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Furfuryl Ethyl Ether: Important Aging Flavor and a New Marker
for the Storage Conditions of Beer
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Recently, it was reported that furfuryl ethyl ether is an important flavor compound indicative of beer
storage and aging conditions. A study of the reaction mechanism indicates that furfuryl ethyl ether is
most likely formed by protonation of furfuryl alcohol or furfuryl acetate followed by Sy2-substitution of
the leaving group by the nucleophilic ethanol. For the reaction in beer, a pseudo-first-order reaction
kinetics was derived. A close correlation was found between the values predicted by the kinetic model
and the actual furfuryl ethyl ether concentration evolution during storage of beer. Furthermore, 10
commercial beers of different types, aged during 4 years in natural conditions, were analyzed, and
it was found that the furfuryl ethyl ether flavor threshold was largely exceeded in each type of beer.
In these natural aging conditions, lower pH, darker color, and higher alcohol content were factors
that enhanced furfuryl ethyl ether formation. On the other hand, sulfite clearly reduced furfuryl ethyl
ether formation. All results show that the furfuryl ethyl ether concentration is an excellent time—
temperature integrator for beer storage.
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INTRODUCTION and ethyl 3-methylbutyrate (10) have been mentioned. For a
[op-fermented beer, we recently reported the detection of furfuryl
ethyl ether (FEE) and its marked increase in aged bEBr A
flavor threshold in beer of @g/L was found, and in the aged
top-fermented beer concentrations multiple times the threshold
value were measured. FEE contributes to a sharp solvent-like
flavor in beer. Moreover, other furanic ethers such as 5-(ethoxy-
methyl)-2-furfural were also formed. The latter molecule is
found in sweet fortified wines and is part of the overall aging

Consumers consider aroma and taste to be the most importan
quality-determining characteristics of a beer. Consequently,
brewers must continuously direct efforts toward the production
of a beer with a characteristic, yet balanced, flavor. Although
brewers often succeed in producing a beer with the desired flavor
profile, the flavor of the finished beer may change during
storage. Moreover, the flavors that develop during aging are

mostly experienced as unpleasant. Consequently, this flavor : . ) .
instability makes it difficult to ensure a constant product quality. fIavor_ of these winesl(2, 13). This sustains the hypot_he3|s that_
furanic ethers can also be regarded as a class of aging-reflecting

oc,(\:/luurﬁrt: égzl?zﬁ?n h?; ;?srffzrer;ﬁusz di(()e '; g:g r:]e;ilgluorneslaigztcompounds, with a significant effect on stored beer flavor.
to the formation of%l}'_-z-nonegrhl an d%ther alkenals wh?/ch are Therefore, the pathway of furfuryl ethyl ether synthesis and the
considered to be responsible for the development (’)f the paper reaction kinetics were now studied more in depth. The effects
> €SP P PaPeY ¢ several parameters on its formation are described, and its
and cardboard-like flavors of aged beer (1). It has been shown . . ; .
o > S ; . concentration change during the aging of several commercial
that nonenal originates from lipid oxidation during brewing - -
. o . . beers is investigated.
followed by its release by nonoxidative mechanisms in bottled
beer (2,3); the last step is accelerated at lower p. ( MATERIALS AND METHODS
Although alkenals may contribute to the staling flavor of some

beers, recent studiess{7) have demonstrated that their  go0" 4" iim sulfite were supplied by Sigma Aldrich Chemie
forrnat]on does not always occur and that the process of beerg 1 (Munich, Germany). FEE with a purity of 95% was purchased
aging is much more complex than just nonenal and cardboard¢qm Narchem Corp. (Chicago, IL). Citric acid (100%), sodium
flavor appearance. Indeed, other molecules may be equallynydroxide (50%), and ethanol (100%) were supplied by Merck
important for the aging process. In this respe&)-£-dama- (Darmstadt, Germany).
scenone (78), dimethyl trisulfide 9), ethyl 2-methylbutyrate, Beers. To study the behavior of FEE in beer, a fresh pale
top-fermented beer (alcohet 7.5% v/v; pH 4.2; color, 6.6 EBC)
* Author to whom correspondence should be addressed (e-mail obtained from a Belgian brewery was used in the experiments.

bart.vanderhaegen@agr.kuleuven.ac.be; telepht88-16321460; fax Furthermore, 10 commercial beers obtained from different Belgian
+32-16321576). breweries were used to examine the effect of prolonged natural aging.

