-0085

178. Vela MM, Toma RB, Reiboldt W, Pierri A. 1998. Detection of aluminum
residue in fresh and stored canned beer. Food Chem 63:235–239.
https://doi.org/10.1016/S0308-8146(97)00236-7

179. Chrisfield BJ, Hopfer H, Elias RJ. 2020. Impact of copper fungicide use
in hop production on the total metal content and stability of wort and
dry-hopped beer. Beverages 6:1–17. https://doi.org/10.3390/
beverages6030048

180. Pohl P 2009. Metals in beer. In: Preedy VA (ed), Beer in Health and Dis-
ease Prevention, 1st ed. Academic Press, USA. p 349–58. https://doi.
org/10.1016/B978-0-12-373891-2.00033-X

181. Wietstock PC, Kunz T, Waterkamp H, Methner F-J. 2015. Uptake and
release of Ca, Cu, Fe, Mg, and Zn during beer production. J Am Soc
Brew Chem 73:179–184. https://doi.org/10.1094/ASBCJ-2015-0402-01

182. Pagenstecher M, Maia C, Andersen ML. 2021. Retention of iron and
copper during mashing of roasted malts. J Am Soc Brew Chem
79:138–144. https://doi.org/10.1080/03610470.2020.1795609

183. Aron PM, Shellhammer TH. 2010. A discussion of polyphenols in beer
physical and flavour stability. J Inst Brew 116:369–380. https://doi.org/
10.1002/j.2050-0416.2010.tb00788.x

T. Mertens et al.

J. Inst. Brew.© 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.1007/978-1-4615-2175-4_8
https://doi.org/10.3390/beverages1040248
https://doi.org/10.3390/beverages1040248
https://doi.org/10.1201/9780203491201-15
https://doi.org/10.33043/FF.7.1.25-35
https://doi.org/10.33043/FF.7.1.25-35
https://doi.org/10.23763/BrSc18-04schildbach
https://doi.org/10.23763/BrSc18-04schildbach
https://doi.org/10.1094/ASBCJ-2011-0127-01
https://doi.org/10.1021/jf9037387
https://doi.org/10.1021/jf9037387
https://doi.org/10.1002/abio.370050205
https://doi.org/10.1094/ASBCJ-38-0013
https://doi.org/10.1094/ASBCJ-57-0001
https://doi.org/10.5897/JBD2019.0053
https://doi.org/10.5897/JBD2019.0053
https://doi.org/10.1007/s12010-011-9436-3
https://doi.org/10.1007/s12010-011-9436-3
https://doi.org/10.1016/0922-338X(92)90137-J
https://doi.org/10.1016/0922-338X(92)90137-J
https://doi.org/10.1016/j.tifs.2021.02.048
https://doi.org/10.1016/0922-338X(91)90141-3
https://doi.org/10.1094/ASBCJ-61-0203
https://doi.org/10.1094/ASBCJ-61-0203
https://doi.org/10.1007/978-1-4899-2626-5_16
https://doi.org/10.1007/978-1-4899-2626-5_16
https://doi.org/10.1094/asbcj-57-0138
https://doi.org/10.1016/S1386-1425(01)00717-X
https://doi.org/10.1016/S1386-1425(01)00717-X
https://doi.org/10.1094/ASBJ-49-0140
https://doi.org/10.1021/jf300749r
https://doi.org/10.1094/ASBCJ-2007-0112-02
https://doi.org/10.1094/ASBCJ-2007-0112-02
https://doi.org/10.1094/ASBCJ-2010-0412-01
https://doi.org/10.1007/s00217-013-1970-5
https://doi.org/10.1021/jf9603994
https://doi.org/10.1021/jf9603994
https://doi.org/10.1111/1541-4337.12218
https://doi.org/10.1094/ASBCJ-2016-1209-01
https://doi.org/10.1094/ASBCJ-2016-1209-01
https://doi.org/10.1002/jib.673
https://doi.org/10.1515/HF.2002.003
https://doi.org/10.4236/ns.2016.86028
https://doi.org/10.1021/jf011275g
https://doi.org/10.1094/ASBCJ-53-0085
https://doi.org/10.1016/S0308-8146(97)00236-7
https://doi.org/10.3390/beverages6030048
https://doi.org/10.3390/beverages6030048
https://doi.org/10.1016/B978-0-12-373891-2.00033-X
https://doi.org/10.1016/B978-0-12-373891-2.00033-X
https://doi.org/10.1094/ASBCJ-2015-0402-01
https://doi.org/10.1080/03610470.2020.1795609
https://doi.org/10.1002/j.2050-0416.2010.tb00788.x
https://doi.org/10.1002/j.2050-0416.2010.tb00788.x


184. Jacobsen T, Lie S. 1979. Metal binding in wort—an evaluation of prac-
tical stability constants. In: Proc Eur Brew Con Congr. West-Berlin. IRL
Press: Oxford. p 117–129.

