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Role of Roasting Conditions in the Profile of Volatile Flavor
Chemicals Formed from Coffee Beans
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The volatile chemicals in dichloromethane extracts from green coffee beans, roasted at 230 °C for
12 min (light), at 240 °C for 14 min (medium), at 250 °C for 17 min (city), or at 250 °C for 21 min
(French), were analyzed by gas chromatography and gas chromatography—mass spectrometry.
Among the 52 volatile compounds identified, the major compounds were 5-hydroxymethylfurfural,
furfuryl alcohol, and 6-methyl-3,5-dihydroxy-4H-pyran-4-one in light-roasted beans; furfuryl alcohol,
5-hydroxymethylfurfural, and y-butyrolactone in medium-roasted beans; furfuryl alcohol, y-butyro-
lactone, and 2-acetylpyrrole in city-raosted beans; and y-butyrolactone, furfuryl alcohol, and
catechol in French-roasted beans. Furfural derivatives and furanones were yielded in relatively
high concentrations under mild roasting conditions and then reduced at higher roasting intensities.
More pyridines and pyrroles were formed by high roasting intensities than by mild roasting
intensities. Chlorogenic acid degradation products, phenols, and a lactone were produced more
by high roasting intensities than by low roasting intensities. The results of the present study suggest
that controlling the roasting conditions according to the formation of particular chemicals can
prepare a roasted coffee with preferable flavor.
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INTRODUCTION

Coffee is one of the most popular beverages in the world. Since
the beginning of the last century, the chemical components of
coffee, in particular, flavor chemicals, have been studied inten-
sively and continuously. The number of volatile chemicals iden-
tified in brewed coffee has reached over 1000 (/). Among volatile
chemicals found in brewed coffee, over 300 are heterocyclic
compounds, which include pyrroles, oxazoles, furans, thiazoles,
thiophenes, imidazoles, and pyrazines (2). It has been known that
some of these heterocyclic compounds contribute toasted or
roasted flavors to heat-treated foods and beverages, including
brewed coffee (3). Consequently, the role of heterocyclic com-
pounds in brewed coffee flavor has been intensively studied and
reported in many papers (4). A sensory assessment of model
systems indicated that some heterocyclic compounds, such as
furans, pyridines, pyrroles, and alkylpyrazines, as well as non-
heterocyclic compounds such as cyclotens and furanones con-
tributed significantly to the characteristic coffee flavor (5).

Green coffee beans do not have the characteristic color and
flavors of roasted coffee. Therefore, roasting produces various
coffee flavors, and its conditions have a major impact on the
formation of roasted coffee flavors (6). There have been many
reports on the role of roasting conditions in the formation of
various coffee components, including chlorogenic acids (7) and
volatile compounds (8). It is, therefore, important to investigate
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the formation of medicinal components, including volatile che-
micals with antioxidant activity, produced during roasting to
assess the possible beneficial effects from coffee drinking. The
present study investigates the formation of volatile chemicals in
coffee beans under various roasting conditions.

MATERIALS AND METHODS

Materials and Chemicals. HPLC grade water and dichloromethane
were bought from Fisher Co. (Pittsburgh, PA). Authentic volatile chemi-
cals were bought from reliable commercial sources or were gifts from
TAKATA Koryo Co., Ltd. (Osaka, Japan). All other chemicals and
solvents were bought from reliable commercial sources.

Various brands of commercially roasted ground coffees (Dunkin, Fine
Puroast, GOUD, and San Francisco Bay Area) were purchased from
a local market (Davis, CA). Organic green coffee beans (Ethiopian
Yirgacheffe, Nicaraguan, and Sumatran) were bought from Napa Valley
Coffee Roasting Co. (Napa, CA).

Sample Preparations for Green Coffee Beans Roasted under
Various Conditions. Ethiopian Yirgacheffe, Nicaraguan, and Sumatran
green coffee beans (100 g each) were roasted with a Gene Café coffee bean
roaster (Fresh Beans Inc., Park City, UT) at 230 °C for 12 min (light), at
240 °C for 14 min (medium), at 250 °C for 17 min (city), or at 250 °C for 21
min (French). The terms for the roasting conditions (light, medium, city,
and French) were derived from descriptions shown on the roaster.

After roasting, the coffee beans were ground with a Starbucks Barista
coffee grinder (Seattle, WA). Roasted—ground coffee (12.5 g) was brewed
with 450 mL of deionized water using a Mr. Coffee NCX-20 model coffee
maker (Sunbeam Product, Inc., Boca Raton, FL).

