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Structure, Organoleptic Properties, Quantification 
Methods, and Stability of Phenolic Compounds 

in Beer—A Review

Phenolic Compounds in BeerCallemien and Collin D. CALLEMIEN AND S. COLLIN

Unité de Brasserie et des Industries Alimentaires, Université Catholique de
Louvain, Louvain-la-Neuve, Belgium

Beer composition changes through storage, altering the quality of the product. In the
past decade, many papers have been devoted to the compounds responsible for aged-
beer off-flavors, mainly trans-2-nonenal, methional, and dimethyltrisulfide. Due to
their huge antioxidant activity, polyphenols have often been described as key com-
pounds for limiting beer staling. Yet phenolic structures also evolve through storage.
Low-molecular-weight phenols like 4-vinylsyringol can impart off-flavors in aged
beer, whilst flavonoids strongly influence astringency, haze, and color. The instability
of stilbenes, prenylchalcones, and derived flavanones could also modify their health
potential through storage. After reviewing the structures and properties of all phenolic
compounds found in beer, this paper will try to assess the impact of their degradation
through aging. Extraction procedures for their quantification and treatments for their
removal are also described.

Keywords beer, storage, aging, flavor stability, polyphenols

Introduction

Beer phenols issued from malt and hop can contribute directly to several characteristics of
beer, mainly flavor, astringency, haze, body, and fullness.(1) Some phenolic structures can
also impart very interesting health properties. Therefore, degradation of such compounds
will inevitably lead to alteration of fresh beer. On the other hand, as antioxidants, these
compounds can considerably protect raw materials from oxidative degradation throughout
the process. It is currently very difficult to advise brewers as to which phenols should be
kept in the final beer and at what levels.

The aim of the present paper is to review all phenolic structures that have been found
in beer. Each family is discussed according to its properties and stability through storage.
Extraction and analysis procedures and treatments for compound removal are also
described.

Structure of Phenolic Compounds in Fresh Beer

This chapter describes all flavonoids, phenolic acids, and stilbenes detected in malt, hop,
and beer (global definitions given in Scheme 1).

Address correspondence to S. Collin, Unité de Brasserie et des Industries Alimentaires, Université
catholique de Louvain, Croix du Sud, 2/bte 7, B-1348 Louvain-la-Neuve, Belgium. E-mail: sonia.
collin@uclouvain.be
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2 Callemien and Collin

Hydroxybenzoic Acids, Hydroxycinnamic Acids and Derived Compounds

As depicted in Table 1, malt and hop contain various hydroxybenzoic acids, which are
retained at least partially up to the final beer. Malt is richer in gentisic acid, hop in vanillic
and syringic acids.(2,3) Total hydroxybenzoic acids—mainly p-hydroxybenzoic, vanillic,
and gallic acids—usually reach a few ppm in beer. They have also been found as glyco-
sides or other bound forms.(4–13)

For some hydroxycinnamic acids, significantly higher concentrations can be found
(Table 2). p-Coumaric, caffeic, ferulic, sinapic, and chlorogenic acids have been quanti-
fied at ppm levels in malt. Hop is an important source of p-coumaric, caffeic, and ferulic
acids (more than 10 ppm in most cases).(10,14) Dimers of ferulic acid (6 isomers) have been
detected in barley.(15) All these compounds are partially recovered in beer. Most of them
are in combined forms in the raw materials, with quinic acid, glucose, or cell wall constit-
uents.(4–13,16–18) In malt, p-coumaric and ferulic acids are esterified with arabinoxylans.(19)

They can be both water-extracted and enzymatically solubilized by cinnamoyl esterases.(20)

After mashing, an additional release of ferulic acid may occur during fermentation, due to
yeast cinnamoyl esterases.(21)

Hydroxycinnamic acids have little impact by themselves on beer organoleptic proper-
ties but are precursors of very potent flavors (Table 2). Their decarboxylation can occur
either by thermal degradation (22) during malt kilning and in the boiling kettle,(17,23) or dur-
ing fermentation. In this last case, decarboxylation is catalyzed by the phenylacrylic acid
decarboxylase found in Saccharomyces cerevisiae strains displaying the Pof+ phenotype

Scheme 1. Global definitions of all flavonoids, phenolic acids, and stilbenes detected in malt, hop,
and beer.
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Phenolic Compounds in Beer 9

(Phenolic-Off-Flavor),(24,25) and in some contaminating microorganisms like Brettanomy-
ces/Dekkera spp.(26) or Enterobacteriacea.(27) In this way, 4-vinylguaiacol is issued from
ferulic acid while 4-vinylphenol derives from p-coumaric acid. 4-Vinyguaiacol has been
found in hop.(28) In Belgian white beer production, enzymatic decarboxylation of ferulic
acid occurs linearly through fermentation at a rate close to 140 ppb/day. The rate
decreases strongly during secondary fermentation, down to 20 ppb/day. Compared to
p-coumaric acid, ferulic acid is preferentially degraded by yeast (p-coumaric acid remains
unmodified until the ferulic acid concentration reaches 2 ppm) (Collin, unpublished data).
Concentrations up to 6.2 ppm in 4-vinylguaiacol and up to 3.2 ppm in 4-vinylphenol have
been reported in wheat beers (Table 2).(3,11,14,17–19,21,29–34) These vinyl compounds can be
further oxidized or reduced into smaller molecules like vanillin, 4-ethylguaiacol, guaiacol,
and 4-ethylphenol through chemical reactions (35) or through the activity of wild yeasts
like Brettanomyces/Dekkera spp.(26)

Three coumarins issued from orthohydroxycinnamic acid cyclization have also been
found in beer (Table 2).(10,11) Very few data concerning their occurrence in malt and hop
are available in the literature.

Flavonols

Sixteen flavonol glycosides (mainly mono, di, and triglycosides of quercetin and
kaempferol) have been detected in hop (Table 3).(2,38–42) Myricetin is found only in trace
amounts.(2,43) Although boiling can extract 91% of the kaempferol and 88% of the querce-
tin glycosides, only a few ppm of flavonols are found in the final beer.(2,4,8,11,44)

Catechins and Proanthocyanidins

Even compared to grapes, hop emerges as an exceptional source of catechins and proan-
thocyanidins. Therefore, although added in one-hundred-times lesser quantity than malt, it
can account for 30% of total beer polyphenols. Among hop cultivars, the lower the bitter-
ness the higher the flavonoid level (up to 1% “total flavanoids” in Saaz pellets, as
expressed in terminal unit weight (45)). During mashing, malt flavonoids are progressively
dissolved in the wort (monomers dissolve much faster than oligomers). From mash filtra-
tion to boiling, a great proportion of them will be lost through oxidation, adsorption to
spent grains, linkage to coagulated proteins, etc. According to the type of hop conditioning
used (CO2 extracts are much poorer in polyphenols than pellets and cones) and the stage
of addition, more or less flavonoids will be brought into the wort in the boiling kettle.(46)

In hop dried cones or pellets, (+)-catechin and (-)-epicatechin monomers can reach up to
2821 and 1483 mg/kg, respectively (Table 4).(38,43,47–49) Malt contains only 10-100 mg/kg (+)-
catechin (and no epicatechin at all).(11,38,47,50,51) The main monomeric unit identified in beer is
(+)-catechin (0.5 to 6.9 mg/L), but (-)-epicatechin (0.8-1.9 mg/L), gallocatechin,
galloepicatechin, (-)-catechin gallate, (-)-epicatechin gallate, and two glycosides have also
been detected (Table 4).(4,5,8,9,11,52–58)

Hop is also an excellent source of flavonoid oligomers (proanthocyanidins, known as
anthocyanogens in the brewing field). For instance, B3 and B4 procyanidin dimers have
been detected at levels up to 0.1% (Table 5).(38,47–49) Malt contains two B3 dimers (prodel-
phinidin and procyanidin), at lower levels than in hop, but with higher amounts of gallo-
catechin units.(38,47,51,59) As depicted in Table 6, many trimers have also been detected in
malt (catechin and gallocatechin units) and hop (catechin, epicatechin, and gallocatechin
units, but always a catechin unit at the terminal position). Two years ago, very few
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Phenolic Compounds in Beer 17

flavonoid oligomers were known in beer. The presence of three B-type dimers (one
procyanidin and two prodelphinidins) and two prodelphinidins A dimers was men-
tioned.(55,57,58,60–62) No trace of tetramers and pentamers was found.(63) Very recently, thi-
olysis hyphenated to RP-HPLC-ESI(-)-MS/MS was optimized by our group to investigate
beer polyphenolic oligomers.(54) Thiolysis indicated that most beer dimers are procyani-
dins B3 (two catechin units) whilst most trimers are prodelphinidins (catechin in terminal
units and gallocatechins or catechins in extension units). Despite the absence of chromato-
graphic peaks corresponding to oligomers above trimers, an apparent degree of polymer-
ization (mDP) close to 6 was calculated in a total LH20 extract. Still higher mDPs were
calculated for malt and hop, indicating selective extraction or depolymerization from raw
materials to beer. Detailed structures were determined by RP-HPLC-ESI(-)-MS/MS.(53)