185. Poreda A, Bijak M, Zdaniewicz M, Jakubowski M, Makarewicz M. 2015.
Effect of wheat malt on the concentration of metal ions in wort and
brewhouse by-products. J Inst Brew 121:224–230. https://doi.org/10.
1002/jib.226

186. Čejka P, Horák T, Dvořák J, Čulík J, Jurková M, Kellner V, Hašková D.
2011. Monitoring of the distribution of some heavy metals during
brewing process. Ecol Chem Eng S 18:67–74.

187. Lu S, Gibb SW. 2008. Copper removal from wastewater using
spent-grain as biosorbent. Bioresour Technol 99:1509–1517. https://
doi.org/10.1016/j.biortech.2007.04.024

188. Izinyon O, Nwosu O, Akhigbe L, Ilaboya I. 2016. Performance evalua-
tion of Fe (III) adsorption onto brewers’ spent grain. Niger J Technol
35:970–8. https://doi.org/10.4314/njt.v35i4.36

189. Kreim J, Stumpf L, Dobrick S, Hinrichs J, Pahl R, Brauer J, Schildbach S.
2018. Enhancing flavour stability in beer using biological scavengers.
Part 1: methodology and preliminary trials. BrewSci 71:12–17. https://
doi.org/10.23763/BrSc18-02schildbach

190. Dönmez G, Aksu Z. 1999. The effect of copper (II) ions on the growth
and bioaccumulation properties of some yeasts. Process Biochem
35:135–142. https://doi.org/10.1016/S0032-9592(99)00044-8

191. Wang J, Chen C. 2006. Biosorption of heavy metals by Saccharomyces
cerevisiae: a review. Biotechnol Adv 24:427–451. https://doi.org/10.
1016/j.biotechadv.2006.03.001

192. Mochaba F, O’Connor-Cox ESC, Axcell BC. 1996. Effects of yeast quality
on the accumulation and release of metals causing beer instability. J
Am Soc Brew Chem 54:164–171. https://doi.org/10.1094/ASBCJ-54-
0164

193. Berner TS, Arneborg N. 2012. The role of lager beer yeast in oxidative
stability ofmodel beer. Lett Appl Microbiol 54:225–232. https://doi.org/
10.1111/j.1472-765X.2011.03195.x

194. Uchida M, Ono M. 2000. Technological approach to improve beer fla-
vor stability: analysis of the effect of brewing processes on beer flavor
stability by the electron spin resonance method. J Am Soc Brew Chem
58:8–13. https://doi.org/10.1094/ASBCJ-58-0008

195. Kunz T, Frenzel J, Wietstock PC, Methner F-J. 2014.
Possibilities to improve the antioxidative capacity of beer by opti-
mized hopping regimes. J Inst Brew 120:415–425. https://doi.org/10.
1002/jib.162

196. Chrisfield BJ, Hopfer H, Elias RJ. 2021. Impact of copper-based fungi-
cides on the antioxidant quality of ethanolic hop extracts. Food Chem
355:1-10. https://doi.org/10.1016/j.foodchem.2021.129551

197. Decker EA, Elias RJ, McClements DJ. 2010. Oxidation in Foods and Bev-
erages and Antioxidant Applications. Volume 1: Understanding Mech-
anisms of Oxidation and Antioxidant Activity, 1st ed, p 432.
Woodhead Publishing Limited, Cambridge, UK. https://doi.org/10.
1533/9780857090447

198. Montanari L, Perretti G, Natella F, Guidi A, Fantozzi P. 1999. Organic
and phenolic acids in beer. LWT - Food Sci Technol 32:535–539.
https://doi.org/10.1006/fstl.1999.0593

199. Fantozzi P, Montanari L, Mancini F, Gasbarrini A, Addolorato G,
Simoncini M, Nardini M, Ghiselli A, Scaccini C. 1998. In vitro antioxi-
dant capacity from wort to beer. LWT - Food Sci Technol 31:221–227.
https://doi.org/10.1006/fstl.1997.0341

200. Briggs DE, Boulton CA, Brookes PA, Stevens R. 2004. Brewing: Science
and Practice. Woodhead Publishing Limited, Cambridge, UK. https://
doi.org/10.1533/9781855739062

201. Jacobsen T, Slotfeldt-Ellingsen D. 1983. Phytic acid and metal avail-
ability: a study of Ca and Cu binding. Cereal Chem 60:392–395.

