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To appraise the incidence of oxygen in bottled beer, the stable nonradioactive oxygen isotope
180: was injected into the headspace just before ageing and subsequently analysed by proton
bombardment and isotopic mass spectroscopy of all the most interesting beer fractions.
Although oxygen did cause considerable oxidation of sulphites, polyphenols, and isohumulones,
it was not incorporated into the carbonyl fraction, indicating that the cardboard flavour in beer
is not due to lipid oxidation but to wort preparation. Nonenal potential measurement was found
to be a good indicator of beer flavour staling. The impact of beer stabilisation treatments
(addition of polyvinyl pyrolidone powder, potassium metabisulphite, ascorbic acid) was also

investigated.
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INTRODUCTION

Oxidative changes occurring in packaged beer constitute
one of the most serious problems in brewing. Although
the mechanisms of beer staling have not been fully
elucidated, oxidation is recognised as the major cause of
the development of a stale flavour in beer. Oxygen in the
headspace is consumed during storage of packaged beer
and the more air in the headspace, the more the bottled
beer deteriorates™. Apart from air exclusion, no practical
solution has been found to date. An oxygen-free
headspace, moreover, does not always effectively
prevent the appearance of a cardboard flavour in aged
beers. Gribsy ef al.® have shown that samples stored at
increased O» levels did develop a more pronounced
oxidised character but the chief flavour change was to
the sweet, caramelised note which is quite different from
the cardboardy character usually associated with beer
staling. It is well known that the major contributor to this
stale flavour is trans-2-nonenal,®® which can be formed
by oxidation of linoleic acid®.

A few studies have dealt with chemical changes
occurring when beer oxidises. The best known is the
work of Owades and Jakovac®. These authors injected a
nonradioactive oxygen isotope, "oxygen 18, into the
headspace of bottled beer. After 8 months of ageing, they
analysed various fractions by proton bombardment in a
Van de Graaf accelerator. The most significant result was
the absence of oxygen 18 in the post-derivatization
aqueous fraction, indicating that neither lipid oxidation
nor polyphenol hydrogen removal had occurred in the

bottle. On the other hand, high levels of oxygen 18 were
found in the polyphenol (65% oxidised polyphenols)and -
2 4-dinitrophenylhydrazone fractions (30%) and lower
levels in isohumulones (5%). Unfortunately, no
mechanism was proposed to explain these results,

More recently, Kaneda et al®" observed a good
correlation between the presence of active oxygen
species in beer and flavour staling. The endogenous
antioxidant activity of beer, affected by each step in the
brewing process from raw materials to packaging, would
thus protect against ageing*®. Drost ¢t al%, on the other
hand, concluded from their work that the lipoxygenase
activity of malt is likely to be the main factor modulating
the appearance of a cardboard flavour.

In the present work we have sought to clarify the issue
of the impact of oxygen in the headspace of bottle beer. A
comparatively high concentration(104 ppm) of oxygen
18 was injected before ageing and the most interesting
beer fractions were analysed by proton bombardment in
a cyclotron and by isotopic mass spectroscopy. This
methodology was also used fo compare various beer
stabilisation treatments: treatment with polyvinyl
polypyrrolidone powder (PVPP), potassium
metabisulphite (KMS), or ascorbic acid (AA).

EXPERIMENTAL PROCEDURES

Beer

A Belgian commercial pasteurised lager beer bottled
with a 2 ppm sulphite level was analysed initially.
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Oxidation process during beer storage

Volume 105 No. 5, 1999

Cyclotron analysis of oxygen 18

Cyclotron (Louvain-la-Neuve, Belgium} analysis
of 180 bombarding the samples with energetic
protons, causing production of 1¥F, a radicactive

TABLE 1. Trans-2-noneal contents measured in an anenal
industrial beer after accelerated (5 days at 40°C) or natural (3
months at room temperature) ageing with and without injection
of oxygen 18 (104 ppm) into the headspace before storage

fluorine isotope”. The different beer fractions Trans-2-nonenal content Beer with injection of | Beer without injection
(minimum 50 mg or 30 pil) were placed in a sample (ppb) 180, before ageing of 180, before ageing
case and sealed with tantalum foil. They were Fresh beer 0.10 0.09

then irradiated for 30 minutes with a 7 MeV 0.10 0.10 0.09 0.09
proton beam at 15 nA on target. The 18F jsotope Bleer af(tjer an 0.27 031

produced decays with a half-life of 110 minutes ;CC& e;ate ag‘:“gl 0.31 0.29 0.39 0.35 -
and emits radiation which is easily measured a;gﬁ"*g g f'lng?ﬁht; g:zi - g;g -

with a gamma detector. Gamma emissions were
measured every 20 minutes for 8 hours after irradiation.
From the 18F decay profile the computer directly
determined the amount of 180 present in the sample before
bombardment. In what follows, all 1O contents and changes
in 180 content are expressed as percentages of
the total oxygen content of the sample, the Jatter
being calculated on the basis of chemical

GC-MS revealed no significant differences in trans-2-
nonenal concentration between oxygen-receiving and
oxygen-free samples (Table I).

TABLE II. Proton bombardment analysis of carbonyl extracts
issued from beers aged in presence of oxygen in the headspace

composition of each fraction.