Four dimers were identified : three procyanidins (B1, B3, and B4) and one prodelphinidin
(B3). Previously detected in hop or malt, three trimers (the procyanidin C-4a-8-C-4a-8-C
and two prodelphinidins, GC-4a-8-C-4a-8-C and GC-4a-8-GC-4a-8-C) were distin-
guished for the first time in beer. As expected, according to previous thioacidolysis data,
most beer proanthocyanidins carry a catechin as terminal unit. Higher oligomers were
extracted by polyamide SPE or dialysis. To obtain a more detailed composition of higher
oligomers, the dialysate was thiolyzed. Results were compared to previous data obtained
on the LH20 extract. It was concluded that “natural” beer oligomers exhibit a relatively
low degree of polymerization whilst “chemically” synthesized oligomers account for most
of the “heavy” flavonoid content.

Prenylchalcones and Derived Flavanones

More than twenty prenylchalcones and derived flavanones, studied mainly for their biological
effects, have been identified in hop.(64) Concentrations higher than 0.6%, with a predominance
of xanthohumol and desmethylxanthohumol, are usually found (Table 7).(65) Levels of 80 and
90 mg/kg have been reported for the corresponding flavanones, isoxanthohumol and hopein.
The higher the a-acid content (bitter acids in hop), the higher the xanthohumol level.(66)

Since hop is the only source of these compounds in beer, a relation can be established
between their concentration and the rate of hopping. Xanthohumol isomerizes easily dur-
ing the brewing process into isoxanthohumol.(67) Only 15 to 50% hop xanthohumol
remains in the final beer,(68,69) leading to concentrations often below 1 ppm.(55,65,70,71)

Stout- and Porter-style beers are characterized by slightly higher levels because dark malts
contain compounds inhibiting xanthohumol isomerization.(67) The use of xanthohumol-
enriched hop products (obtained by ethanol-CO2 extraction) combined with late hopping
makes it possible to increase significantly the xanthohumol and isoxanthohumol potential
of beer (close to 10 ppm).

Stilbenes

Our group recently discovered three stilbenes in hop: trans-resveratrol, trans-piceid, and
cis-piceid.(43,72) Concentrations ranging from 0.7 to 11 mg/kg trans-piceid and from 0.03
to 2.3 mg/kg trans-resveratrol have been reported in hop cones (Table 8).(73) In grapes,
these compounds are known as phytoalexins because they are synthesized in response to
injury or fungal attack.(74,75) A strong influence of geographic origin and harvest year has
been shown,(73) but American aroma cultivars like Willamette and Cascade emerge in all
cases as the best sources of stilbenes. Resveratrol is very sensitive to heat and light.(43)

Even during hop storage, a significant loss occurs, especially in highly oxygen-sensitive
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Phenolic Compounds in Beer 21

varieties, leading to new analogs like cis-resveratrol and dimers.(76) Likewise, hop pelleti-
zation induces strong degradation.(76,77) trans-Resveratrol and glycosides are absent from
malt,(78) so one should not be surprised to find only traces of stilbenes in beer. In order to
increase the stilbene level, stilbene-enriched hop products and brewery process modifica-
tions are needed.

Extraction and Analysis

Global Assays: Coulometric Methods

Total Polyphenol Content
Folin-Ciocalteu assay. The Folin-Ciocalteu reagent is a mixture of phosphotungstic

and phosphomolybdic acids (6+ valence state of the metal), which can be reduced by
phenols to blue oxides of tungstene and molybdene (lmax = 725–760 nm, mixture of differ-
ent valence states of the metals) (Fig. 1a). The detailed electronic structures of the blue
reduction products are unclear. The oxidation reaction is enhanced under alkaline condi-
tions, created here by sodium carbonate. To avoid the precipitation of sodium complex
forms, lithium sulfate is added to the reaction medium.(83) Gallic acid and (+)-catechin are
frequently exploited as references for calibration curves. This assay is often used to quan-
tify polyphenols and proteins (with tyrosine residues), but it also measures other readily
oxidizable compounds.(83,84) The contribution of ascorbic acid, for example, can be
removed.(85)

Bishop assay. Mainly used by brewers, this assay is based on chelation of phenols
with iron under alkaline conditions (pH 10 with ammonia), leading to a red color
(lmax = 600 nm) (Fig. 1b).(86) Because most flavonoids are able to reduce Fe+3 to Fe+2,
chelation with Fe+3 or Fe+2 is observed. Three metal complexing sites are possible for
flavanones: between their 3- or 5- hydroxyl and the 4-oxo group or between the ortho-
hydroxyl groups (3′ and 4′) on the B-ring (Fig. 2). As for catechin, only the latter sites
allow chelation.(87,88) Surprisingly, no influence of the polymerization degree has been
observed (results obtained on fresh and oxidized flavan-3,4-diol).(89) No data are avail-
able for natural proanthocyanidins. Expectedly, Jerumanis(90) observed little to no color
change with vanillic, syringic, and ferulic acids, which do not include such interaction
sites (Table 10). Interference reactions with colorants (malt and sugar), melanoidins,
reductones, cysteine, and ascorbic acid have been mentioned.(89–91) Carboxymethylcel-
lulose is always added to the reaction media to improve transparency while EDTA is
recommended as an antiseptic.(92) Polyphenols isolated from malt or hop are used as
calibration curve references.

Figure 1. Chemistry of two total polyphenols measurement assays: a. Folin-Ciocalteu and b.
Bishop.

Polyphenol + H6P2W13Mo5O62 .10H20 and H6P2W14Mo4O62 .10H20 

Oxidized polyphenol + Blue tungstene and molybdene oxides

(λmax = 725-760 nm)

a.

pH 10

Oxydo-reduction

Polyphenol + Fe+3 + carboxymethylcellulose/EDTA

[Polyphenol + Fe+3 or Fe+2] = Red pigments 

(λmax = 600 nm)

b.

pH 10

Chelation (and oxido-reduction)
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22 Callemien and Collin

Flavan-3-ol and proanthocyanidin contents
p-Dimethylaminocinnamaldehyde assay for flavan-3-ols and proanthocyanidins.

A green color (lmax = 640 nm) is generated when p-dimethylaminocinnamaldehyde
reacts with the A ring of flavan-3-ols or proanthocyanidins (Fig. 3a). Flavonoids with di-
or tri-hydroxyl groups on the A ring (e.g., positions 5 and 7) and a single bond between the
2 and 3 positions of the C ring (higher nucleophilicity of the A ring) are needed for such a
reaction.(93) (-)-Epicatechin (2,3-cis) gives higher color intensity than (+)-catechin (Table
10), and the color intensity depends strongly on the polymerization degree. Because at
least one of the A-rings is involved in intermonomer linkage (C4-C8), the higher the DP,
the weaker the response(94). Figure 4 gives more precisely the relative sensitivity for each
polyphenol. (+)-Catechin is used as reference for quantification.

Vanillin assay for flavan-3-ols and proanthocyanidins. Vanillin reacts with con-
densed tannins to produce red structures detected at 500 nm (Fig. 3b). As in the former
assay, a single bond between the 2 and 3 C-ring positions and free meta-oriented hydroxyl
groups on A are needed (Table 10).(95) (+)-Catechin is again used as standard. This assay
is limited by acidity and water (H2SO4 is preferred to HCl, which contains more water),
reaction time (15 min is optimal for monomers), and temperature (25–35°C for monomers
vs. no influence for oligomers).(96)

Acid-butanol assay for proanthocyanidin content. Acid-catalyzed cleavage (by
HCl) of interflavanoid bonds and oxidation convert proanthocyanidins to anthocyanidins
(550 nm) (Fig. 3c). The auto-oxidation step is favored in the presence of Fe+3. The limiting
factor is conversion to cyanidins, which depends on the DP and water content.(97) Cyanidin
chloride is used as standard. The ratio of the result of this assay to that of the vanillin assay
has been often used to assess the polymerization degree of proanthocyanidins.