202. Wijewickreme AN, Kitts DD. 1998. Metal chelating and antioxidant ac-
tivity ofmodelMaillard reaction products. In: Advances in Experimental
Medicine and Biology. Volume 434: Process-Induced Chemical Changes
in Food, 1st ed. Springer, Boston, Massachusetts, USA. p 245–54.
https://doi.org/10.1007/978-1-4899-1925-0_20

203. Gomyo T, Horikoshi M. 1976. On the interaction of melanoidin with
metallic ions. Agric Biol Chem 40:33–40. https://doi.org/10.1080/
00021369.1976.10862003

204. O’Brien J, Morrissey PA. 1997. Metal ion complexation by products of
the Maillard reaction. Food Chem 58:17–27. https://doi.org/10.1016/
S0308-8146(96)00162-8

205. Wietstock PC, Shellhammer TH. 2011. Chelating properties
and hydroxyl-scavenging activities of hop α- and iso-α-acids. J Am

Soc Brew Chem 69:133–138. https://doi.org/10.1094/ASBCJ-2011-
0718-01

206. Wietstock PC, Kunz T, Pereira F, Methner F-J. 2016. Metal chelation be-
havior of hop acids in buffered model systems. BrewSci 69:56–63.

207. Winterbourn CC. 1995. Toxicity of iron and hydrogen peroxide: the
Fenton reaction. Toxicol Lett 82–83:969–974. https://doi.org/10.1016/
0378-4274(95)03532-X

208. Buettner GR. 1988. In the absence of catalytic metals ascorbate does
not autoxidize at pH 7: ascorbate as a test for catalytic metals. J
Biochem Biophys Methods 16:27–40. https://doi.org/10.1016/0165-
022X(88)90100-5

209. Aust SD, Morehouse LA, Thomas CE. 1985. Role of metals in oxygen
radical reactions. J Free Radic Biol Med 1:3–25. https://doi.org/10.
1016/0748-5514(85)90025-X

210. Gutteridge JMC, Richmond R, Halliwell B. 1979. Inhibition of the
iron-catalysed formation of hydroxyl radicals from superoxide and
of lipid peroxidation by desferrioxamine. Biochem J 184:469–472.
https://doi.org/10.1042/bj1840469

211. Flora SJS, Pachauri V. 2010. Chelation in metal intoxication. Int J Envi-
ron Res Public Health 7:2745–2788. https://doi.org/10.3390/
ijerph7072745

212. Mertens T, Kunz T, Methner F-J. 2020. Assessment of chelators in wort
and beermodel solutions. BrewSci 73:58–67. https://doi.org/10.23763/
BrSc20-01mertens

213. Gutteridge JMC. 1984. Reactivity of hydroxyl and hydroxyl-like radi-
cals discriminated by release of thiobarbituric acid-reactive material
from deoxy sugars, nucleosides and benzoate. Biochem J 224:761–7.
https://doi.org/10.1042/bj2240761

214. Jacobsen T, Lie S. 1977. Chelators and metal buffering in brewing. J
Inst Brew 83:208–212. https://doi.org/10.1002/j.2050-0416.1977.
tb03796.x

215. Nicolini G, Larcher R, Mattivi F. 2004. Experiments concerning metal
depletion in must and wine by Divergan HM. Mitteilungen
Klosterneubg Rebe und Wein, Obs und Früchteverwertung 54:25–32.
https://doi.org/10.13140/2.1.1423.4247

216. Mussche RA, de Pauw C. 1999. Total stabilisation of beer in a single
operation. J Inst Brew 105:386–391. https://doi.org/10.1002/j.2050-
0416.1999.tb00030.x

217. Aerts G, De Cooman L, De Pril I, De Rouck G, Jaskula-Goiris B, De Buck
A, De Pauw C, van Waesberghe J. 2003. Improved brewhouse perfor-
mance and beer stability by addition of a minimal, but effective con-
centration of gallotannins to the brewing and sparging liquor. In Proc
Eur Brew Conv Congr. Dublin. Fachverlag Hans Carl, Nürnberg,
Germany. p 1–13.