The brewed coffee (200 mL) was extracted with 200 mL of dichlor-
omethane using a liquid—liquid continuous extractor for 6 h. After the
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Table 1. Amount of Total Volatile Chemicals Obtained from Coffee Beans
(Milligrams per Gram of Coffee Beans)?

roasting condition

coffe bean origin ~ light roast ~ medium roast city roast French roast
Ethiopian 19.6+0.8 215+14 324+03 33312
Nicaragun 19.3+£06 29.6+5.3 32.7+0.6 35.0+5.3
Sumatran 16.4 £0.7 272+73 30.0+29 354+36

@Values are mean + SD (n = 3).

extract was dried over anhydrous sodium sulfate, the solvent was removed
using a rotary flash evaporator under reduced pressure until the volume of
the sample was reduced to approximately 3 mL. The solvent was further
removed under a purified nitrogen stream until the volume was reduced to
exactly 1 mL. The prepared sample was stored at 5 °C until used for
analysis of volatile chemicals.

Sample Preparations for Commercial Roasted—Ground Coffee.
Commercially obtained roasted—ground coffees (12.5 g each) were brewed
and extracted exactly according to the method described above. The
samples prepared (1 mL each) were stored at 5 °C until used for analysis of
volatile chemicals.

Identification of Volatile Chemicals in Samples. Chemicals in the
dichloromethane extract were identified by comparison with the Kovats
gas chromatographic retention index / and by the mass spectral fragmen-
tation pattern of each component compared with those of authentic
compounds. The identification of the GC components was also confirmed
with the NIST AMDIS version 2.1 software.

An Agilent model 6890 GC equipped with a 60 m x 0.25 mm i.d. (df =
0.5 um) DB-Wax bonded-phase fused silica capillary column (Agilent,
Folsom, CA) and an FID was used for measurement of the Kovats index
and routine analysis of volatiles. The helium carrier gas flow rate was
1.0 mL/min at a split ratio of 20:1. The injector and detector tempera-
tures were 250 and 280 °C, respectively. The oven temperature was
programmed from 40 °C (held for 5 min) to 210 at 2 °C/min and then
held for 70 min.

An Agilent model 6890 GC interfaced to an Agilent 5971A mass
selective detector (GC-MS) was used for mass spectral identification of the
GC components at MSionization voltage of 70 eV. GC column conditions
were exactly the same as the ones used for GC-FID.

RESULTS AND DISCUSSION

Table 1 shows the total amount of volatile chemicals recovered
from each sample of coffee beans. The results of the analysis of
volatile chemicals in the extracts from Ethiopian coffee beans
(Table 2), Nicaraguan coffee beans (Table 3), and Sumatran
coffee beans (Table 4) roasted under four different conditions are
shown in Tables 2—4. A total of 52 volatile chemicals were
positively identified. They were 4 pyridines, 9 pyrazines, 5
pyrroles, 7 furanones, 7 furans, 4 cyclopentenes, 4 phenols, and
12 other miscellaneous compounds.

The absolute concentration of each chemical in Tables 2—4
should be able to be roughly estimated from the total amount of
volatile chemicals found in each sample (Table 1). A standard
curve for the quantitation of each chemical must be prepared
using the corresponding authentic chemical to obtain its absolute
concentration. However, it is common practice to use GC peak
area % as concentration to assess the flavor profile of foods and
beverage. In the case of light roasting, 5S-hydroxymethylfurfural is
found in the greatest concentrations (26.77 £ 0.48% in Ethiopian,
24.82 £ 1.62% in Nicaraguan, and 23.09 £ 2.13% in Sumatran).
In the case of medium roasting, the concentration of furfuryl
alcohol was the highest (28.19 + 1.82% in Ethiopian, 28.27 +
1.19% in Nicaraguan, and 27.51 & 2.40% in Sumatran). Furfuryl
alcohol remained in the highest concentration in the case of city
roasting (18.31 £ 0.80% in Ethiopian, 22.75 £ 1.63% in
Nicaraguan, and 26.29 + 1.38% in Sumatran). However, in the
case of French roasting, the concentrations of these furan
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derivatives decreased considerably and those of y-butyrolactone
became the highest (13.29 + 1.56% in Ethiopian, 13.81 £ 0.73%
in Nicaraguan, and 15.22 & 0.23% in Sumatran).