Anthocyanogen assay for proanthocyanidin content. It is often used for quantify-
ing natural oligomeric flavanoids in beer (known as the anthocyanogen fraction in brewing

Figure 2. Scheme of flavanoid chelation.
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Table 9
Comparison between different polyphenol assays. Values obtained on nineteen fresh lager 

beers (adapted from (94))

Bishopa Folin ciocalteaua Anthocyanogenb
p-Dimethylamino-
cinnamaldehydea Vanillina

Range 47–204 227–377 2.6–60 4.8–39.5 94–171
Average 138 309 33.8 26.3 144

aCatechin equivalents mg/L; and bflavan-3,4-diol equivalents mg/L.
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24 Callemien and Collin

sciences), yielding anthocyanidins upon heating with HCl (like the acid-butanol assay).
Polyphenol adsorption to PVPP is followed by desorption with N-methyl-2-pyrrolidone
containing HCl and iron (which enhances the color measured at 550 nm). The yield of
released cyanidin is lower when the DP is higher. Furthermore, the color will not be the
same if cyanidins or delphinidins are released (lmax = 545 or 557 nm).(91, 98–100) Leucocy-
anidin is used as standard. Because the Bishop assay does not depend on the DP but the

Figure 3.  a. para-Dimethylaminocinnamaldehyde assay; b. vanillin assay (both Friedel-Crafts
condensation); and c. acid-butanol assay.
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Figure 4. Dimethylaminocinnamaldehyde color yield (E640 nm vs mg/L) of different phenolics in
5% ethanol: • (+)-Catechin ; � Procyanidin B4 ; � Procyanidin B3 ; and � a mixture of trimeric
and tetrameric procyanidins mainly containing containing procyanidin C2.(94).
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anthocyanogen assay does, Jerumanis has established a polymerization index obtained by
calculating the ratio of the corresponding results.

Tannoid assay. Polyphenols involved in beer colloidal instability can be determined
by titration with soluble PVP (turbidity measurement with a tannometer).(101,102) The
so-quantified structures are most probably oxidized proanthocyanidins.(103)

Comparison of Global Polyphenol Assays. As depicted in Table 9, very dissimilar values
are obtained with the different assays. However, a good correlation was found by Delcour
and Janssens de Varebeke(94) between the p-dimethylaminocinnamaldehyde and the
Bishop values of various beers, and between the former and the anthocyanogen assays
(R2 = 0.903 and R2 = 0.916, respectively).

The highest concentrations are always determined with the Folin Ciocalteau assay,
known to be less selective than the Bishop assay (interactions with proteins). Surprisingly,
p-dimethylaminocinnamaldehyde and anthocyanogen values are much lower than those
issued from the vanillin assay are. Concentrations obtained with the p-dimethylaminocin-
namaldehyde assay are more in line with RP-HPLC quantifications.(104)

Selective Extraction

Polarity, acidity, volatility, and molecular size are four physicochemical properties of
phenols that distinguish them from other co-constituents of hop, malt, and beer. Hop and
malt are often ground before extraction, whilst beer just has to be degassed.

Polarity/Hydrophobicity of Phenols. Flavors derived from hydroxycinnamic acids are
usually extracted by apolar solvents such as chloroform, diethylether, and Freon 11.
Apolar resins like XAD-2 (elution with diethylether) can also be used (Table 11). Unlike
most hop co-constituents, polyphenols show relatively high polarity. The solubility
class(105) catechin or quercetin has been defined as S2 (soluble at 3.3% in water but not in
diethylether), whereas stilbene aglycons and prenylchalcones should belong, rather, to the
S1 class (soluble in both media). Therefore, although diethylether can be used to remove
hydrophobic compounds from flavanoids or flavonols, solvents like cyclohexane or
toluene should be preferred to keep xanthohumol or resveratrol analogs. The use of super-
critical carbon dioxide is another interesting way to delipidate the matrix or to remove hop
bitter acids (Table 15).

Counet et al.(106) have shown that acetone/water/acetic acid (70/28/2, v/v) is the
best mixture for recovering flavanoids, especially higher oligomers (experiments con-
ducted on delipidated chocolate). When methanol is used, no water should be added.
Yet Jerumanis(107) indicates that proanthocyanidin can depolymerize in methanol. The
same solvents are generally used to recover flavonols and prenylflavonoids. For the lat-
ter, prior extraction with chloroform is sometimes used. Surprisingly, despite its lower
polarity, resveratrol is extracted better by ethanol/water (80/20, v/v, 60°C) than by aque-
ous acetone.(43)

Water-immiscible solvents do not extract polyphenols very efficiently(108), but ethyl
acetate or butan-2-one has been used by some authors (Table 14).(47,90,109–111) In general, for
beer, the use of solid phase extraction should thus be preferred (SEPACK C18, Sephadex
LH20, Sephadex G25, Polyamide, or Nylon 66). Washing with water or aqueous methanol
is frequently carried out before polyphenol elution with ethanol (for flavonols—Table 13),
methanol (for flavonols and monomers of flavan-3-ols—Tables 13 and 14), or acetone
(for oligomers of proanthocyanidins—Table 14), in all cases with or without water.
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Acidity. With their pKa close to 10, it is easy to solubilize phenols either in water or in
organic solvents, according to the pH. In this way, 4-vinylsyringol has been selectively
separated from all other beer aromas before being recovered in dichloromethane
(Table 11).(112) Likewise, acidification of a water extract containing the phenolate form of
prenylflavonoids allows their recovery with an organic solvent (Table 15).(71,113) Acidifi-
cation at higher temperature allows release of any bound phenolic forms, ensuring that all
compounds are present in their free state (e.g., hydroxybenzoic or hydroxycinnamic acids
and flavonols - Tables 12 and 13).(2,7,9,13,16,18,38,44) For proanthocyanidins, acidified aque-
ous acetone increases the extractability while making the hydrogen bonds with fibrous
polar matrices weaker (Table 14).(63,114,115)

Many polyphenols are unstable at extreme pH. Degradation is usually observed at pH
values above 6 (autoxidation); the degradation products are A-type dimers (double-linked
flavan-3-ols with a single C4-C8 bond and an additional ether bond between C2 and
O-C7).(116) A low pH can be a disadvantage when glycosides are investigated (e.g.,
flavonols, flavanoids, or stilbenes). Moreover, oligomers of procyanidins are known to
depolymerize at a pH below 4 (e.g., procyanidin B2 yields epicatechin and B5 iso-
mer).(116) Besides, at pH values below 4, enzymatic oxidation can take place, yielding to
dimers linked by C-O interflavanic linkage.(117) As for stilbenes, trans-resveratrol is stable
in absence of light between pH 1 and pH 7, but at pH 10 very fast degradation is observed;
cis-resveratrol is stable only at pH 7.(118)

Volatility. Phenolic aromas can be extracted from malt, hop, and beer by taking advantage
of their relatively high volatility. Vacuum distillation, headspace techniques (static,
dynamic, purge and trap, SPME…) or a Likens-Nickerson apparatus can thus be used
(Table 11).(28,31,36,119) On the other hand, flavanoids, and chalcones are not volatile enough
to be extracted in this way, unless derivatized before extraction. For instance, beer resver-
atrol has been analyzed by headspace SPME, after derivatization with N-O-bis(trimethyls-
ilyl)trifluoroacetamide- BSTFA (Table 16).(82,120) A few flavonols and flavanoids and a
prenylflavanone have also been studied by this means (Tables 13–15).

Molecular Size. Various methods have been developed to separate polyphenols according
to molecular size. This can be very useful in studying proanthocyanidin oligomers. Dialy-
sis with different cut-offs has been used to separate higher oligomers of beer from small
analogs (Table 14).(104) Size-exclusion chromatography (SEC) with gel permeation col-
umns (GPC, e.g., Sephadex LH20 or TSK gel HW40 columns) has also been applied to
apple polyphenols. It allows fractionation according to increasing Mw.(121–123)

Other Methods. In the last decade, enzymes degrading cell-wall polysaccharides have
been used with success to improve phenol recovery.(124) Optimizing temperature
(25–60°C) is also useful for better recovery.(43,125,126) For instance, gentle heating (60°C)
allows better recovery of hop stilbenes(43). For some phenols, it is recommended to oper-
ate in the absence of light (e.g., stilbenes, hydroxybenzoic and hydroxycinnamic acids) to
avoid degradation.