218. Graf E, Eaton JW. 1990. Antioxidant functions of phytic acid. Free Radic
Biol Med 8:61–69. https://doi.org/10.1016/0891-5849(90)90146-A

219. Lonnerdal B. 2002. Phytic acid-trace element (Zn, Cu, Mn) interactions.
Int J Food Sci Technol 37:749–758. https://doi.org/10.1046/j.1365-2621.
2002.00640.x

220. Gorinstein S. 1974. Metal protein complexes in ethanol media. J Food
Sci 39:953–956. https://doi.org/10.1111/j.1365-2621.1974.tb07285.x

221. Oñate-jaén A, Bellido-milla D, Hernández-artiga MP. 2006. Spectro-
photometric methods to differentiate beers and evaluate beer age-
ing. Food Chem 97:361–369. https://doi.org/10.1016/j.foodchem.
2005.05.010

222. Wietstock PC, Kunz T, Shellhammer TH, Schön T, Methner F-J. 2010.
Behaviour of antioxidants derived from hops during wort boiling. J
Inst Brew 116:157–166. https://doi.org/10.1002/j.2050-0416.2010.
tb00412.x

223. Hajji H El, Nkhili E, Tomao V, Dangles O. 2006. Interactions of quercetin
with iron and copper ions: complexation and autoxidation. Free Radic
Res 40:303–320. https://doi.org/10.1080/10715760500484351

224. Chapon L, Chapon S. 1979. Peroxidatic step in oxidation of beers. J Am
Soc Brew Chem 37:96–104. https://doi.org/10.1094/ASBCJ-37-0096

225. Holzmann A, Piendl A. 1977. Malt modification and mashing condi-
tions as factors influencing the minerals of wort. J Am Soc Brew Chem
35:1–8. https://doi.org/10.1094/ASBCJ-35-0001

226. Alimarin IP, Shlenskaya VI. 1970. The analytical chemistry of mixed li-
gand complexes. Pure Appl Chem 21:461–478. https://doi.org/10.
1351/pac197021040461

227. Narziß L, Back W, Miedaner H, Takahashi Y. 2000. Pilot trials on the in-
fluence of the variousmash parameters on the properties of wort and
beer with particular respect to flavour stability. Monatsschrift fur
Brauwiss 53:204–216.

Review of metals and oxidative stability in brewing

J. Inst. Brew. © 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.1002/jib.226
https://doi.org/10.1002/jib.226
https://doi.org/10.1016/j.biortech.2007.04.024
https://doi.org/10.1016/j.biortech.2007.04.024
https://doi.org/10.4314/njt.v35i4.36
https://doi.org/10.23763/BrSc18-02schildbach
https://doi.org/10.23763/BrSc18-02schildbach
https://doi.org/10.1016/S0032-9592(99)00044-8
https://doi.org/10.1016/j.biotechadv.2006.03.001
https://doi.org/10.1016/j.biotechadv.2006.03.001
https://doi.org/10.1094/ASBCJ-54-0164
https://doi.org/10.1094/ASBCJ-54-0164
https://doi.org/10.1111/j.1472-765X.2011.03195.x
https://doi.org/10.1111/j.1472-765X.2011.03195.x
https://doi.org/10.1094/ASBCJ-58-0008
https://doi.org/10.1002/jib.162
https://doi.org/10.1002/jib.162
https://doi.org/10.1016/j.foodchem.2021.129551
https://doi.org/10.1533/9780857090447
https://doi.org/10.1533/9780857090447
https://doi.org/10.1006/fstl.1999.0593
https://doi.org/10.1006/fstl.1997.0341
https://doi.org/10.1533/9781855739062
https://doi.org/10.1533/9781855739062
https://doi.org/10.1007/978-1-4899-1925-0_20
https://doi.org/10.1080/00021369.1976.10862003
https://doi.org/10.1080/00021369.1976.10862003
https://doi.org/10.1016/S0308-8146(96)00162-8
https://doi.org/10.1016/S0308-8146(96)00162-8
https://doi.org/10.1094/ASBCJ-2011-0718-01
https://doi.org/10.1094/ASBCJ-2011-0718-01
https://doi.org/10.1016/0378-4274(95)03532-X
https://doi.org/10.1016/0378-4274(95)03532-X
https://doi.org/10.1016/0165-022X(88)90100-5
https://doi.org/10.1016/0165-022X(88)90100-5
https://doi.org/10.1016/0748-5514(85)90025-X
https://doi.org/10.1016/0748-5514(85)90025-X
https://doi.org/10.1042/bj1840469
https://doi.org/10.3390/ijerph7072745
https://doi.org/10.3390/ijerph7072745
https://doi.org/10.23763/BrSc20-01mertens
https://doi.org/10.23763/BrSc20-01mertens
https://doi.org/10.1042/bj2240761
https://doi.org/10.1002/j.2050-0416.1977.tb03796.x
https://doi.org/10.1002/j.2050-0416.1977.tb03796.x
https://doi.org/10.13140/2.1.1423.4247
https://doi.org/10.1002/j.2050-0416.1999.tb00030.x
https://doi.org/10.1002/j.2050-0416.1999.tb00030.x
https://doi.org/10.1016/0891-5849(90)90146-A
https://doi.org/10.1046/j.1365-2621.2002.00640.x
https://doi.org/10.1046/j.1365-2621.2002.00640.x
https://doi.org/10.1111/j.1365-2621.1974.tb07285.x
https://doi.org/10.1016/j.foodchem.2005.05.010
https://doi.org/10.1016/j.foodchem.2005.05.010
https://doi.org/10.1002/j.2050-0416.2010.tb00412.x
https://doi.org/10.1002/j.2050-0416.2010.tb00412.x
https://doi.org/10.1080/10715760500484351
https://doi.org/10.1094/ASBCJ-37-0096
https://doi.org/10.1094/ASBCJ-35-0001
https://doi.org/10.1351/pac197021040461
https://doi.org/10.1351/pac197021040461