The compositions and concentrations of chemicals in the
extracts from coffee beans roasted under four different conditions
did not, however, differ significantly among the three brands.
Therefore, further discussion is mainly focused on the results
from Ethiopian coffee beans (Table 2). The concentrations of
volatile chemicals in the extracts from Ethiopian coffee beans
changed according to the different roasting conditions. For
example, the total concentration of pyridines increased from 1.9
to 10.6%. On the other hand, the total concentration of furans
decreased from 52.6% (light roasting) to 10.2% (French roast-
ing). The greatest concentration of total pyrroles was obtained by
city roasting (7.6%).

Figure 1 shows concentrations of the chemicals significantly
influenced by roasting conditions found in extracts obtained
from Ethiopian coffee beans roasted under four different condi-
tions. The concentration of 5-hydroxymethylfurfural decreased
significantly with increase in the intensity of the roasting
condition from 26.8% (light roasting) to 0% (French roasting).
The concentrations of the other main furfural derivatives, furfu-
ryl alcohol and furfural, also decreased from 20.7% (light
roasting) to 8.3% (French roasting) and from 2.8% (light roast-
ing) to 0.1% (French roasting), respectively. These results
were consistent with previous reports. For example, the concen-
tration of furfural decreased significantly from 19.9 to 2% when
coffee beans were roasted at 230 °C for 25 and 30 min, respec-
tively (9). The decrease in furfural concentrations at higher
roasting intensity may be due to decomposition (/0) or polymer-
ization (/1).

Furfural derivatives, such as furfural and furfuryl alcohol, have
been known since the 1930s to form from monosaccharide (12),
and their flavor characteristics were known as sweet, bread-like,
and caramellic (/3). Later, it was found that they were formed
readily from the reaction between a sugar and an amino acid at
elevated temperatures (/4), suggesting that the composition of
coffee beans is an ideal matrix to form furfurals upon roasting.
The furfurals shown in Tables 2—4 have been found in coffee
previously (7). 2-Furfurylthiol, which has a characteristic coffee
flavor and was reported in coffee (15, 16), was detected in the
present study, but it is not listed in Tables 2—4 because its GC
peak area % was <0.01.

Reduction of the concentration when the intensity of roasting
conditions increased was also observed in the formation of 2,5-
dimethyl-4-hydroxy-3(2H)-furanone (DMHF) and 3,5-diydroxy-
2-methyl-4 H-pyran-4-one (DMP) (Figure 1). The concentration
of DMHF was reduced from 2.7% (light roasting) to 0.5%
(French roasting). Significant reduction from 9.8% (light roast-
ing) to 0.6% (French roasting) was also observed in the case of
DMP.

The formation of DMHF in the Maillard reaction systems was
first reported in the early 1960s (17), and it became known as one
of the main Maillard reaction products (/8). Later, various
furanone derivatives, including DMHF, were found in coffee
volatiles (/, 19). In the meantime, DMHF, which possesses a
strong caramellic—fruity flavor (/3), was reported as a flavor
component in various fruits, such as pineapples (20), strawber-
ries (21), grapes (22), and citrus juice (23). DMHF has been
studied as a component with medicinal activity, specifically, as an
antioxidant, in addition to being studied as a flavor component in
food and beverages (24). DMP is also known as a product of
sugar degradation in the Maillard reaction systems (25) and also
possesses a characteristic caramel-like flavor (/3). DMP was also
reported in coffee in the late 1970s (19).
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Table 2. Volatile Chemicals Identified in Brewed Coffee Prepared from Ethiopian Green Beans Roasted at Different Conditions