Chromatographic Separation

Gas Chromatography (GC). Gas chromatography is usually preferred for separating vol-
atile compounds like hydroxycinnamic-acid-derived flavors (Table 17). Linear retention
indexes (calculated by comparison to the retention times of n-alkanes) are often checked
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on apolar and polar columns to confirm identification. Less volatile compounds such as
flavonols, flavanoids, prenylflavanones, or stilbenes can be derivatized with bis-trimethyl-
silylacetamide, trifluoroacetic acid, or N-O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) before GC analysis (Tables 19–22). Derivatization is also sometimes used for
highly sensitive detections such as electron capture detection (Table 17).

High Pressure Liquid Chromatography (HPLC). HPLC is the method of choice for
polyphenol separation (Tables 18–22). Reversed-phase columns can separate nearly all
phenolic compounds. Binary elution systems are used with an aqueous acidified polar
medium (aqueous acetic acid, phosphoric acid, or formic acid) as solvent A and a less
polar organic system (methanol, acetonitrile, etc., possibly acidified) as solvent B. Occa-
sionally, buffers are used. For hydroxybenzoic and hydroxycinnamic acids, isocratic sys-
tems are sometimes used. In reversed phase, most polar compounds elute first. Benzoic
acid derivatives elute before cinnamic acid analogs (Table 18). An additional sugar moiety
decreases the retention time (e.g., chlorogenic acid vs. caffeic acid—Table 18, rutin vs.
quercetin—Table 19, trans-piceid vs. trans-resveratrol—Table 22), whereas methoxy
groups slow down the elution (e.g., vanillic acid vs. syringic acid—Table 18). Catechin
elutes before epicatechin (Table 20). Catechin is preceeded by 4a-8 and 4a-6 trimers and
dimers of prodelphinidins and procyanidins but followed by dimers and trimers containing
epicatechin (e.g., procyanidins B4, B2, and C1). Overlapping of heavy isomers having the
same DP can generate broad peaks.(138) Although reversed-phase chromatography can be

Table 16
Extraction of stilbenes from hop and beer

Sample
Fundamental 

basics Successive steps Reference

Hop Polarity 1) 0.5 g Hop powder was stirred with 
50 mL of toluene (3 times) then 
with cyclohexane (3 times). Hop 
powder dried at the end under 
vacuum

2) Extraction of the residue with 
40 mL ethanol/water (75/25, v/v) 
at 60°C (3 times)

4) The combined extract were filtered 
and the solvent evaporated to dry-
ness and the residue solubilized in 
2 mL methanol/water (50/50, v/v)

Callemien et al. (43)

Jerkovic et al. (77)

Beer Polarity and 
volatility (with
derivatization)

1) SPME fiber (polyacrylate 85 μm) 
immersed in 6 mL beer at ambient 
temperature under gentle stirring 
for 30 min

2) Fiber then transferred in the 
headspace of a 100 μL of a 
BSTFA solution for 20 min

3) Then fiber desorbed at 280°C for 
7 min

Jerkovic et al.(82)
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Phenolic Compounds in Beer 55

used to separate isomers of equal Mw, a normal phase is preferred for analyzing higher
oligomers up to decamers.(106,133,139) (Table 20) In this case, elution sequence parallels the
polymerization degree (monomers then dimers, and so forth). The solvent gradient is ter-
tiary, including dichloromethane, methanol, and acid acetic(133) or acetonitrile, methanol,
and water.(139) The nature of aglycons and sugars is often determined after acidic or b-glu-
cosidase hydrolysis.(2,44) For proanthocyanidins, acid-catalyzed cleavage of the interfla-
vanyl linkage in the presence of a nucleophilic reagent such as toluene-a-thiol(133, 140–143)

or phloroglucinol (142) can be carried out before HPLC. Extension units combined with the
nucleophile are released. Only the terminal unit is detected as a free flavan-3-ol (Fig. 5).
Phloroglucinol adducts are more polar than the original structures, whereas benzylmercap-
tan adducts elute later on a reversed-phase column (Table 20). Thiolysis is often recom-
mended because of a better depolymerization yield.(143) Yet several factors, such as
impurities or reagent storage, can deteriorate the reaction yield.(141) Terminal and exten-
sion units are quantified and an average polymerization degree (mDP) is calculated.

Selective Detection

HPLC-UV Absorption and Fluorimetry. HPLC can be combined with UV-absorption
or fluorimetry to detect phenols. Hydroxybenzoic and hydroxycinnamic acids are
known to absorb at 254, 280, 306, and 330 nm. Their decarboxylated analog,
4-vinylguaiacol, has been also analyzed by UV-fluorescence (lexc = 259 nm, lem =
341 nm) (Table 23).

Figure 5. Chemistry of the phloroglucinol and thiolysis reactions.

O

OH

OH

OH

OH

OH
H

H

O

OH

OH

OH

OH

OH
H

O

OH

OH

OH

OH

OH
H

H

H

O

H
OH

OH

OH

OH

OH S

HO

OH

OH

OH

OH

H

H

OH

SH

OHOH

OH

O

OH

OH
OH

OH

OH

H

H

O

H
OH

OH

OH

OH

OH

H

OH

OH

OH

A

B

D

E

4

8

C

F

D

E8

F

Terminal unit

Mw = 290

(-)- Epicatechin

Phloroglucinolysis

+
+

Terminal unit

Extensions units

Thiolysis

Toluene-α-thiol
Phloroglucinol

Terminal unit

Mw = 290

(-)- Epicatechin

Extension unit

Mw = 412

3,4-β-Epicatechin benzylthioether

Extension unit

Mw = 414

3,4-β-Epicatechin phloroglucinol

4

Acid catalyzed

D
ow

nl
oa

de
d 

by
 [

U
C

L
 S

er
vi

ce
 C

en
tr

al
 d

es
 B

ib
lio

th
èq

ue
s]

, [
S.

 C
ol

lin
] 

at
 0

1:
53

 1
1 

Ju
ly

 2
01

1 



56 Callemien and Collin

Two absorption bands are characteristic of flavonoids: band II of the A-ring (max.
240-285 nm) and band I of the B-ring (max. 300–550 nm). Flavonols are quantified by
UV absorption at 320 or 365 nm (Table 25). Flavan-3-ol monomers and oligomers have
often been quantified at 280 nm (Table 26). It is generally accepted that the same weight
of proanthocyanidin generates the same UV absorption, whatever the polymerization
degree.(148) Chemical reaction with p-dimethylaminocinnamaldehyde, leading to colored
adducts with the A-ring of flavan-3-ols, allows more sensitive detection at 640 nm(93).
Fluorescence has also been used to quantify flavan-3-ol derivatives (lexc = 276 nm,
lem = 316 nm). UV-absorption has proved useful for distinguishing prenylchalcones
(l = 370 nm) from derived flavanones (l = 270–295 nm) (Table 27). Stilbenes are
analyzed at 306 nm (Table 28).

HPLC-Electrochemical Detection (ECD). ECD is a highly sensitive tool for the charac-
terization of antioxidant phenols (good sensitivity and much greater selectivity).(57) ECD
has been used extensively for the study of hydroxybenzoic acids, hydroxycinnamic acids,
flavonols, and flavanoids (Tables 23–26).

Table 23
Detectors used for the analysis of hydroxybenzoic acids, hydroxycinnamic acids derived 

compounds from malt, hop, and beer

Sample Method Detectors Reference

Malt GC MS (EI and CI)
FID
Olfactometry/AEDA

Fickert and 
Schieberle(36)

Hop GC MS (EI and CI)
FID
Olfactometry/AEDA

Steinhaus and 
Schieberle(28)

Wort 
Beer

RP-HPLC UV absorption at l =280 nm 
Fluorescence l exc = 259 nm and 
lem = 341 nm for 4-Vinylguaiacol

ECD vs. Ag/AgCl as 
reference electrode:

900 mV (output range 20 nA) for 
4-Vinylguaiacol and Ferulic acid

Madigan and 
McMurrough(30)

McMurrough 
et al.(17)

Beer GC FID
MS (EI)

Thurston and 
Tubb(127)

Beer GC after 
derivatization

Ni electron-capture detector Villareal et al.(33)

Beer GC MS (EI and CI)
FID
Olfactometry/AEDA

Schieberle(31)

Beer GC MS (EI and CI)
FID
Olfactometry/AEDA

Fritsch and 
Schieberle(128)

Beer GC MS (EI and CI)
FID
Olfactometry/AEDA

Callemien et al.(112)
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58 Callemien and Collin

GC and HPLC-Mass Spectroscopy (MS). GC and HPLC separation techniques are
more and more frequently hyphenated to MS. The mass analyzers can be quadrupoles,
ion traps, or time-of-flight systems. Various analysis modes exist such as Full-MS,
SIM, MS/MS, and MRM. For very selective quantitative analyses, SIM or MRM is
recommended (at least for a triple quadrupole), but MS/MS is more informative for
structure determination.