228. Grigsby JH, Palamand SR, Davis DP, Hardwick WA. 1972. Studies on
the reactions involved in the oxidation of beer. Proc Annu Meet - Am
Soc Brew Chem 30:87–92. https://doi.org/10.1080/00960845.1972.
12005968

229. Adjimani JP, Asare P. 2015. Antioxidant and free radical scavenging
activity of iron chelators. Toxicol Reports 2:721–728. https://doi.org/
10.1016/j.toxrep.2015.04.005

230. Gülçin İ. 2006. Antioxidant activity of caffeic acid (3,4-
dihydroxycinnamic acid). Toxicology 217:213–220. https://doi.org/10.
1016/j.tox.2005.09.011

231. Chvátalová K, Slaninová I, Březinová L, Slanina J. 2008. Influence of di-
etary phenolic acids on redox status of iron: ferrous iron autoxidation
and ferric iron reduction. Food Chem 106:650–660. https://doi.org/10.
1016/j.foodchem.2007.06.028

232. Andjelkovic M, Van Camp J, De Meulenaer B, De Paemelaere G,
Socaciu C, Verloo M, Verhe R. 2006. Iron-chelation properties of phe-
nolic acids bearing catechol and galloyl groups. Food Chem
98:23–31. https://doi.org/10.1016/j.foodchem.2005.05.044

233. Zhao H. 2015. Effects of processing stages on the profile of phenolic
compounds in beer. In: Processing and Impact on Active Components
in Food, 1st ed. Academic Press, USA. p 533–539. https://doi.org/10.
1016/B978-0-12-404699-3.00064-0

234. Siebert KJ. 1999. Effects of protein-polyphenol interactions on bever-
age haze, stabilization, and analysis. J Agric Food Chem 47:353–62.

235. Eumann M, Schildbach S. 2012. 125th Anniversary Review: water
sources and treatment in brewing. J Inst Brew 118:12–21. https://doi.
org/10.1002/jib.18

236. Fu F, Wang Q. 2011. Removal of heavymetal ions fromwastewaters: a
review. J Environ Manage 92:407–18. https://doi.org/10.1016/j.
jenvman.2010.11.011

237. Verhagen LC. 2010. Beer flavor. In: Comprehensive Natural Products II:
Chemistry and Biology. Volume 3: Development and Modification of Bio-
activity, 1st ed. Elsevier, Amsterdam, the Netherlands. p 967–997.
https://doi.org/10.1016/B978-008045382-8.00087-3

238. Karadaş C, Kara D. 2012. Chemometric approach to evaluate trace
metal concentrations in some spices and herbs. Food Chem
130:196–202. https://doi.org/10.1016/j.foodchem.2011.07.006

239. Braun F, Hildebrand N, Wilkinson S, BackW, Krottenthaler M, Becker T.
2011. Large-scale study on beer filtration with combined filter aid ad-
ditions to cellulose fibres. J Inst Brew 117:314–328. https://doi.org/10.
1002/j.2050-0416.2011.tb00475.x

240. Sancho D, Blanco CA, Caballero I, Pascual A. 2011. Free iron in pale,
dark and alcohol-free commercial lager beers. J Sci Food Agric
91:1142–1147. https://doi.org/10.1002/jsfa.4298

241. Back W, Forster C, Krottenthaler M, Lehmann J, Sacher B, Thum B.
1999. New research findings on improving taste stability. Brauwelt
Int 17:394–405.

242. Herrmann H. 1999. Flavor stability with respect to milling and
mashing procedures. Tech Q Master Brew Assoc Am 36:49–54.

243. Kobayashi N, Kaneda H, Kano Y, Koshino S. 1993. The production of
linoleic and linolenic acid hydroperoxides during mashing. J Ferment
Bioeng 76:371–375. https://doi.org/10.1016/0922-338X(93)90024-3

244. Aerts G, Waesberghe J Van. 2007. Innovative wort production in rela-
tion to 21st century wort boiling and optimised beer flavour quality
and stability. In Proc Eur Brew Conv Congr. Venice. Fachverlag Hans
Carl, Nürnberg, Germany. p 518–525.