Chemicals.Furfuryl alcohol (FALC) (99%), furfuryl acetate (FAC)
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Analysis of Volatile Compounds. Prior to analysis, beer was

degassed by kieselguhr filtration. Then, 2@0 of internal standard U\C’O\CH CH @\C’OH

(250 mg/L 2-heptanol) and 2Q4 of a 10% antifoam solution (Sigma o H 2¥'3 o H

Aldrich Chemie GmbH) were added to 50 mL of degassed beer. Only 2 2

200uL of internal standard solution was added to the synthetic model 2-furfuryl ethyl ether 2-furfuryl alcohol

media (see further). Five milliliters was then transferred into the Tekmar (FEE) (FALC)

Dohrman 3000 (Emerson, Mason) purge and trap concentrator unit with

a Vocarb 3000 trap (Supelco, Bellefonte, PA) in the following ﬂ\ o CH

conditions; helium was the carrier gas, 10 min purge at°I2,(8 min c~ \ﬁ’ 3

dry purge at 140C, 6 min desorption at 258C, 10 min bake at 260 H, fo}

°C. The indicated temperatures are those of the adsorbing trap; the 2-furfuryl acetate

beer sample temperature was kept at °ZD during purging. The (FAC)

relatively high trap temperature of 14@ during the purge and dry

purge step avoided saturation of the trap with ethanol. Before entering

the GC, volatiles were focused using a cold trap with an MFA 815 harmore; a control series of non-refermented beer samples was

control unit (ThermoFinnigan, San Jose, CA) in the following condi- g ymjtted to the same temperature regimen as the refermented samples.

tions: initial temperature;-70 °C; final temperature, 200C. GCwas  preparation of Yeast Lysate.Cultures of 8. cereisiae cereisiae
performed using a Fisons GC 8000 gas chromatograph equipped Withgain (CMBS 212) were centrifuged at 400fg 10 min, and cells

a Chrompack CP-WAX-52-CB column (lengt 50 m, internal were washed with model beer medium. Tihé g of yeast was
diameter= 0.32 mm, film thickness= 1.2um; Varian, Palo Alto, CA). resuspended in 3 mL of the same medium, mixed with 10 g of glass
The temperature program was 3 min at"&6 °C min™* and 3 min at beads, and mechanically disrupted by vortexing (five periods of 1 min
240°C. Total ion mass chromatograms were obtained in the Fisons ity intervals of 1 min on ice). Repeating this procedure, 30 mL of
MD 800 quadrupole mass spectrometer (ionization energi0 eV; yeast lysate was collected and then diluted to 500 mL with model beer
source temperature 250°C) and analyzed using the Masslab software  medium. Furfuryl alcohol was then added to a concentration of 5 mg/
program for identification and quantification of volatiles. Quantification L, and 200 mL of this solution was incubated at 20 or°@for 4

was performed using standard reference compounds. Peak areas wergeeks.

normalized using 2-heptanol as an internal standard. Calibration factors gger Aging Conditions. Fresh top-fermented beer was subjected
were determined using the standard addition method and creating lineatq three different aging conditions: storage at 0, 20, andG0After
regression models. Target ions were used in the identification and g 12 25 51, 84, 119, and 187 days of aging, two samples for each
quantification of the component. storage condition were analyzed in duplicate.

Addition of Substances to BeerAdditions to beer were made by Ten fresh commercial beers were stored in an air-conditioned room
opening the bottle, adding the substance to the beer, and evacuatingat between 22 and 24C. After 4 years of aging, two samples of each
headspace air by foaming and capping the bottle again. To study thebeer were analyzed in duplicate.
formation of FEE from its precursors, furfuryl alcohol and furfuryl
acetate were added from a stock solution (1 g/L) in amounts of 0, 250, RESULTS AND DISCUSSION
500, 750, and 1006L. To study the effect of sulfite on FEE formation, ) .
sodium sulfite was added in concentrations of 0, 5, 15, 45, 140, and Pathway of Synthesis of Furfuryl Ethyl Ether in Beer. In
400 mgl/L to beer. After the substances had been added, beers werélcoholic beverages, such as beer and wine, the most likely
submitted to forced aging. precursors of FEE are FALC, FAC, and etharfeibrre 1). To