Volatile compounds (e.g., 4-vinylguaiacol) can easily be identified and quantified
after electron impact (EI, complete fragmentation pattern) or chemical ionization (CI,
intense pseudomolecular ion) at the outlet of the GC column (Table 23).

Flavonols, flavanoids, prenylchalcones, and stilbenes require more recent techniques
hyphenated to HPLC. Atmospheric pressure chemical ionization (APCI) is recommended
for apolar and low-molecular-weight compounds, whereas electrospray ionization (ESI) is
more convenient for polar and higher-molecular-weight structures. For flavonols, the
positive mode in ESI or APCI has frequently been applied (Table 25). Flavanoids have
been studied in the negative and positive modes by ESI and in positive mode by APCI
(Table 26). MALDI (+) was applied with success to the analysis of proanthocyanidins in
apple(149) and coffee pulp(150) with higher DP values. Prenylchalcones and flavanones can-
not easily be distinguished by EI, CI, or APCI(+ or -) because of thermal isomerization of
2′-hydroxychalcones to their corresponding flavanones in the ion source.(80) Structural
information is then obtained by specific fragmentation in MS/MS mode (Table 27). APCI
in positive mode proves to be the most efficient way to analyze stilbenes (Table 28).(43)

GC-Olfactometry. For volatile phenols, GC-olfactometry is often applied before subse-
quent more usual GC-FID or GC-MS analyses. Traces of aroma-active compounds can
indeed be detected in the bulk of “nonactive” volatiles, just by using the human nose at the
outlet of the GC column. To obtain quantitative data, the AEDA (Aroma Extract Dilution
Analysis) strategy can be applied (Table 23).

Table 25
Detectors used for the analysis of flavonols from hop and beer

Sample Method Detectors Reference

Hop RP-HPLC UV absorption at l =365 nm McMurrough et al.(2,38)

Hop RP-HPLC UV absorption at l = 320 nm 
ESI(-)-MS/MS with a triple 

quadrupole

Sagesser and Deinzer(39)

Hop RP-HPLC APCI(+)-MS/MS with an ion trap Callemien et al.(43)

Beer GC after 
derivatization

FID Vancraenenbroeck et al.(44)

Beer RP-HPLC ECD* (sixteen coulometric 
electrodes) : - 250 mV, + 
60 mV with an increment of 
60mV until 840 mV at 
electrode 15 and -250 mV 
at electrode 16

Achilli et al.(4)
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Phenolic Compounds in Beer 59

Table 26
Detectors used for the analysis of flavanoids from malt, hop, and beer

Sample Method Detectors Reference

Barley RP-HPLC UV absorption at 280 nm McMurrough(38)

Malt RP-HPLC UV (DAD) absorption 
at l = 280 nm

Zimmermann and 
Galensa(51)

Malt RP-HPLC UV absorption at l = 280 nm
ECD with CEAS = Coulochem 

electrode array system with eight 
coulometric electrodes vs. Pd as 
reference electrode: 
0-770 mV (increment 110 mV)

Friedrich and Galensa(50)

Hop RP-HPLC after
acid catalysed 
cleavaged

UV absorption at l = 280 nm
Fluorescence lexc = 276 nm and 
lem = 316 nm

ESI(-)-MS/MS with an ion trap

Gu et al.(133)

Hop UV absorption at l = 280 nm 
ESI(+)-MS/MS with a triple 

quadrupole

Kennedy and Jones(142) 
Kennedy and Taylor(144)

Taylor et al.(145)

Hop UV absorption at l = 280 nm Li and Deinzer(48)

Hop ESI(+)-MS/MS with a triple 
quadrupole

Stevens et al.(49)

Hop RP-HPLC UV absorption at l = 280 nm 
APCI(+)-MS/MS with a triple 

quadrupole
ESI(+)-MS/MS with a triple 

quadrupole

Li and Deinzer(48,131)

Barley Beer RP-HPLC ECD (dual) : + 350 mV and 
- 650 mV

Madigan et al.(57) 
Mc Murrough  et al.(58)

Malt Beer RP-HPLC UV absorption at l = 280 nm
ECD (dual): + 350 mV 

and – 650 mV
ESI(+)-MS/MS with a triple 

quadrupole

Whittle et al.(63)

Hop 
Barley Beer

RP-HPLC UV absorption at 280 nm McMurrough et al.(104)

Hop 
Malt Beer

RP-HPLC UV absorption at l = 280 nm Jerumanis(47,107) 

Mulkay et al.(59) 
Derdelinckx(132)

Beer GC after 
derivatization

FID Eastmond (61)

Beer RP-HPLC UV absorption at 283 nm Kirby and Wheeler(56)

(Continued)
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60 Callemien and Collin

Table 26
(Continued)

Sample Method Detectors Reference

Beer RP-HPLC ECD (single) : 850 m
VECD (dual) : + 10 mV 

and + 350 mV

McMurrough 
and Baert(62)

Beer NP-HPLC UV absorption at l = 280 nm
Fluorescence l exc = 276 nm and 
lem = 316 nm

ESI(-)-MS/MS with an ion trap

Gu et al.(133,140,146)

Table 27
Detectors used for the analysis of prenylchalcones and derived flavanones from hop and beer

Sample Method Detectors Reference

Hop RP-HPLC UV absorption (DAD)
l xanthohumol and 

desmethylxanthohumol = 370 nm
l derived flavanones = 270-295 nm
la- and b- acids = 314 nm

De Keukeleire et al.(66)

Hop RP-HPLC Direct MS (EI) via a solid probe
APCI(+ and -)-MS/MS with a triple 

quadrupole

Stevens et al.(80)

Hop
beer

RP-HPLC APCI(+)-MS/MS (MRM mode) with a 
triple quadrupole Ions selected for

1. Isoxanthohumol m/z 355 → 179, 
2. 8-Prenylnaringenin m/z 341 → 165, 
3. Dexmethylxanthohumol m/z 341 → 
165, 4. 2′, 4-Dihydrochalcone m/z 241 
→ 121, 5. 6-Prenylnaringenin m/z 341 
→ 165, 6. Xanthohumol m/z 355 → 
179, 7. 8-geranylnaringenin m/z 409 
→ 165, 8. 3′-geranylnaringenin m/z 
409 → 165, 9. 6-geranylnaringenin m/z 
409 → 165

Stevens et al.(64,65,70,147)

Walker et al.(67)

Beer GC with 
deriva-
tization

MS (EI) in SIM mode
Ions selected for Kaemferol (IS): 559, 487, 

458, 415 m/z and for 8-Prenylnaringenin 
: 556, 541, 513, 485 m/z

Tekel’ et al.(81)

Beer RP-HPLC UV absorption (DAD)
lxanthohumol = 370 nm, 
l isoxanthohumol = 290 nm, 
la- and b- acids = 270 nm

Walker et al.(67)

Buckee(137) (EBC 
method 7.8)
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Phenolic Compounds in Beer 61

Organoleptic Properties, Antioxidant Activity, Colloidal Instability and 
Health-Impact of Phenolic compounds: Fate of them through Beer Aging

Aroma

Hydroxybenzoic and hydroxycinnamic acids are characterized by relatively high flavor
thresholds (> ppm, mainly bitter taste and astringency—see Table 30).(152) On the other
hand, their decarboxylated derivatives can impart very strong phenolic/clove/smoked
flavors to beer, because of their low threshold values (ppb order—Table 29). For instance,
4-vinylguaiacol contributes to the specificity of Belgian white beers (made with unmalted
wheat) and German Rauch and Weizen beers (made with malted wheat).(29,31,34,153)

Table 28
Detectors used for the analysis of stilbenes from hop

Sample Method Detectors Reference

Hop RP-HPLC UV absorption l = 306 nm
APCI(+)-MS/MS with an ion trap

Callemien et al.(43 )

