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The formation of 4-vinylguaiacol, guaiacol, and phenol during coffee roasting was monitored in real-
time, using resonance enhanced multiphoton ionization and time-of-flight mass spectrometry. A model
is proposed, based on two connected reaction channels. One channel, termed the “low activation
energy” channel, consists of ester hydrolysis of 5-FQA followed by decarboxylation of the ferulic acid
to form 4-vinylguaiacol, and finally polymerization at the vinyl group to form partly insoluble polymers
(coffee melanoidins). The second “high activation energy” channel opens up once the beans have
reached higher temperatures. It leads to formation of guaiacol, via oxidation of 4-vinylguaiacol, and
subsequently to phenol and other phenolic VOCs. This work aims at developing strategies to modify
the composition of coffee flavor compounds based on the time—temperature history during roasting.
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INTRODUCTION In recent papers, we have outlined the advantages and limitations
of both approaches (21—-23).

Here we report on a study of the formation mechanisms of
three phenolic coffee flavor compounre4-vinylguiacol, gua-
iacol, and phenetwhose formation pathways are believed to
be linked (degradation of chlorogenic acids), using resonance
enhanced multiphoton ionization (REMPI). 4-Vinylguiacol and
guaiacol have phenolic/spicy/smoky sensory notes and are key

_Scientific effort to elucidate the origin of the rich and  flayor compounds of coffee. Phenol has a medicinal odor and
distinctive coffee flavor can be traced back to the 19th Century gges not contribute to the flavor of coffee.

when Bernheimer identified in 1880 the first few volatile organic  ginetic data on the evolution of odorous VOCs during
compounds (VOCs) of coffed{-3). Today close to 900 VOCs  gasting are rare, and mainly based on off-line GC analysis of

have been reported in cc;ffee)( Among these, only a small  gamples taken at different times during roasti4-28). Where
fraction, approximately 5%, are odoriferous, and less than 30 hosjple, we relate our results to these former studies.
are believed to be important flavor compounds of roasted coffee
(5—13).

Recently, we embarked on a real-time study of VOCs released ) ) ) )
during coffee roasting as a means to elucidate formation Coffee Roasting Eighty grams of Arabica coffee beans (Colombia)
mechanisms of coffee flavor compounds. Among the various was roasted for 600 s at 226 on a laboratory-scale commercial roaster

methods tested. we have chosen to pbursue two. which Wethat has two identical and independent rotating druRrslfatBRZ 2;
’ P ’ seeFigure 1). This led to a very dark roast. The roaster off-gas was

Fx,’nSi,der to be the most promisjng. BOth a,re ‘?ased on,direCtanaIyzed in real-time by REMPI-TOFMS@266 nm (see below).
injection mass spectrometry using soft ionization techniques. — goast pegree.Roast degree was determined based on measured
One approach uses lasers for resonant multiphoton ionizationiotal weight loss29—31). Coffee beans were roasted for a given time,
(14, 15). The other is based on chemical ionization, termed rapidly air-cooled, and the total weight loss was determined. Light roast
proton transfer reaction-mass spectrometry (PTR-M6})-@0). corresponds to 13—16% total weight loss, medium roast corresponds
to 16—19%, dark roast corresponds to-X8%, and a very dark roast
corresponds ta-23%. This procedure allowed calibrating the time axis

Coffee is one of the most popular beverages in the world,
owing mainly to its unique flavor. Among the many processes
that coffee undergoes, from the seed to the cup, roasting is
undoubtedly crucial. A green coffee bean contains all necessary,
ingredients for the development of its flavor. Yet, coffee has to
be roasted to unlock its flavor.

MATERIALS AND METHODS

* Corresponding authors: chahan.yeretzian@rdls.nestle.comt-#dl:

(0)21-785.86-15; ralf.zimmermann@gsf.de;tek49-(0)821-59 83 005, with respect to roast Ieve[. As_a check fqr the ;tablllty of the roaster
T GSF, National Research Center for Environment and Health. operations, and of the calibration of the time axis, we also monitored
* Nestlé Research Center. the temperature inside the roaster and evaluated the color of the beans.
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photon, (ii)lifetime condition:the excited state has a lifetime which is
long enough for it to absorb a second photon for ionization, and (iii)
ionization conditionthe energy of two photons is equal or higher than
the ionization energy of the molecule.

The home-built mobile device that was used consisted of a
Reflectron-TOFMS analyzer, an effusive beam inlet system and a built-
in laser operated at 266 nm (Continuum Nd:YAG laser SURELIGHT,
266 nm) (32). Data acquisition and analysis were performed via a 250
MHz transient recorder unit (Acqiris, DP110 on PC) at an acquisition
rate of 10 Hz, using LabVIEW.