To study the effect on FEE formation of the beer ethanol content, Study FEE formation from these precursors, FALC or FAC was
the beer was diluted twice and ethanol was added to obtain concentra-added to fresh beer. The formation of FEE was measured after
tions of 4, 8, 12, and 16% (v/v). Beer was transferred to sealed 50 mL 1 day of storage at 60C (Figure 2A). The initial FEE
Pyrex tubes with a nitrogen atmosphere. These tubes were stored forconcentration in fresh beer was /L. Without addition of
2 days at 60°C to accelerate aging. FAC or FALC, its concentration increased with 1Q&/L FEE

Model Beer Systemsln some experiments a model system was during the forced aging. When FALC or FAC was supple-
used to mimic the reaction conditions used with top-fermented beer mented, a linear relationship was found between FEE increase
dUring aging. The model medium was a buffered water/ethanol (75% dunng aglng and |ncreased |eve|s of added FALC or FAC.
v/v) solution. The pH was adjusted to 4.2, or other value when stated, However, a higher synthesis rate of FEE was observed with
using a citrate buffer (0.05 M). For experiments in which the formation FAC than with FALC. The original beer contained 24/L. FAC
of FEE was studied, furfuryl alcohol was added in a concentration of and 2493g/L FALC. indicating that almost all FEE in beer is

5 mg/L. On the other hand, for experiments in which the degradation . L
of FEE was studied, FEE was added in a concentration of 1 mg/L. In probably formed from FALC. If this assumption is correct, and

some experiments additional substances were added to the mediumth® FEE formation rate is directly proportional with the FALC
To study the effect of ionic strength on FEE formation, NaCl was added concentration, the intercept of the FALC linear regression model
in concentrations of 0, 0.125, 0.375, 1.13, 3.4, and 10.1 g/L. The effect (Figure 2A) with the horizontal axis should equal the measured
of sulfite was investigated by adding sodium sulfite in concentrations FALC concentration in unsupplemented beer. With 25\
of 0, 5, 15, 45, 140, and 400 mg/L. In refermented beers yeast autolysis (2539 ug/L), the intercept is close to the FALC concentration
products may affect the aging reactions. The effect of yeast autolysis (2493 ug/L), which suggests that the assumptions made are
products was studied by adding yeast lysate (see further) to the modelindeed correct.
meglium. Eollowing the adc@i?ions, the media were stored for a certain 1 examine the effect of ethanol on FEE formation, the beer
period of time and at specific temperatures. was diluted and its ethanol content was then adjusted to
Beer Refermentation Conditions. A Saccharomyces cerisiae increasing values and aged for 2 days at’60 As shown in
cerevisiaestrain (CMBS 212) was added to the top-fermented beer gjo, e 2B, the FEE increases were directly proportional to the
together with glucose (10 g/L) at an initial concentration of aélls/ ethanol concentration. In addition, the relationship between FEE

mL. Bottles were incubated for 2 weeks at 2@ to complete the f fi d EALC and eth | trati fi d
refermentation. To promote cell autolysis, following the refermentation, ormation an and ethanol concentration was confirme

some bottles (series B) were shaken at 200 rpm &C3fr 3 weeks. in experiments using the model system (results not shown).
Afterward, shaken and nonshaken bottles (series A) were further stored  These results suggest the following reaction mechanisms for
at 20 or 40°C for 4 weeks. The degree of cell autolysis in both series FEE synthesis (Figure 3). FEE can be formed from FALC and
was assessed by determination of the yeast cell concentration. Fur-FAC by a nucleophilic substitution reaction, replacing a leaving

Figure 1. Chemical structures of furfuryl ethyl ether and its precursors.
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Figure 2. FEE increase in beer after 1 day of storage at 60 °C as a function of increased added amounts of FALC and FAC (A); FEE increase in beer
after 2 days of storage at 60 °C as a function of the ethanol concentration (B). For each data point the standard deviation is given (n = 3).
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Figure 3. Proposed formation mechanism of FEE in beer during aging.