Jerkovic et al.(151)

Beer GC after derivatization MS (EI) in SIM mode on 444 m/z Jerkovic et al.(82)

Table 29
Organoleptic properties and thresholds of hydroxycinnamic acids derived compounds

Phenolic compounds
Organoleptic 

characteristics
Threshold in beer 

(mg/l)

4-Vinylguaiacol Clove, phenolic, bitter 0.25*; 0.30** and ***
4-Ehylguaiacol Clove, phenolic, sweet 0.13* and **
4-Methylguaiacol Medicinal, burned 0.20*
Guaiacol Phenolic, burned 0.70*
Eugenol or 4-Allylguaiacol Clove, dental, disinfectant 0.20*
Isoeugenol or 4-Propenylguaiacol Clove, dental, disinfectant 0.10*
Vanillin Vanilla 0.50*
Acetovanillone Vanilla 0.50*
4-Vinylphenol Phenolic, bitter, astringent 0.20*
4-Ethylphenol Cresol 0.10*
4-Methylphenol Medicinal, phenolic 0.20*
Phenol Phenolic, cresol 0.30*
4-Vinylsyringol Smoked, burned 0.50*
4-Ethylsyringol Smoked, burned 0.50*
4-Methylsyringol Smoked, burned 0.50*
4-Propylsyringol Smoked, burned 0.50*
4-Allylsyringol Smoked, burned 0.50*
4-Propenylsyringol Smoked, burned 0.25*
Syringol and syringaldehyde — —

— = Not determined; * (3); ** (152); *** (11).

D
ow

nl
oa

de
d 

by
 [

U
C

L
 S

er
vi

ce
 C

en
tr

al
 d

es
 B

ib
lio

th
èq

ue
s]

, [
S.

 C
ol

lin
] 

at
 0

1:
53

 1
1 

Ju
ly

 2
01

1 



62 Callemien and Collin

According to its concentration, 4-vinylguaiacol can lead either to strong pharmaceutical
off-flavor defects(14) or to pleasant clove flavors,(19) whilst 4-vinylphenol is always con-
sidered to be an off-flavor.(19)

Many papers have stressed the importance of a few compounds responsible for
aged-beer off-flavors. Special attention has focused on trans-2-nonenal.(154–156) Yet
depending on the beer type and storage conditions, other defects may be more
pronounced, such as the typical onion-odor imparted by dimethyltrisulfide(157) or the
“light-skunky” off-flavor caused by 3-methyl-2-butene-1-thiol.(158) More rarely,
b-damascenone (red fruit-like(159–161)), methional (potato-wort odor (157,162,163)), 2-fur-
furyl ethyl ether (solvent-like(164–166)) and 2-mercaptoethylacetate (roasted flavour (167)) can
be responsible for consumer disappointment.

Regarding phenolic flavors in aged beer, very few data are available. Degradation of
4-vinylguaiacol through natural aging (25% after 20 days) or at 40°C (50% after 20 days)
has been reported.(17,31,162) This compound could be partially transformed to 4-ethylguaiacol,
vanillin, and guaiacol.(19,168)

Table 30
Organoleptic properties and thresholds of various phenolic compounds 

in beer*, in 5% aqueous ethanol** (adapted from(188)) 
and in water ***(148)

Phenolic compounds
Organoleptic 
characteristics Threshold (mg/L)

HYDROXYBENZOIC ACIDS

4-Hydroxybenzoic acid Bitter 20* and 2**
Protocatechuic acid Bitter, astringent >50* and 5**
Gallic acid Astringent 50* and 5**
Vanilic acid Astringent 20* and 10**
Syringic acid Bitter 10* and 5**
Gentisic acid Bitter, astringent 20* and 2**

HYDROXYCINNAMIC ACIDS

p-Coumaric acid Astringent 50* and 5**
Caffeic acid Astringent, bitter 20* and 2**
Ferulic acid Astringent 20* and 10**
Sinapic acid Bitter, bitter-sweet 20* and 5**

FLAVONOLS

Quercetin Bitter 20* and 10**
Kaempférol — 50* and 5**
Myricetin — 10* and 10**

FLAVANOIDS

(+)-Catechin Bitter, astringent 20*, 5**, 1***
(-)-Epicatechin Bitter, astringent 1***

STILBENES

trans-resveratrol Bitter,astringent 1***

— = Not determined.
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Phenolic Compounds in Beer 63

Recently, we used AEDA methodology applied to aged lager beers to investigate an
interesting old-beer-like phenolic odorant (FD value as high as that of trans-2-nonenal in
aged beer).(112,160) Phenol-specific extractions, GC cold trapping, and mass spectrometry
enabled us to identify it as 4-vinylsyringol. Its release through aging should be due to
acidic hydrolysis of a glycoside, since sinapic acid decarboxylation occurs much earlier in
the process, either in the boiling kettle or during fermentation (Fig. 6).

Higher-weight beer phenols like flavonoids most probably also influence beer aging by
acting as antioxidants against reactive oxygen species (ROS).(169) Yet hydroxyl radicals react
mainly with ethanol, the second most abundant compound in beer, to produce 1-hydroxyethyl
radicals.(170) The level of free radicals in aged beer increases with increasing temperature and
increasing iron/copper ion and oxygen concentrations.(171) In beer containing sulfites, free
radicals are generated after a definite time period, called the ‘‘lagtime’’.(172–174)

The impact of phenols in the bottle is very ambiguous. Of course they protect sensi-
tive fractions such as isohumulones and sulfites from oxidation.(109) Unfortunately, they
are also progressively degraded to oxidized analogs with unexpected properties.(175) A
decrease in (+)-catechin, (-)-epicatechin, prodelphinidin, and procyanidin B3 concentra-
tions has been reported by Moll et al.,(46) McMurrough et al.,(176) Vanderhaeghen et al.,
(175) and Callemien and Collin.(52) It was observed either after accelerated aging at 37°C or
after a 6-month natural aging period. The loss was higher during the first four to five
weeks but continued at a decreased rate for a long time. Dimeric flavanols disappeared
more rapidly than monomers.(46,176)

In contrast, after a lag period of about 5 weeks, levels of tannoids (phenols titrated by
PVP) began to increase.(102) Polymerization of small flavonoids to tannoids could be induced
by acetaldehyde (excreted by yeast or issued from ethanol oxidation) through formation of
ethyl bridges between flavanols.(177) Opening of oxidized phenol rings has been proposed as
an alternative mechanism of degradation.(178) In one study, lager beer aging experiments con-
ducted with a stable non-radioactive oxygen isotope (18O2) made it possible to visualize the
incorporation of oxygen. 18O was present in 6.5% of the polyphenols after 5 days at 40°C but
in only 0.6% after 9 months at 20°C.(109) Especially in natural aging, huge amounts of 18O iso-
tope were recovered in the water fraction, indicating that polyphenols were also oxidized to
quinones. In the same way, recent studies show a strong decrease in xanthohumol (48%) and
isoxanthohumol (6%) concentrations in beer after an 8-month dark storage at 22°C.(179)

The protective capacity of phenols is much more obvious upstream in the brewing
process. Many papers have demonstrated the huge impact of flavanoid enrichment when
used to prevent enzymatic and radicalar linoleic acid oxidation in wort. Appropriate selec-
tion of raw materials (e.g., lipoxygenase-free barley) or exogenous polyphenol enrichment
makes it possible to control synthesis of trans-2-nonenal and nonenal potential (trans-2-
nonenal bound to proteins: a yeast-resistant molecule) during mashing and boiling. In this
way, the cardboard off-flavor can be minimized in aged lager beers.(156, 180–182)

Figure 6. Potential synthesis pathways leading to 4-vinylsyringol in beer (adapted from (112)).
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64 Callemien and Collin

Bitterness and Astringency

Bitterness (mainly brought by hop iso-a-acids in the case of beer) is perceived on the
tongue, whereas astringency is characterized by drying, roughing, and puckering of the
mucosal surface in the mouth. Astringency is not a taste but a tactile feeling due to non-
adaptation.(183,184) It is not always perceived immediately, but evolves after swallowing (183)

and increases upon repeated ingestion.(185) Saliva contains proline-rich proteins that lubri-
cate the mouth. A wide range of compounds can bind to these proteins: salts of multivalent
metallic cations, dehydrating agents, acids, and polyphenols.(184) This leads to formation
of insoluble complexes, a decrease in salivary lubrication properties, and the perception of
astringency.(184,186,187) In beer, phenolic acids, flavonols, flavanoids, and stilbenes could be
responsible for astringency.(148,188) No data are available in the literature concerning prenyl-
chalcone astringency. Polyphenol thresholds lie between 1 and 50 ppm,(148,188) with often
higher values for the beer matrix (Table 30).