Real-Time VOC Sampling. Figure 2gives a schematic overview
of the experimental setup, to illustrate the sampling of the roaster gas
and the introduction of the volatiles into the TOFMS. A quartz tube
with a passivated inner surface of 10-mm inner diameter was used to
sample gas from the roaster. The tube reached about 2 cm into the
rotating drum. A constant off-gas sampling stream of 1.5 L/min was
pumped through the sampling system. A quartz wool paper filter was
put inside the tube to prevent solid contamination such as dust or silver
skins reaching the capillary inlet system. All sampling lines were heated
to 250°C, to minimize condensation of low-volatile compounds.

| TRAS

Figure 1. Photographs of the laboratory scale coffee roaster with sampling RESULTS

unit Figure 3 shows a typical REMPI@266 nm mass spectrum

while roasting 80 g of Arabica coffee at 226. The laser power

A thermocouple mounted inside the roaster and in contact with the : : 7 .
coffee beans monitored the temperature profile during each roastingdenSIty was adjusted to $610” W/cn¥’ to avoid nonresonant

experiments. This was used to check for consistency of the roasterionization processes. The spectrum contains predominantly

relative to the original calibration experiment. In addition, coffee roasted Molecular ions. As discussed in a previous pa@8},(chemical

to different roast degrees (known roasting time/total weight loss) were assignment of the ion peaks was based on three distinct pieces

used as color references, to ensure the consistency of the calibratiorof information: the literature on coffee flavor compound$, (

of the roast level. the mass as observed in TOFMS, and optical absorption
Resonance Enhanced Multiphoton lonizationSelective and time- properties. Using this information, many volatiles observed in

resolved monitoring of VOCs in the roaster off-gas was achieved by Figyre 3 were unambiguously identified.

Seleciviy was invoduced ino the lonzaton siep by resonant ionzagon ™ (1S study. we concentrated on three phenalic VOCs, two

of which are known to contribute to coffee flavor. These are

at a fixed ultraviolet (UV) laser wavelength. Depending on molecular . . .
resonances, VOCs with an optical (electronic) absorption at 266 nm 4-vinylguaiacol (150m/z), guaiacol (124n/z), and phenol (94

absorb a laser photon, while those transparent at 266 nm remain in the™/2)- Their time-intensity profiles during roasting are shown
ground state. The width of optical absorptions is given by the ground- i Figure 4. Using a laser repetition rate of 10 Hz, and
state population, and broadens by the molecule’s temperature, whichnumerically integrating five laser-shots for each data point, we
itself depends on the expansion conditions at the inlet sysi&n ( obtained a time resolution of 0.5 s.

Since we were using an effusive molecular beam (no cooling), arange  On the basis of weight loss measurements, the following
of rotational and vibrational states were populated, resulting in broad -3|ipration of the time axis in terms of roast degree (roasting at
absorption bands. Consequently, a range of compounds may be ionizecb25 °C) was obtained: 200 s after beginning of roasting, the
simultaneously, due to overlapping absorption bands (14). beans reached approximately 10C, a temperature th('-:‘y

In a typical REMPI ionization scheme, molecules absorb a first Lo . . L :
photon and are excited into a UV electronic state. These excited maintained until about 300 s. During this initial stage of roasting,

molecules are subsequently ionized by absorbing a second photon. Foth€ coffee beans were mainly drying. The 10% moisture content
effective and selective REMPI detection, the following conditions have Of the green beans was reduced to about 5% before the bean

to be fulfilled: (i) resonance conditiorthe molecule has a UV-active ~ temperature increased beyond 12D We observed that this
excited state, whose energy corresponds to the energy of the laseloccurs at about 300 s. After an additional 20 s (approximately

10mifmin desactivated

quartz capillary

_———— heating (ca. 300°C)
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Figure 2. Schematic representation of the experimental setup including the laboratory scale coffee roaster with sampling unit and laser mass spectrometer.
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E Robusta coffee was reported to have a relatively higher content
a of phenolic VOCs than Arabica8( 9, 34—37) in accordance
with its higher CQA content. This also fits with REMPI@266
nm headspace spectra on Arabica and Robusta brews, in which
higher phenolic VOCs were observed in Robusta cof8).(
40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 Various groups have investigated the fate of CQA during
Mass [amu] roasting (39—44). In particular, Tressl et al. performed model
experiments, indicating that thermal degradation of 5-feru-
Figure 3. Real-time REMPI@266 nm-TOFMS of roast-gas while roasting loylquinic acid (5-FQA) via the intermediate ferulic acid is the
80 g of Arabica coffee. Panel a represents the full time/mass/intensity 3D main precursor of 4-vinylguaiacol and guaiacdR). They
plot as it is recorded during roasting. Panel b shows a time/intensity cross- proposed a degradation pathway summarizedFigure 5.
section from panel a at a fixed time (medium roast level). The three Wynnes et al. detected feruloylquinic acid lactone in coffee,
phenolic VOCs, phenol (94 m/z), guaiacol (124 m/z), and 4-vinylguaiacol indicating that 5-FQA reacts via intramolecule esterification
(150 m/z), are efficiently ionized at 266 nm. Their formation is discussed (45). Henrich and Bates pointed out that only a relatively small
in more detail in the text. In addition, furfurylalcohol (96 m/z), dihydroxy- amount of 4-vinyguaiacol is found in coffee compared to the
benzene (110 m/z), indol (117m/z), and caffeine (194 m/z) are also seen, amount of 5-FQA that is consumed§, 47). Furthermore, it
to name a few of th e other prominent ion peaks. has been observed that the ratio of guaiacol to 4-vinylguaiacol