group by ethanol. FEE is, however, not directly formed from most likely of the {2 type. However, reaction conditions in
FAC and FALC, because OHand CHCOO™ are not good beer may also allow an\& reaction, because a furfuryl
leaving groups. Good leaving groups are created by protonationcarbocation is resonance stabilized and ethanol is a weak
of an oxygen atom of FALC and FAC. The higher reactivity of nucleophile. On the other hand, a high concentration of ethanol
FAC in FEE formation (Figure 2A) may be due to delocaliza- in beer ¢&5%) and the primary carbon atom on which
tion of the positive charge over the carboxyl group. This substitution takes place favor anZreaction type. Furthermore,
increases the stability of FACH compared to the stability of  the aromatic pi cloud of the furan ring reduces the energy of
FALCH™. Furthermore, the higher reactivity of FAC compared the §2 transition state. This explains the sensitivity of furanic
to FALC and the linear relationship between FAC and FEE alcohols [furfuryl alcohol and 5-(hydroxymethyl)-2-furfural]
formation Figure 2A) make a direct solvolysis of FAC much  toward etherification in beer.
more plausible than hydrolysis of FAC and subsequent forma- In complex media such as beer, the presence of other
tion of FALC, a mechanism suggested by Harayadw).( nucleophiles may lead to several side reactions. Their effect on
Because FEE formation is proportional to the ethanol the formation rate of FEE is likely to be limited because, in
(nucleophile) concentration, the substitution reaction in beer is beer, ethanol is much more abundant than any other nucleophile.
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Figure 4. Formation of FEE from FALC in a model system as a function of time
system as a function of time at various storage temperatures (B).
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and at various storage temperatures (A); degradation of FEE in a model

However, this does not exclude the possibility that such Table 1. Rate Constants ki and k; for the Formation or Degradation
nucleophiles may lead to the formation of molecules with a very of FEE in a Model System at Different Storage Temperatures;

low threshold. Furfurylthiol, with a roasted, coffee-like aroma Eduilibrium Constant K Is Also Given

and with an extremely low flavor threshold (0.04/L in water),

was found to be formed by certain Maillard reactions and in
furfural/H,S systems (15), but a nucleophilic substitution with
FALC and HS as nucleophile might also lead to its formation.
Little is known of the flavor effects of this molecule in beer. It

T(°C) k: (U/days) k, (L/days) K
60 4.67E-03 2.84E-02 1.64E-01
40 4.49E-04 2.85E-03 1.58E-01
20 4.44E-05 3.20E-04 1.39E-01

may affect the flavor of some aged wines (e.g., Champagne)
(16). Further research is needed to elucidate the formation of
this compound and its precise impact on flavor of beer.
Kinetics of Furfuryl Ethyl Ether Formation in Beer. To
explain FEE synthesis in beer, the kinetics of its formation were

studied. Because in beer FEE seems to be completely formed

from FALC, the reaction can be reduced to

k.
FALC + EtOH== FEE+ H,0
2

Alternatively, for its degradation, eq 2 can be simplified to
eq 4 with [FALC), considered as zero.

[FEE] = e “[FEE], (4)

To determine the rate constants, experiments were carried
out with a model medium (same alcohol content and pH as the

top-fermented beer). For the determination kaf an initial

Ethanol and water are present in excess concentrations andmount of FALC was added, and fdp FEE was added.
can be considered constant in the course of the reaction. TheFormation or degradation of FEE in time was monitored at three

rate law (eq 1) for this reaction in beer is therefore pseudo-
first-order and depends on the concentrations of FALC ([FALC])
and FEE ([FEE]) with the respective rate constdatandk,.

d[FEE] _
da

k[FALC] — k,JFEE] (1)

Integration of this rate equation results in eq 2, taking the
initial (t = 0) FALC and FEE concentrations as [FALGInd
[FEE],, respectively.

— (ki +ko)t

[FEE] =

( by + ky & )
1- 2 [FEE],
)

k, +k,
In reaction conditions not close to chemical equilibrium, and
with no initial FEE, the approximate formation of FEE is given
by eq 3.

2
k, + Kk,

5
[FALC], +

[FEE] = (1 — e “Y[FALC], ©)

storage temperatures (20, 40, and6Y. Plots of a logarithmic
relative FEE concentratiorF{gure 4A,B) versus storage time
showed a linear relationship at all three temperatures. This
observation is in accordance with eqs 3 and 4. Consequently,
the slope of the fitted linear regression model givesktkalue

at a certain storage temperature.