245. Garshol LM. 2020. Historical Brewing Techniques: the Lost Art of Farm-
house Brewing, 1st ed, p 432. Brewers Publications, Boulder, USA.

246. Gibson BR. 2011. 125th anniversary review: improvement of higher
gravity brewery fermentation via wort enrichment and supplementa-
tion. J Inst Brew 117:268–284. https://doi.org/10.1002/j.2050-0416.
2011.tb00472.x

247. Kühbeck F, BackW, Krottenthaler M. 2006. Influence of lauter turbidity
on wort composition, fermentation performance and beer quality - a
review. J Inst Brew 112:215–221. https://doi.org/10.1002/j.2050-0416.
2006.tb00716.x

248. Gray PP, Stone I. 1942. Copper and iron in worts, yeast and beer. Pro-
ceedings Annu Meet - Am Soc Brew Chem 3:67–75. https://doi.org/10.
1080/00960845.1942.12006601

249. Cotterchio D, Jacob F. 2015. Predicting flavor stability – Part 1.
Brauwelt Int 33:327–31.

250. Guido L. 2004. The impact of the physiological condition of the
pitching yeast on beer flavour stability: an industrial approach. Food
Chem 87:187–193. https://doi.org/10.1016/j.foodchem.2003.10.033

251. Walker GM. 1998. Magnesium as a stress-protectant for industrial
strains of Saccharomyces cerevisiae. J Am Soc Brew Chem 56:109–13.
https://doi.org/10.1094/ASBCJ-56-0109

252. Heggart HM, Margaritis A, Pilkington H, Stewart RJ, Dowhanick TM,
Russell I. 1999. Factors affecting yeast viability and vitality characteris-
tics: a Review. Tech Q Master Brew Assoc Am 36:383–408.

253. Hull G. 2008. Olive oil addition to yeast as an alternative to wort aera-
tion. Tech Q Master Brew Assoc Am 45:17–23. https://doi.org/10.1094/
TQ-45-1-0017

254. Hoffman R, Diniz P, Folz R. 2013. No outliers: a comparative study of
modern oxygenmeasurement instruments for the beverage industry.
Brew Beverage Ind Int 4:76–79.

255. Bosco J, Pickett J, Schaeffer Z, Smith S, Kmiotek S. 2019. Investigation
of the effects of oxygen and other considerations on the shelf-life of
craft beer. Thesis. Worcester Polytechnic Institute, Worcester, Massa-
chusetts, USA.

256. Shimizu C, Nakamura Y, Miyai K, Araki S, Takashio M, Shinotsuka K.
2001. Factors affecting 5-hydroxymethyl furfural formation and stale
flavor formation in beer. J Am Soc Brew Chem 59:51–58. https://doi.
org/10.1094/ASBCJ-59-0051

257. Schmitt DJ, Hoff JT. 1979. Use of graphic linear scales tomeasure rates
of staling in beer. J Food Sci 44:901–904. https://doi.org/10.1111/j.
1365-2621.1979.tb08531.x

258. Lynch PA, Seo CW. 1987. Ethylene production in staling beer. J Food
Sci 52:1270–1272. https://doi.org/10.1111/j.1365-2621.1987.tb14060.x

259. BrennerMW, Khan AA. 1976. Furfural and beer color as indices of beer
flavor deterioration. J Am Soc Brew Chem 34:14–19. https://doi.org/10.
1080/03610470.1976.12006178

260. Martinez-Periñan E, Hernández-Artiga MP, Palacios-Santander JM,
ElKaoutit M, Naranjo-Rodriguez I, Bellido-Milla D. 2011. Estimation of
beer stability by sulphur dioxide and polyphenol determination. Eval-
uation of a Laccase-Sonogel-Carbon biosensor. Food Chem
127:234–239. https://doi.org/10.1016/j.foodchem.2010.12.097

261. Vanderhaegen B, Neven H, Coghe S, Verstrepen KJ, Verachtert H,
Derdelinckx G. 2003. Evolution of chemical and sensory properties
during aging of top-fermented beer. J Agric Food Chem
51:6782–6790. https://doi.org/10.1021/jf034631z

262. Miller NJ, Rice-Evans CA, Davies MJ, Gopinathan V, Milner A. 1993. A
novel method for measuring antioxidant capacity and its application
to monitoring the antioxidant status in premature neonates. Clin Sci
84:407–412. https://doi.org/10.1042/cs0840407

263. Kaneda H, Kobayashi N, Furusho S, Sahara H, Koshino S. 1995. Reduc-
ing activity and flavour stability of beer. Tech Q Master Brew Assoc Am
32:90–94.