) ) is larger in dark roasted coffee than in a light or medium roast
170°C bean temperature), pyrolysis reactions started, and thecffee (42). Combining these findings and the results reported
coffee roasting process became exothermic. A light roast waspere, the following interpretation for the formation mechanism
reached at approximately 360 s. Continuing the roasting, a ¢ 4-vinylguaiacol and guaiacol is proposed.
medium roast was obtained at 400 s and a dark roast at 450 S- Eormation of A-vinylguaiacol Rigure 4) occurs rapidly
Beyond this point, beans became over-roasted. In the eXpe”men%\Iready at the very early stages of roasting (during the first 200

shown inFigure 4, roasting was stopped after 600 s. s), where the bean temperature is believed to increase steadily
DISCUSSION from room temperature to about 10G. Once the beans have
reached 100C, most of the heat energy is absorbed by the

Depending on the variety, green coffee beans may containwater in the beans, transferring heat into evaporation of water.
up to 10% (dry-weight) chlorogenic acids (CQA)3). Robusta This continues for some 100 s, and momentarily prevents a
coffee is known to be richer in CQA than Arabica coffee-(7  further increase of the bean temperature. During this drying
10% in Robusta; 5—7.5% in Arabica). During roasting most of phase, the rate of 4-vinylguaiacol formation increased only a
the CQAs are degraded, generating mainly nonvolatile com- little. Once the beans have lost most of their free water (300 s),
pounds known as melanoidins, while a small fraction appears the bean temperature rises again, driving the rate of 4-vinylgua-
as various phenolic VOCs in coffee (approximately 1%3)( iacol formation to even higher values.



REMPI-TOFMS during Coffee Roasting J. Agric. Food Chem., Vol. 51, No. 19, 2003 5771

5-Feruloylquinic acid

i
o O—C-CH=CH OH
y]
OH-C

C

/
OH CH
OH
OH OH CH
C—. @Eﬁ’\ -, @fo\ - @
—_— —_— —_—
NS

OH

Ferulic acid 4-Vinyl-guaiacol Guaiacol Phenotl

Figure 5. Proposed degradation pathway of 5-feruloylquinic acid, based on results from model experiments of Tress| et al. (42).

5-FQA lactone
$ hydrolysis polymerization
5-FQA — S coffee melanoidins
Low activation energy.
S
g
=
=
OH OH OH

Figure 6. Two-channel model for the degradation of 5-FQA and the concomitant formation of melanoidins and phenolic VOCs during coffee roasting.

The mechanism ifrigure 5 suggests that ferulic acid is an  nylguaiacol have already been generated. Considering that the
intermediate in the reaction from 5-FQA to 4-vinylguaiacol. unsaturated vinyl-unit of 4-vinylguaiacol may react via inter-
Measurements of loss of 5-FQA by Leloup et al. have shown molecular polymerization, it is likely that during the first phase
that more than 50% of 5-FQA is lost before even reaching the of roasting 4-vinylguaiacol contributes to the formation of coffee
exothermic phase, and around 80% have disappeared at the lighinelanoidins. Once the beans have dried sufficiently, the
roast stage. Considering that degradation of 5-FQA proceedstemperature rises again, triggering the formation of guaiacol.
via hydrolysis, the high rate of degradation in the first phase of This happens after about 350 s, when the temperature of the
roasting might be related to the relatively high moisture content beans reaches about 170. The concentration of guaiacol in
of the beans. Leloup et al. detected only minute amounts of the roast gas is seen to increase strongly from a light to a dark
free ferulic acid during roasting. Either ferulic acid is present roast, consistent with the literatur@y, 35, 48). At higher
in some derivatized (esterified) forrd4) or decarboxylation roasting times, when the coffee becomes over-roasted, the
of the carboxylic group proceeds instantaneously to form formation rate of guaiacol decreases again, yet later and less
4-vinylguaiacol. 4-Vinylguaiacol formation gradually slows pronounced than for 4-vinylguaiacol.
down at longer roasting times and starts to fall off beyond 500 Finally, we see phenol appear in the roast gas. First, it is
S. following the time—intensity curve of guaiacol. Yet, at 500 s,