GC peak area %*

compound P light roast medium roast city roast French roast
pyridines
pyridine 1202 0.30 £0.04 1.20+0.26 3.57+£0.52 6.454+2.23
2-methylpyridine 1240 —° - - 0.04 +0.01
6-methyl-3-pyridinol 2430 - 0.18£0.06 0.58 4 0.07 0.58+0.12
3-hydroxypyridine 2450 1.60 £0.35 3.53+ 0.92 4.48 +0.66 350+0.71
pyrazines
pyrazine 1231 - 0.02+0.01 0.07 £ 0.02 0.084+0.03
2-methylpyrazine 1286 0.65+0.08 0.95+£0.18 0.774+0.08 0.67 +0.21
2,5-dimethylpyrazine 1346 0.50 £ 0.01 0.60+ 0.03 0.37+0.02 0.30+0.06
2,6-dimethylpyrazine 1352 0.43+0.01 0.59 + 0.04 0.45+0.02 0.38 £0.07
2-ethylpyrazine 1357 0.13+0.01 0.19+ 0.02 0.15+0.03 0.16+0.04
2,3-dimethylpyrazine 1371 0.08 £0.00 0.11£0.00 0.1440.00 0.1440.02
2-ethyl-6-methylpyrazine 1408 0.1540.00 0.214 0.01 0.2940.01 0.424+0.05
2-ethyl-5-methylpyrazine 1415 0.1240.00 0.16 4 0.00 0.11+0.00 0.09+0.01
2,3,5-trimethylpyrazine 1429 0.37 £ 0.01 0.37 £+ 0.01 0.214+0.01 0.1940.02
pyrazine-2-carboxylic acid amide 1740 0.25+0.00 0.24 £0.01 0.26 £ 0.01 0.24 £0.01
pyrroles
1-methylpyrrole 1542 0.11+£0.00 0.31+0.01 0.17 £ 0.01 0.08 £ 0.01
1-methyl-1H-pyrrole-2-carboxaldehyde 1651 0.15+0.00 0.38+0.02 0.26 +0.01 0.224+0.02
2-acetyl-1-methylpyrrole 1683 0.12+£0.00 0.24+0.03 0.45+0.02 0.43+0.02
2-acetylpyrrole 2022 0.61+0.01 0.92 4+ 0.08 5.60 +0.56 4.66+0.15
pyrrole-2-carboxaldehyde 2059 1.18+£0.00 2.38+£0.19 1.134+0.05 0.94 £0.06
furanones
dihydro-2-methyl-3(2H)-furanone 1282 0.32+0.09 0.66 + 0.28 0.27 £0.04 0.18£0.07
5-methyl-2(5H)-furanone 1707 0.13+ 0.00 0.1940.01 0.20+0.01 0.20+0.00
2(5H)-furanone 1787 0.71£0.00 0.86 +0.06 0.13£0.01 0.10£0.00
dihydro-4-methyl-2(3H)-furanone 1847 - 0.18+0.01 0.77 £ 0.04 0.80+0.04
2,5-dimethyl-4-hydroxy-3(2H)-furanone 2062 2.70£0.05 2.03+0.10 0.58 +0.00 0.48+0.14
5-acetyldihydro-2(3H)-furanone 2096 0.54 +0.02 0.754 0.04 0.58 +£0.02 0.46 +0.01
dihydro-5-(hydroxymethyl)-2(3H)-furanone 2516 0.42+0.24 0.82+£0.08 1.18+0.18 1.044+0.33
furans
furfural 1482 2.28+0.34 2.54+0.33 0.19£0.01 0.09 +0.04
2-acetylfuran 1527 0.56 +0.02 1.01£0.03 0.81+0.04 0.74+0.01
furfuryl acetate 1552 0.14+£0.01 0.52+0.03 0.85+0.04 0.70 £0.11
5-methylfurfural 1596 1.70 £0.04 3.1240.05 0.46 +0.02 0.13+0.02
furfuryl alcohol 1678 20.68 +0.11 2819+ 1.82 18.31 £0.80 8.31+£0.95
5-methylfuran-2-carboxylic acid, methyl ester 2044 0.52 4 0.01 0.48+0.03 0.23+0.01 0.2540.00
5-hydroxymethylfurfural 2528 26.77 £ 0.48 9.11+0.33 0.32+£0.02 -
cyclopentenes
4,4-dimethyl-2-cyclopenten-1-one 1511 - - - 0.04 +0.01
2,3-dimethyl-2-cyclopenten-1-one 1573 - 0.03+0.02 0.1540.01 0.1940.01
2-hydroxy-3-methyl-2-cyclopenten-1-one 1857 1.01£0.01 1.62+ 0.11 1.53 £0.06 1.56 £+0.05
3-ethyl-2-hydroxy-2-cyclopenten-1-one 1924 0.25+0.00 0.4140.03 0.6940.03 0.84 +0.04
phenols
2-methoxyphenol 1886 0.19+£0.00 0.45+0.03 1.01+0.05 1.32+0.08
phenol 2030 0.2540.00 0.5240.03 1.94 £0.07 3.36+0.16
2-methoxy-4-vinylphenol 2225 2.22+0.09 247+ 0.10 1.54 £0.03 0.93+0.03
catechol 2718 - - 8.86 +£0.78 10.02+2.75
other miscellaneous compounds
acetoin 1303 0.1940.05 0.38+0.14 0.20+0.04 0.10+0.03
hydroxyacetone 1319 2.10+0.54 1.85+ 0.75 0.49 £ 0.11 0.43+0.10
1-ethoxy-2-methylpropane 1364 0.10+0.01 0.194 0.04 0.11+0.01 0.07£0.02
1-hydroxy-2-butanone 1394 0.55+0.08 0.79+0.14 0.26+0.02 0.2140.05
acetic acid 1468 0.1940.07 1.09 £ 0.31 0.46 +0.06 0.46 £0.13
1-acetyloxy-2-propanone 1477 0.49+0.03 1.431+0.06 0.76 £0.04 0.37 £0.04
propionic acid 1557 0.3440.02 052+ 0.12 0.17 £0.01 0.164+0.02
y-butyrolactone 1662 2.06 £0.02 426+ 0.20 10.93£0.57 13.29 + 1.56
3-methylbutanoic acid 1687 4.03+0.03 4.48+0.06 2.15+0.11 1.56 £0.18
3-methyl-2-butenoic acid 1819 1.29+0.01 1.46+0.11 0.39 £ 0.01 0.54 +0.01
maltol 2004 1.52 £0.02 3.58+0.23 1.34£0.06 1.26 £0.03
3,5-dihydroxy-6-methyl-4H-pyran-4-one 2309 9.80+ 0.36 0.92+£0.09 0.52+0.02 0.64 £0.02