Isotopic mass spectroscopy
To determine the relative 180 concentration in

a water sample, 2 ml water was allowed to
exchange oxygen atoms with added carbon
dioxide for 24 h at 25°C". ASMOW sample (Vienna

Standard Mean QOcean Water, from International
Atomic Energy — Vienna, Austria) was used as a
reference. The CO: aliquots were analysed with a

ng of 180 ppb of earbonyl
eyclotron 180 incorporated in compounds
signal content | 250 wl of beer ha.ving hound zn
180 atom
Beer after an
accelerated ageing 0.00004 0.001
with 96 ppm 160, 339, 4+ 545 1 0200 %
with 104 ppm 180, | 5700, 46 | 0225 %
Beer after a 3 month
natural ageing 0.00003 0.001
with 96 ppm 160, | 57774135 | o200 %
with 104 ppm 180, | ) 9. 541 | 0217 %

double collection mass spectrometer (Delta S
Finnigan Mat, CNRS, Vernaison, France). The difference
in 180 concentration between the sample and the
reference (expressed in per mil) was calculated on the
basis of the intensities measured at molecular weights 44,
45, 46, and 47:

18

—= (sample)
16
180 = 1000 x 188 -
%0 {SMOW)
with 220 {sample) = ratio between 46 + 47 (122C6010 + 13CL60180) and
160 44 + 45

(12C16Q, + 12CI6D170) - 13CI60%,)

1

e
and 77} (SMOW) = 0.20052

The following relation links the 180/160 ratio
measured in CO: with the corresponding ratio in water:

180 180
'1'"6"“{“5 (COI) = X% (I‘Izo)

where o = 1.0409 at 25°C 1,6

RESULTS AND DISCUSSIONS

104 ppm 180: was injected into the bottle headspace of
2 low-sulphite lager beer. After 5 days at 40°C
(accelerated ageing) or 3 months at 20°C (natural ageing),
trans-2-nonenal was extracted by vacuum distillation
and C18/water/dichloromethane partitioning. Despite
the Jarge amount of oxygen injected into the headspace,

In all cases, the level increased from 0.1 ppb in fresh
beer to 0.2-0.3 ppb in aged beer, whatever the oxygen
level. Furthermore, the single-ion-monitoring mass
spectrum showed no increase in anion with an m/z ratio
of 85, indicating the absence of any hydroperoxide
rearrangement after oxidation of linoleic acid by 180;,

The alcenal dichloromethane extract, also containing
nonenoic acid and 3-hydroxynonanal, the two major
degradation products of trans-2-nonenal®, was then
analysed by proton bombardment after transfer from
dichloromethane to isooctane. Very low amounts of 180
were measured in the extracts (exceedinf the natural
frequency of 180 by only 0.025 and 0.017 atoms per
hundred oxygen atoms) (Table II). Assuming that the
extracted carbonyls and related flavouring compounds
(average molecular weight: 140) represent a
concentration of 5 ppb in the initial beer sample, it
appears from these calculations that carbonyls having
incorporated 180 represent no more than 1 ppt. This
incorporation level is very close to the sensitivity
threshold of the method employed, and well below the
0.2 ppb of trans-2-nonenal that appear through ageing.

All these experiments thus confirm that the cardboard
flavour is not. due to the oxidation of lipids in the final
product. Most probably, trans-2-nonenal is synthesised
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TABLE VI Proton bombardment analysis of beer isohumulone
fractions after ageing in the presence of headspace oxygen

it increased the sensitivity of sulphites to oxidation
(12.5% of sulphites oxidised versus 7.9%).

Most interesting was the effect of ascorbic acid
on KMS-treated beer (Fig. 4). This well-known
antioxidant increased oxidation of polyphenols
and sulphites, probably due to regeneration of
iron and copper ions causing synthesis of

.

prg of 180 ppm of labeled
Cyclotron 180 content | incorporated in | isehnmulones
! signal 250 ml beer (percentage of
the total
; amosnt)
Beer after
accelerated ageing 9.47 0.73 ppm
with 96 ppm 160 2039 + 1.81 02 % (2.72%)
with 104 ppm 180, 75.96 + 0.44 0.745 %

hydroxyl radical by the well-known Fenton
reaction.

polyphenols, sulphites and isohumulones most likely
alters the organoleptic properties of beer. On the other
hand, fatty acids appear to be protected from oxidation.

i0 -

without 502 Ireatment

with $O2 wreatment
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!
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L

Ozygen 18 labelled fraction
{% of the total fraction)

Sulphites

FIG.
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B
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X ;
:~
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Ox=ygen 12 labelled fraction
{% of the total fraction)

Polyphenols

FIG. 3. Impact of PVPP treatment.

To evaluate the impact of usual beer treatments, the
incorporation of oxygen 18 in KMS-, PVPP- and AA-
treated beers subjected to accelerated ageing was
measured. 5O: strongly protected the polyphenol
fraction from oxidation (0.3% oxidised polyphenols when
13 ppm SO: was added versus 6.5% without treatment)
(Fig. 2).

PVPY treatment (see Fig. 3), as expected, decreased
polyphenol concentration (50 ppm against 95 ppm), but

As a conclusion, protonic bombardment and isotopic
mass spectroscopy proved to be of great value in

40

without AA treatment

wilh AA trealment

| ) W
< o
1 1

puam
(=)
1

Czygen 18 labelled fraction
(% of the total fraction)

T ITFI

Sulphites Polyphenols

FIG. 4. Tmpact of the ascorbic acid (AA} treatment.

investigating molecules subjected to oxidation. In contrast
to lipids, polyphenols, sulphites and isohumulones have
been demonstrated to react with bottled oxygen. Their
respective oxidation rates strongly depend on the
stabilisation process which is used. Oxidation of
linoleic acid only occurs before fermentation,
leading to trans-2-nonenal which is, unfortunately,
protected from yeast reduction by a linkage to amines.
The nonenal potential measurement is proposed to
quantify the amount of bounded nonenal in wort and
hence, to assess the future cardboard flavour in beer.
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