Sugars reduce polyphenol astringency(184,189) whilst oxidation may enhance it by
increasing the polymerization degree (DP) of polyphenols.(190,191) If the DP is too
high, however, precipitation may occur, making the beverage less astringent. Astrin-
gency is intensified at low pH, especially near 4.0–4.2,(192) but a higher astringency
has been measured by François et al.(193) in beers with a pH close to 5. In this case, it
was suspected that the pH of the samples fell in the mouth to a value of 4.4 before
polyphenol/protein interactions occurred. As regards the effect of beer temperature,
astringency may be higher at 21°C than at 7°C,(194) but a more recent paper mentions
no significant difference.(189)

As depicted in Table 31, the perception descriptors used for (+)-catechin and (-)-
epicatechin are quite contradictory, either bitter or astringent.(188,195–198)

Sensory analyses applied to top-fermented beers have shown that storage (20°C or
40°C with air in the headspace) decreases bitterness and post-bitterness but intensifies
astringency (Fig. 7).(175) On the other hand, no significant astringency-related deteriora-
tion was measured in lager beers aged for 5 days at 40°C (with or without oxygen).(193)

In both cases, an increase in DP (global assay) and a decrease in total flavanoids
was mentioned, especially at higher temperature or pH, in the presence of air
(Fig. 8).(175,193)

Table 31
Descriptors used for flavan-3-ols

Perceptions

Matrix Spiked Concentrations (ppm) Bitter Astringent 

(+)-Catechin 

Wine 1200a + -
1500b - +

Water 46c + -
100d + -

Gazeous water 100d + +
(-)-Epicatechin Wine *500e + +

900f + +

* = Natural concentration (ppm); + = sensation perceived; - = sensation not perceived; a.(197);
b.(196); c.(195); d. unpublished results of our group; e.(188); f.(198).
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Phenolic Compounds in Beer 65

Antioxidant Activity

Polyphenols contribute up to 60% of the endogenous reducing capacity of unstabilized
beers.(176) They can react with reactive oxygen species (superoxide anion O2

-.<hydroxyl
radical OH.) to produce phenoxy radicals which will further react by radical coupling
reactions to give stable compounds. They can also act as antioxidants through their capac-
ity to complex metal ions. Unfortunately, some polyphenols can act as pro-oxidants by
transferring electrons to metal ions.(199) There is some controversy concerning the rele-
vance of polyphenolic antioxidants in beer. In two ESR lag phase studies,(200,201) polyphe-
nols appeared to have no significant effect on free radical formation. This was attributed to
the extreme reactivity of hydroxyl radicals with prominent beer compounds like ethanol.

As depicted in Fig. 9, flavonols (e.g., quercetin), flavan-3-ols (e.g., catechin), and
hydroxycinnamic acids (e.g., caffeic acid and ferulic acid) are significantly more potent
than ascorbic acid (vitamin C) as inhibitors of AAPH (2,2′-azobis(2-amidinopropane)dihydro-
chloride) – induced peroxidation of an aqueous linoleic acid dispersion.(106,202) Resveratrol
displays a lesser antioxidant activity. Procyanidin oligomers are by far the most interesting
compounds in this respect, although different authors have obtained somewhat conflicting

Figure 7. Sensory profiles of a beer stored for 6 months.(175)

Figure 8. Evolution of the degree of polymerization (total polyphenols/total flavanoids ratio)
during beer aging (based on the results of (175, 193*).
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66 Callemien and Collin

data regarding the effect of the DP on the antioxidant efficiency. Some have found the
antioxidant activity per gram of these compounds to increase with increasing DP in both
aqueous (106) and lipidic systems.(203) In the aqueous phase, for instance, 1 g hexamer displayed
a 6-times higher antioxidant activity than 1 g monomer.(106) In another study,(204) however,
the antioxidant efficiency was found to decrease with increasing DP in lipidic medium,
whilst in aqueous phase it increased from monomer to trimer, then dropped for the tetramer.

In lipidic systems, proanthocyanidin gallates and glycosides show lower antioxidant
activity than in aqueous medium.(204,205) The antioxidant activity of 4-6 linked B dimers is
higher than that of 4-8 linked dimers,(206) while A-type dimers are less antioxidant than
B-type dimers.(204)

As regards prenylchalcones, the compounds xanthohumol, desmethylxanthohumol,
and 3′-geranylchalconaringenin appear to protect LDL effectively from in vitro oxidation.
Prenylflavanones show poor antioxidant activity while non-isoprenylated chalcones and
flavanones act as pro-oxidants.(136)

Source of Colloidal Instability

Colloidal instability due to interactions between polyphenols and proteins limits the shelf
life of beer. Fig. 10 shows the haze scale established for brewers.

Beer contains less haze-active polyphenols than haze-active proteins (207). Derived
from barley hordeins, haze-active proteins (10 kD-30 kD) are acidic hydrophilic polypep-
tides, rich in both proline and glutamic acid (208) and glycosylated.(209)

Flavan-3-ol monomers do not induce haze as strongly as higher polymers (Table 32).
Among dimers, procyanidin B3 and prodelphinidin B3 are very strong haze inducers,
especially the latter.(58,176,210,211) Procyanidin trimer C2 is even more haze-active. The
polymerization degree appears to be more determinant than the number of hydroxyl
groups (211). Phenolic acids and flavonols do not participate in beer haze formation
(Table 32).(212,213) No similar data are available in the literature for stilbenes, prenylchal-
cones, or derived flavanones.

When haze-active proteins and haze-active polyphenols are combined in a buffered
model system,(207,214) haze rises, peaks, and then declines as the concentration of haze-
active agents increases. The pH also has a huge impact. Much more haze is produced near

Figure 9. Antioxidant efficiency of ten purified chocolate procyanidin fractions and twelve com-
mercial antioxidants.(106). P1 to P10 = monomer to decamer of (+)-catechin and/or (-)-epicatechin.
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Phenolic Compounds in Beer 67

Figure 10. Equivalent scales of haze measurement in beer (1EBC = 4 NTU = 40 Helm = 69 ASBC).

Table 32
Haze-forming capacities of various phenolic compounds (adapted from(212))

Phenolic compound Haze-forming capacity (EBC F.U.)

HYDROXYBENZOIC ACIDS

4-Hydroxybenzoic acid 0
Protocatechuic acid 0
Gallic acid 0
Vanilic acid 0
Syringic acid 0
Gentisic acid 0

HYDROXYCINNAMIC ACIDS

Caffeic acid 0
Ferulic acid 0
Chlorogenic acid 0

FLAVONOLS

Rutin or Quercetin-3-O-rutinoside 0

FLAVANOIDS

(+)-Catechin 0.02
(-)-Epicatechin 0.42
Procyanidin B3 5.5
Prodelphinidin B3 18.2
Procyanidin C2 79.3
Proanthocyanidin tetramer 26.5
Proanthocyanidin pentamer 38.2

D
ow

nl
oa

de
d 

by
 [

U
C

L
 S

er
vi

ce
 C

en
tr

al
 d

es
 B

ib
lio

th
èq

ue
s]

, [
S.

 C
ol

lin
] 

at
 0

1:
53

 1
1 

Ju
ly

 2
01

1 



68 Callemien and Collin

pH 4.0 than at pH 3.0 or above pH 4.2. At the beer pH, ethanol at low concentration causes
a modest decline of haze, whilst strong haze is observed at higher concentrations.(214)

To preserve beer colloidal stability, brewers usually remove haze-active materials.(215) To
get rid of haze-active proteins, precipitation with tannic acid, hydrolysis with papain, and
adsorption to bentonite(216) or silica gel(217,218) are very effective, but unfortunately in
some cases, such procedures also remove foam proteins. To remove haze-active polyphe-
nols, the most usual way is adsorption to polyvinylpolypyrrolidone-PVPP. Because of the
structural analogy between these compounds and proline(219) (Fig. 11), pyrrolidone rings
bind polymerized flavanoids through hydrogen and ionic bonds.