Table 1 summarizes the values of the rate constants at
different storage temperatures. The ratiokgfto k, gives the
equilibrium constanK. At all three temperaturds was smaller
than k,. A possible explanation can be deduced from the
proposed reaction mechanism (Figure 3). In beer, the concen-
tration of the protonated form (FALCHand FEEH) depends
on the basicity of FALC and FEE. Although the basicity
constants for FEE and FALC are not known, the electron-
donating effect of the ethyl group may shift the aclthse
equilibrium more to the protonated form in the case of FEE.
The overall reaction rate is proportional to the concentration of
the protonated form because this is the actual substrate of the
nucleophilic substitution. Furthermore, the rate constants are
also influenced by the concentration and the strength of the
nucleophiles. Ethanol is a stronger nucleophile than water, but
water is more abundant in beer than ethanol.
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1T (°K") 2.74ug/L, respectively. Fronkigure 6 it is clear that there is
0 . ; . ; a close correlation between the model prediction using eq 2
0.0029 0003 0.0031 0.0032 00033 00034 0.0035 and the FEE concentration measured in beer during storage.
-2 - However, the model remains a simplification, as in beer FALC
Y ='1'§ff?g’7(£§1'92801 \M is formed during aging and FALC can react in side reactions

4 with itself or with other nucleophilic molecules. Nevertheless,

in our conditions of storage times and temperatures, the precision
of the model prediction is apparently not affected by these
possible reactions.

Inhibition and Stimulation of Furfuryl Ethyl Ether
Formation in Beer. pH Effect.Like most other alcohols, FALC

In(k) (1/days)
&

Yo =-1.13E+04x + 2.86E+01

-10 R = 9.98E-01 , ; ,
behaves as a weak base in an aquatic medium, and FALC can
-12 react with HO™ to form a conjugate acid. For FEE formation,
Figure 5. Arrhenius plot for rate constants k; and k. this conjugated acid is the actual substrate for nucleophilic
substitution because, contrary to FALC, it has a good leaving
200 group (i.e., HO). This acid—base reaction is the first step in
= 180 T FEE formation.
- " 4 +
= 140 - - R-OH+ H,0"=R—-0OH," + H,0
2 120 - LA
*E 100 ',u‘l The acid—base reaction is very rapid compared to nucleo-
2 gy ‘,-_[' philic substitution, which is the rate-limiting step in FEE
é 60 ," formation. An acid-base equilibrium exists in beer, and the
w40 - " relationship between the concentration of the conjugated acid
o 20 e s ([FALCH*]) and the FALC concentration ([FALC]) is deter-
0 e e aestint S mined by eq 6. The relationship depends on medium pH and
0 50 100 150 200 the acidity constant of the conjugated acii&gp.).
Time (days) 1
[FALCH'] = [FALC]———— (6)
¢ beer0°C A beer20°C = beer40°C 10PH—PKen+)
model 0°C  sweeweew-model 20°C = = = = model 40°C
_ — : : A precise value of the g+ for FALC has not yet been
Figure 6. FEE concentration in beer during storage and values predicted determined, but for conjugated acids of alcohols it is generally
by the model (eq 2) at various temperatures. For each data point from around—2 (19). The value of the Iggy is therefore much
beer the standard deviation is given (n = 4). smaller than the pH range of alcoholic beverages (pH from 3

] _ to 5), which means that [FALC} [FALCH™]. As previously
The relationship between the rate constant and the storagestated, the FEE formation rate (eq 7) is directly proportional
temperature is given by the Arrhenius equatid)(@s in €q 5. ith the FALC concentration and the rate const&pt)is pH-
dependent. The FEE formation rate is also proportional with
nk=InA— E ) the conjugated acid concentration, and this rate conskgris(

RT independent from the pH (eq 8).
From the slope and intercept of the linear regression models dlFEE] _ [FALC] %
in the Arrhenius plotigure 5), the reaction activation energy dt ka
(Ea) and the pre-exponential factoA) were calculated. For
the formation of FEEEA was 94.3 kJ/mol and was 2.728-12, d[FEE] _ k’[FALCH+] 8)
whereas for its degradatioBa was 90.8 kJ/mol and\ was dt