264. Brand-Williams W, Cuvelier ME, Berset C. 1995. Use of a free radical
method to evaluate antioxidant activity. LWT - Food Sci Technol
28:25–30. https://doi.org/10.1016/S0023-6438(95)80008-5

265. Apak R, Güçlü K, Özyürek M, Karademir SE. 2004. Novel total antioxi-
dant capacity index for dietary polyphenols and vitamins C and E,
using their cupric ion reducing capability in the presence of
neocuproine: CUPRAC method. J Agric Food Chem 52:7970–7981.
https://doi.org/10.1021/jf048741x

266. Benzie IFF, Strain JJ. 1996. The Ferric Reducing Ability of Plasma
(FRAP) as a measure of ‘antioxidant power’: the FRAP Assay. Anal
Biochem 239:70–76. https://doi.org/10.1006/abio.1996.0292

267. Sroka Z, Cisowski W. 2003. Hydrogen peroxide scavenging, antioxi-
dant and anti-radical activity of some phenolic acids. Food Chem
Toxicol 41:753–758. https://doi.org/10.1016/S0278-6915(02)00329-0

268. Liégeois C, Lermusieau G, Collin S. 2000. Measuring antioxidant effi-
ciency of wort, malt, and hops against the 2,2‘-azobis(2-
amidinopropane) dihydrochloride-induced oxidation of an aqueous
dispersion of linoleic acid. J Agric Food Chem 48:1129–1134. https://
doi.org/10.1021/jf9911242

269. Carter P. 1971. Spectrophotometric determination of serum iron at
the submicrogram level with a new reagent (ferrozine). Anal Biochem
40:450–458. https://doi.org/10.1016/0003-2697(71)90405-2

270. Gibbs CR. 1976. Characterization and application of FerroZine iron re-
agent as a ferrous iron indicator. Anal Chem 48:1197–1201. https://doi.
org/10.1021/ac50002a034

271. CaoG, Alessio HM, Cutler RG. 1993. Oxygen-radical absorbance capac-
ity assay for antioxidants. Free Radic Biol Med 14:303–311. https://doi.
org/10.1016/0891-5849(93)90027-R

272. Gazzani G, Papetti A, Massolini G, Daglia M. 1998. Anti- and prooxi-
dant activity of water soluble components of some common diet

T. Mertens et al.

J. Inst. Brew.© 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.1080/00960845.1972.12005968
https://doi.org/10.1080/00960845.1972.12005968
https://doi.org/10.1016/j.toxrep.2015.04.005
https://doi.org/10.1016/j.toxrep.2015.04.005
https://doi.org/10.1016/j.tox.2005.09.011
https://doi.org/10.1016/j.tox.2005.09.011
https://doi.org/10.1016/j.foodchem.2007.06.028
https://doi.org/10.1016/j.foodchem.2007.06.028
https://doi.org/10.1016/j.foodchem.2005.05.044
https://doi.org/10.1016/B978-0-12-404699-3.00064-0
https://doi.org/10.1016/B978-0-12-404699-3.00064-0
https://doi.org/10.1002/jib.18
https://doi.org/10.1002/jib.18
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/B978-008045382-8.00087-3
https://doi.org/10.1016/j.foodchem.2011.07.006
https://doi.org/10.1002/j.2050-0416.2011.tb00475.x
https://doi.org/10.1002/j.2050-0416.2011.tb00475.x
https://doi.org/10.1002/jsfa.4298
https://doi.org/10.1016/0922-338X(93)90024-3
https://doi.org/10.1002/j.2050-0416.2011.tb00472.x
https://doi.org/10.1002/j.2050-0416.2011.tb00472.x
https://doi.org/10.1002/j.2050-0416.2006.tb00716.x
https://doi.org/10.1002/j.2050-0416.2006.tb00716.x
https://doi.org/10.1080/00960845.1942.12006601
https://doi.org/10.1080/00960845.1942.12006601
https://doi.org/10.1016/j.foodchem.2003.10.033
https://doi.org/10.1094/ASBCJ-56-0109
https://doi.org/10.1094/TQ-45-1-0017
https://doi.org/10.1094/TQ-45-1-0017
https://doi.org/10.1094/ASBCJ-59-0051
https://doi.org/10.1094/ASBCJ-59-0051
https://doi.org/10.1111/j.1365-2621.1979.tb08531.x
https://doi.org/10.1111/j.1365-2621.1979.tb08531.x
https://doi.org/10.1111/j.1365-2621.1987.tb14060.x
https://doi.org/10.1080/03610470.1976.12006178
https://doi.org/10.1080/03610470.1976.12006178
https://doi.org/10.1016/j.foodchem.2010.12.097
https://doi.org/10.1021/jf034631z
https://doi.org/10.1042/cs0840407
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1021/jf048741x
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/S0278-6915(02)00329-0
https://doi.org/10.1021/jf9911242
https://doi.org/10.1021/jf9911242
https://doi.org/10.1016/0003-2697(71)90405-2
https://doi.org/10.1021/ac50002a034
https://doi.org/10.1021/ac50002a034
https://doi.org/10.1016/0891-5849(93)90027-R
https://doi.org/10.1016/0891-5849(93)90027-R