New combined absorbents are now proposed to brewers, such as PVPP mixed with
silica xerogel, PVP bound onto silica, and tannin linked to silica.(209,220) Another innova-
tive way is the use of flavan-3-ol and proanthocyanidin-free malt which allows affording
an excellent colloidal stability.(221)

A lag phase is usually observed in lager beers before chill-haze develop-
ment.(210,222,223) As depicted in Fig. 12 for different batches(1,2,3), the longer the lag phase,
the better the colloidal stability. Chill haze (or reversible haze), defined by non-covalent
bonds between polyphenols and active proteins, can eventually turn into permanent haze
that no longer dissolves as the beer warms.

As explained above, catechin does not rapidly induce strong haze. Upon storage,
however, it does. Likewise, colloidal instability caused by dimers and trimers is enhanced
after oxidation (not true for tetramers and pentamers).(208,213,224) Free radicals are known
to enhance haze.(225) Tannoids have been defined by Chapon (103) as intermediates in the
oxidation of simple flavanoids to tannins, forming complexes with proteins. On the other

Figure 11. Comparison between a segment of protein rich in proline and PVPP.

N

N O

O

N
N

O

O

Polyproline segment PVPP segment

Figure 12. Evolution of the chill-haze during storage at 20°C in two larger beers (A and B) from
different batches (A1, A2, etc.).(223)
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Phenolic Compounds in Beer 69

hand, according to O’Rourke et al.,(224) oxidized flavanols cause chill haze but only subse-
quent polymerization leads to tannoids and permanent haze (Fig. 13a).

Leemans et al.(223) have recently proposed a model in which aldehydes and oxygen
play key roles in tanning polyphenol formation (Fig. 13b). The time needed to form critical
amounts of tanning polyphenols leading to visible chill-haze particles corresponds to the lag
phase. Not only dissolved oxygen but also shaking, higher temperature, polyphenol-rich
raw materials, light, and heavy metals will significantly increase colloidal instability.(223)

Impact on Color Stability

Beer color increases through storage, especially in the presence of oxygen and at higher
temperature (Fig. 14). Most probably, Maillard reactions are partly involved (175,176). Yet a
yellow-brown color can also come from oxidized polyphenols.(52,188)

At pH 3, colorless catechin-derived products are formed after enzymatic oxidation,
whereas at pH 6 after chemical degradation, yellow products including dehydrodicatechin
A dimers differing by their interflavan linkages can be detected in model media
(Fig. 15).(117,226) Recently, Callemien, and Collin(52) detected dehydrocatechin A, in a beer
spiked with catechin after storage.

Figure 13. a. Model of chill and permanent haze in beer (224); and b. theorical chill-haze formation
mechanism.(223)

Figure 14. Evolution of the color during the aging of beer.(175)
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70 Callemien and Collin

The formation of yellow pigments is favored in the presence of iron, but their struc-
ture differs in this case (Abs with iron = 440–460 nm vs. Abs without iron = 385–412 nm).(227) In
wine, colored polyphenols have been better studied. It is well known that condensations
between anthocyanidins and flavanols (sometimes mediated by acetaldehyde) give rise to
xanthylium salts, also characterized by a yellow-brown color. Other analogs including
pyruvic acid, vinylphenol, cinnamic acid, glyoxylic acid, furfural, and 5-(hydroxyme-
thyl)furfural, have also been described as potential pigments.(228–232) In Port wines, two
molecules issued from the reaction between acetoacetic acid and anthocyanidins may con-
tribute to the orange-red color of aged wines.(233)

Health Properties

Although ethanol is recognised as a major contributor to cancer diseases, moderate con-
sumption of red wine is known to have some health benefits. The decrease in coronary
heart disease observed among wine drinkers despite a diet very rich in saturated fat is
known as the “French paradox”.(234) Wine polyphenols and alcohol most probably contrib-
ute to this protective effect.(235,236) Beer contains much less polyphenols than wine,
although one of its raw materials, hop, is much richer than grapes. The two beverages also
show very different polyphenol distributions (e.g., no anthocyanidins in beer but more
prenylchalcones). As the health properties claimed for polyphenols have been reviewed by
many authors, just a few references are given below. Few data are available concerning
the human biodisponibility of beer polyphenols. The presence in beer of high levels of
proteins could be a limiting-factor.

Cardiovascular protection. Flavonols and flavan-3-ols induce cardioprotective
effects, including antioxidant effects (protection against LDL oxidation) and inhibition of

Figure 15. Proposed degradation schemes of (+)-catechin to form colorless compounds with
MW = 578 and yellow compounds with MW = 576.(117))
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platelet activity and vasodilatation.(205,237) trans-Resveratrol shows an impact on
platelet aggregation and vasodilatation, and through its effect on the antioxidant sta-
tus, regulates gene expression and decreases the total lipid concentration (cholesterol
and triglycerides).(238) Although less potent, cis-resveratrol, trans- and cis-piceid also
improve the antioxidant activity (239,240). Piceid absorption is enhanced by the pres-
ence of its sugar.(241)

Anticancer activity. Xanthohumol is a “broad-spectrum” cancer chemopreventive
agent acting on all three stages of carcinogenesis. Xanthohumol and isoxanthohumol are
both active ROS scavengers, while only the former is active in superoxide scavenging
assays. Isoxanthohumol, 8-prenylnaringenin, and xanthogalenol may also exert chemo-
preventive effects.(55,71,79,242,243) trans-Resveratrol inhibits the initiation and growth of
tumors. It inhibits cyclooxygenase, ornithine decarboxylase, and angiogenesis.(244,245)

trans-Piceid is a weaker inhibitor of ROS production.(246) Very little information is
available on potential anticancer effects of flavonols and flavan-3-ols. Flavonoids might
reduce the risk of cancer, although some procarcinogenic activities have also been
reported.(115,205)

Anti-inflammatory activity. Flavonoids alter the synthesis of eicosanoids (mediators of
inflammation). They decrease the leukotriene/prostacyclin ratio by modifying lipoxygenase
activity.(247,248) Immune regulation has also been observed.(249) trans-Resveratrol shows
similar effects.(245,250)

Estrogenic activity. Prenylflavanones have mainly been studied for their estrogenic
activity. Hopein is a very potent phytoestrogen. The authors recommend its application in
prevention or treatment of (post)menopausal symptoms and osteoporosis.(71,134,242) Weak
estrogenic activity has been observed for close analogs like 6-prenylnaringenin,
8-geranylnaringenin, 6,8-diprenylnaringenin, and isoxanthohumol. Prenylchalcones like
xanthohumol and xanthogalenol also show low activity.(135)

Estrogenic activity has recently been reported for some stilbenes, especially trans-
resveratrol. cis-Resveratrol appears less potent.(245,251)

Impact on neurodegenerative diseases. Hop proanthocyanidins can help prevent
nitric-oxide-related disorders such as Alzheimer’s and Parkinson’s diseases.(49)
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Abbreviations

AAPH 2,2′-Azobis(2-amidinopropane)-dihydrochloride
AEDA Aroma extract dilution analysis
APCI Atmospheric pressure chemical ionization
BSA Bis-trimethylsilylacetamide
BSTFA N-O-bis(trimethylsilyl)trifluoroacetamide
C Catechin
CEAS Coulomchem electrode array system
CI Chemical ionization
CV Coefficient of variation
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DAD Diode array detector
E Epicatechin
EBC European brewery convention
ECD Electrochemical detection
EGC and GCEpigallocatechin and gallocatechin
EI Electronic impact ionization
ESI Electrospray ionization
GC Gas chromatography
GC-FID GC hyphenated to flame ionization detection
GC-O GC hyphenated to olfactometric detection
GPC Gel permeation column
HFAA HeptaFluorobutyric acid anhydride
HPLC or LCHigh performance liquid chromatography
HRF Heterocyclic ring fission
INRA Institut National de la Recherche Agronomique
MALDI Matrix assisted laser desorption
MRM Multiple reaction monitoring
MS Mass spectroscopy
MS/MS Tandem mass spectroscopy
mDP mean Degree of polymerization
NP Normal phase
P1 to P10 Procyanidins from monomers to decamers
PVP Polylvinylpyrrolidone
PVPP Polyvinylpolypyrrolidone
QM Quinone methide cleavage
RDA Retro-diels-alder
RP Reversed phase
RI Retention index
RT Retention time
SDS Sodium dodecyl sulfate
SEC Size exclusion chromatography
SLS Sodium lauryl sulfate
SPME Solid phase microExtraction
TFAA Trifluoroacetic acid
Tinh Inhibition time
TOFMS Time-of-flight mass spectrometry
UV Ultraviolet
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