4.61E+12. Knowledge of these kinetic parameters now allows ) )
the calculation of the concentration of FEE in beer at different ~ Using these rate laws, eq 6 can be transformed to eq 9, which
storage temperatures and time intervals. In fresh beer, FEE isShows the influence of pH on the rate constant of the FEE
present in minor amounts because it is not extracted from raw formation.

materials or formed by yeast activity. Therefore, the FEE

concentration found in a particular beer gives information on @ — LS 1 9)

its storage time and temperature history. In other words, FEE Kiz Ky 1gPH-PRer)

can be used as a “timgemperature integrator” in beer. Similar

time—temperature integrators have previously been described In eq 9, the rate constant is expressed relative to the rate
for milk, for which they are used to study the impact of thermal constant at pH 4.2. Becaukeis independent of the pHk'/ks 2

processes (18). can be replaced by a consta@t, and rewritten.
The data points ifrigure 6 represent the FEE concentration kp
evolution in time of a top-fermented beer at various storage Por| _ _
temperatures. To verify whether the FEE formation derived from log (k4_z) 109 €+ PKey. — pH (10)

the model system predicts well the FEE increase in beer during

storage, the results calculated from the model system were A similar equation can be derived for the rate constégt (
compared with the results obtained by FEE determination. The of FEE degradation. Expression 10 indicates an inversely
initial FALC and FEE concentrations in beer were 2342 and proportional relationship between the logarithm of the rate
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Figure 7. Effect of pH on the rate constant k, of FEE formation. The Concentration NaCl (g/L)
experimental data are compared to values calculated with eq 10. For Figure 8. Effect of the ionic strength on the rate constant k; of FEE
each data point the standard deviation is given (n = 3). formation. For each data point the standard deviation is given (n = 3).
constant and the pH of the medium. A pH decrease of 1 unit 1,60 —_—
causes the rate constant to increase 10 times. This was verifiec 1.40 O Model system
in experiments with the model system. The model medium with ~ _ @ Beer
an ethanol content of 7.5% v/v was adjusted to pH values of & 1.20 -
between 3 and 5 using a citrate buffer. FEE formation was £ 1.00 -
initiated by adding 5 mg/L FALC. After 1 day at 6TC, the w § '
concentration of FEE was measured and the rate consgnt ( & £ 0.80 -
at each pH was calculated using eq 3. The rate constant relative g 060
to the rate constant at pH 4.2 is given as function of the pHin &
Figure 7. For the pH range studied, a linear relationship=r s 040
0.99) was observed between the medium pH and the logarithm e 020
of the rate constants. The slope of the linear regression model '
was—0.85, which is a little less than expected from eq 10. This 0,00 - - . : .
could be related to increasing side reactions, mainly polymer- 0 5 15 45 140 400

ization of FALC at lower pH value2Q). Although the pH range .
in beer is mostly limited to between 4 and 4.5, the reaction rate Added cancentration: Na;S0, (mgil)

can still vary by a factor 3, and a lower beer pH may Figure 9. Effect of sodium sulfite addition on the formation of FEE in a
significantly enhance the off-flavor formation due to FEE model system and in beer after 7 days of storage at 60 °C. The ratio of
synthesis during storage. It is worth mentioning that other aging @ specific concentration to the concentration in beer or in the model system
processes in beer, such as ester hydrolyi$ &4nd the release with no sulfite addition is given (relative concentration). For each data
of (E)--damascenone, dimethyl trisulfid2g], or (E)-2-nonenal point the standard deviation is given (n = 3).