vegetables and the effect of thermal treatment. J Agric Food Chem
46:4118–4122. https://doi.org/10.1021/jf980300o

273. Scott BC, Butler J, Halliwell B, Aruoma OI. 1993. Evaluation of the anti-
oxidant actions of ferulic acid and catechins. Free Radic Res Commun
19:241–253. https://doi.org/10.3109/10715769309056512

274. Grigsby JH, Palamand SR. 1976. Studies on the staling of beer: The use
of 2-thiobarbituric acid in the measurement of beer oxidation. J Am
Soc Brew Chem 34:49–55. https://doi.org/10.1080/03610470.1976.
12006184

275. Parsons R, Cope R. 1983. The assessment and prediction of beer fla-
vour stability. In Proc Eur Brew Conv Congr, London. IRL Press, Oxford.
p 279–286.

276. Araki S, Kimura T, Shimizu C, Furusho S, Takashio M, Shinotsuka K.
1999. Estimation of antioxidative activity and its relationship to beer
flavor stability. J Am Soc Brew Chem 57:34-37. https://doi.org/10.
1094/ASBCJ-57-0034

277. Kaneda H, Kano Y, Kamimura M, Osawa T, Kawakishi S. 1990. Detec-
tion of chemiluminescence produced during beer oxidation. J Food
Sci 55:881–882. https://doi.org/10.1111/j.1365-2621.1990.tb05260.x

278. Kaneda H, Kano Y, Kamimura M, Osawa T, Kawakishi S. 1990. Evalua-
tion of beer deterioration by chemiluminescence. J Food Sci
55:1361–4. https://doi.org/10.1111/j.1365-2621.1990.tb03937.x

279. Kaneda H, Kano Y, Kamimura M, Kawaskishi S, Osawa T. 1991. A study
of beer staling using chemiluninescence analysis. J Inst Brew
97:105–109. https://doi.org/10.1002/j.2050-0416.1991.tb01058.x

280. Liu Z, Wang Y, Liu Y. 2019. Geographical origins and varieties
identification of hops (Humulus lupulus L.) by multi-metal
elements fingerprinting and the relationships with functional ingredi-
ents. Food Chem 289:522–530. https://doi.org/10.1016/j.foodchem.
2019.03.099

281. Bamforth CW. 2000. Making sense of flavour change in beer. Tech Q
Master Brew Assoc Am 37:165–171.

Review of metals and oxidative stability in brewing

J. Inst. Brew. © 2022 The Authors. Journal of the Institute of Brewing published by John Wiley
& Sons Ltd on behalf of The Institute of Brewing & Distilling.

wileyonlinelibrary.com/journal/jib

https://doi.org/10.1021/jf980300o
https://doi.org/10.3109/10715769309056512
https://doi.org/10.1080/03610470.1976.12006184
https://doi.org/10.1080/03610470.1976.12006184
https://doi.org/10.1094/ASBCJ-57-0034
https://doi.org/10.1094/ASBCJ-57-0034
https://doi.org/10.1111/j.1365-2621.1990.tb05260.x
https://doi.org/10.1111/j.1365-2621.1990.tb03937.x
https://doi.org/10.1002/j.2050-0416.1991.tb01058.x
https://doi.org/10.1016/j.foodchem.2019.03.099
https://doi.org/10.1016/j.foodchem.2019.03.099

	Transition metals in brewing and their role in wort and beer oxidative stability: a review
	Introduction
	Beer ageing mechanisms
	Oxidative beer ageing
	Oxygen&hyphen;free beer ageing

	Measuring beer staling and stability
	Preventing beer ageing
	Keep it dark, cool, and still
	Avoid oxygen
	Add antioxidants
	Remove transition metals

	Control of flavour stability in practice
	Raw materials, equipment and additives
	Milling
	Mashing, wort separation, boiling, and clarification
	Fermentation and conditioning
	Downstream processing and packaging
	Distribution and storage


	Concluding remarks
	Author contributions
	Acknowledgements
	Conflicts of interest
	References