Referring to Figure 4, significant formation of guaiacol  where guaiacol concentrations start to decrease, the formation
occurs once the roasting process has entered the exothermicate of phenol increases until the end of roasting (over-roasted
phase. Since its precursor 4-vinylguaiadeigre 5) is readily beans), in accordance with former repo24,26, 48). This is
generated much earlier during roasting, this late formation of consistent with the fact that besides the pathway depicted in
guaiacol indicates that higher temperatures are required for theFigure 5, a multitude of additional degradation pathways may
reaction 4-vinylguaiacot> guaiacol. This is consistent with the  feed into the phenol channel.
fact that oxidation of 4-vinylguaiacol to form guaiacol is @  Summarizing the above discussion, we propose the following
process that requires higher energies (relative to hydrolysis of reaction scheme: Degradation of 5-FQA, which is partially
5-FQA and decaboxylation of ferulic acid). derivatized to lactone by intramolecular esterification, proceeds

We initially observe a very slow formation of guaiacol during via two connected reaction channels, $égure 6. We label
the drying phase (0300 s), although large amounts of 4-vi- the first the “low activation energies” channel (endothermic
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phase). It dominates in the early stages of roasting, where the

bean temperature is relatively low (below 12Q) and the
moisture content is high. It consists of ester hydrolysis of 5-FQA
followed by decarboxylation of the ferulic acid to form
4-vinylguaiacol, and finally polymerization at the vinyl group
to form partly insoluble polymers (melanoidins). Whether some
transitory intramolecular esterification (lactone formation) on
the 5-FQA or some esterification of the ferulic acid unit occurs

is unclear. Yet, as long as the temperature is below about 170

°C, we believe that the scheme shown in the top paFRigdire
6 represents the main sequence of reactions.

Dorfner et al.

(6) Sen, A.; Laskawy, G.; Schieberle, P.; Grosch,MAgric. Food
Chem.1991,39, 757-59.
(7) Blank, I.; Sen, A.; Grosch, WZ. Lebensm.-Unters. Forsch992,
195, 239—-45.
(8) Semmelroch, P.; Grosch, W. Agric. Food Chem1996, 44,
537—43.
(9) Semmelroch, P.; Grosch, Webensm.-Wiss. Techn@B95,28,
310-13.
(10) Czerny, M.; Mayer, F.; Grosch, W. Agric. Food Chem1999,
47, 695—99.
(11) Grosch, W.; Mayer, FACS Symp. Ser. 763000ACS, 430—
38.

Once the beans have dried, the bean temperature rises. On(12) Grosch, W.; Czerny, M.; Mayer, F.; Moors, ACS Symp. Ser.

the one hand, this increases the rate of 4-vinylguaiacol formation

(and probably of its polymerization). On the other hand, a new
“high activation energy” channel opens up, shown in the bottom
part of Figure 6, which sequentially leads to guaiacol and
phenol. Referring to Leloup et al44), essentially all 5-FQA

has disappeared at the very dark roast stage. Eventually, the

formation of guaiacol slows down, as 5-FQA is used up.

CONCLUSION

Monitoring in real-time the timeintensity evolution of three
phenolic VOCs of coffee while roasting, a model is proposed
for their formation pathway. It consists of two channels of

reaction sequences, one that is activated at lower bean temper-
atures (endothermic phase) and one that opens up when higher

temperatures are reached (exothermic phase).

Along the first “low activation energy” channel, 5-FQA
hydrolyzes to form ferulic acid, which in turn decarboxylates
to 4-vinylguaiacol, and finally polymerizes at the vinyl group
to form partly insoluble polymers (melanoidins). For roasting
temperatures below about 18C, this is proposed to be the
main sequence of reactions.

Once the beans have dried, the bean temperature rises. This
increases the rate of 4-vinylguaiacol formation, and opens up a

new “high activation energy” channel, which leads sequentially
to guaiacol, via oxidation of 4-vinylguaiacol, and subsequently
to phenol (and other phenolic VOCs).

In the framework of the proposed model, the partitioning of
the CQA degradation pathways between polymerization from
4-vinylguaiacol and formation of guaiacol could be achieved
by controlling the time-temperature profile during roasting. In

more general terms, the results and the model presented here

indicate that control of the timetemperature history during
roasting has implications for the composition of the soluble and
nonsoluble melanoidin fraction, as well as for the flavor profile
of phenolic flavor compounds.
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