(4), are also enhanced by a lower pH, in accordance with the

sensory observation that, during storage, a lower beer pHap increase during beer aging, especially at high temperatures
increases its flavor deterioration (23). or during long storage periods. It is known that sulfite inhibits
lonic StrengthThe effect of ionic strength was evaluated by  the Maillard browning through reaction with certain intermedi-
adding different concentrations of NaCl to the model system. ates such as 3,4-dideoxyhexosulos-3-ene (28). Hence, the
After 3 days of storage at 6TC, the FEE concentration was  reduced FEE levels in our conditions (80) may result from
measured and the rate constant was calculated using eq 3. Thénhibitory effects of sulfite on FALC formation rather than from
results given irFigure 8 indicate that increased salt concentra- g direct influence on the reaction kinetics of FEE formation.
tions had only a very limited effect on the rate constant. As an  Bottle Refermentation and Yeast Autolysischaracteristic
increase in salt concentration assistdl $eactions in contrast  process applied to various top-fermented beers is a refermen-
to Sy2 reactions (24), this supports our conclusion that FEE tation in the bottle, comparable to the bottle fermentation for
formation in beer is an§2 type of reaction. the production of Champagne. Refermentation and the subse-
Sulfite. In contrast to wine, beer usually does not contain quent storage of beer in contact with the, mostly inactive, yeast
added sulfite, but various concentrations of sulfite can be sediment or its autolysis products can have profound effects on
produced by yeast. To study its effect on FEE formation, sodium the flavor evolution of bottled beerg9). Therefore, the effects
sulfite was added to the model system and to the top-fermentedof a refermentation and yeast autolysis products on FEE
beer. After 7 days of storage at 8CQ, the FEE concentrations  formation were examined. In this experiment, a top-fermented
were measured. The results are givefigure 9. In the model beer and the model medium with added autolysis products were
system, addition of sodium sulfite did not influence the used. Beer samples were refermented and then first stored for
formation of FEE. In beer, on the other hand, FEE formation 3 weeks at 30C followed by 4 weeks at 20 or 4C. One part
was lowered when more sodium sulfite was added to nonagedof the samples was not shaken during storage (series A), whereas
beer. The results of the model system indicate that sulfite doesanother part was shaken during the first 3 weeks (series B).
not interfere with the formation of FEE from FALC shown in  The latter conditions increase yeast autolysis (30). The model
Figure 3. FALC is formed in a Maillard reactior26—27) and medium with added yeast cell lysate was stored at 20 640
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Figure 10. Effect of beer refermentation and yeast autolysis on FEE formation at 20 °C (A) and 40 °C (B). For beer, the ratio of FEE concentration in
a sample to the concentration in not-refermented beer of series A is given (relative concentration). For the model system, the ratio of concentration with
added lysate to the concentration with no yeast lysate is given (relative concentration). For each data point the standard deviation is given (n = 3).

Table 2. FEE Concentration in 10 Commercial Beers after 4 Years of found of a higher ethanol content and lower pH on the FEE
Aging, Together with Some Parameters of the Fresh Beer formation rate from FALC. However, a lower pH generally
; inhibits Maillard reactions31) and may thus produce less FALC
beer  FEEconcn SDFEE®  color eth % refermen- during beer storage, thereby also reducing FEE formation. On
ype ) (wglh) (EBC) (i) pH  tation the other hand, dark beers made from dark malts contain more
A lager 76.5 21 5 51 417 - Maillard products 82), and this may increase the FALC and
B blondale 1363 10 10 69 42 - furfural concentrations in the production wort. Furtherm@e,
C blond ale 148.7 31 12 69 43 - . . .
D blondale 1704 24 7 85 42 + cerevisiaemay reduce furfural to FALC during fermentation
E blond ale 179.7 0.6 12 78 417 + (33). Altogether, this can lead to higher initial FALC concentra-
F  wheat 216.7 8.7 11 86 428 + tions in dark beers. In lager beer, FEE formation was much
G darkale 148.5 3.0 54 63 423 - less pronounced. This can partly explain the sensory observation
H darkale 180.7 39 62 64 421 - . ; . e
| darkale 1914 28 71 73 411 . that aging of specialty beers pllffers significantly from that of
] acidic ale 184.0 4.2 60 56  3.62 - lager beers. Because FALC is the precursor of FEE, further
research will be concentrated on the formation of this compound.
aSD FEE, standard deviation on FEE concentration (n = 4). © Eth % (v/v), The influence of _bre\_/ving and_ ferm_entatipn param?ter$ on the
ethanol percentage (v/v). ¢ Refermentation: beer with (+) or without (=) bottle FALC concentration in beer will be investigated. This will lead
refermentation. to an overall insight into the parameters that determine FEE

development during the storage of beer.

After 4 weeks of storage, with and without added lysate, FEE

formation was measuredrigure 10 summarizes the results. LITERATURE CITED
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