2Solvent peak is excluded. Values are mean = SD, n = 3. °Kovats index on DB-Wax column. °GC peak area % <0.01.

The nitrogen-containing heterocyclic compounds, including
pyridines, pyrazines, and pyrroles, are the major flavor chemicals
found in coffee (/). They are also well-known as Maillard reaction

products and give characteristic roasted or toasted flavors to
heat-treated foods and beverages (26). Alkylpyrazines identified
in the present study were reported in the late 1960s as products of
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Table 3. Volatile Chemicals Identified in Brewed Coffee Prepared from Nicaraguan Green Beans Roasted at Different Conditions

Moon and Shibamoto

GC peak area %*

compound P light roast medium roast city roast French roast
pyridines
pyridine 1202 0.19+£0.04 1.234+0.18 3.9940.10 5.964+0.92
methylpyridine 1240 —° - - -
6-methyl-3-pyridinol 2430 0.09+£0.02 0.29£0.02 0.754+0.22 0.6340.05
3-hydroxypyridine 2450 1.86 £0.21 420+ 0.25 459+1.58 3.33+0.23
pyrazines
pyrazine 1231 - 0.06 +0.02 0.12+ 0.00 0.08 40.02
2-methylpyrazine 1286 0.47 £0.11 1.244+0.16 1.13+0.08 0.81£0.11
2,5-dimethylpyrazine 1346 0.4440.06 0.69+ 0.04 0.45+0.04 0.3440.02
2,6-dimethylpyrazine 1352 0.41+£0.06 0.74 £ 0.04 0.61+0.03 0.45+0.03
2-ethylpyrazine 1357 0.1140.02 0.24 £ 0.02 0.24+0.02 0.18+0.04
2,3-dimethylpyrazine 1371 0.08 £ 0.01 0.14+ 0.01 0.17£0.02 0.17 £0.01
2-ethyl-6-methylpyrazine 1408 0.124+0.07 0.28 4 0.01 0.324+0.03 0.45+0.00
2-ethyl-5-methylpyrazine 1415 0.13+0.01 0.18 £ 0.01 0.13£0.01 0.11£0.00
2,3,5-trimethylpyrazine 1429 0.38+0.03 0.43+ 0.02 0.23+0.02 0.2140.00
pyrazine-2-carboxylic acid amide 1740 0.29 4 0.01 0.25+0.00 0.23+0.03 0.24 +0.01
pyrroles
1-methylpyrrole 1542 0.12+£0.02 0.30+ 0.00 0.17+£0.02 0.08+0.00
1-methyl-1H-pyrrole-2-carboxaldehyde 1651 0.13+0.02 0.36 +0.01 0.25 +0.03 0.204+0.00
2-acetyl-1-methylpyrrole 1683 0.17+£0.33 0.28 + 0.01 0.41+0.04 0.44 £ 0.01
2-acetylpyrrole 2022 0.82+0.05 0.79 4+ 0.08 5.90+0.57 5.89+0.31
pyrrole-2-carboxaldehyde 2059 1.41+0.10 2.07+ 0.04 1.00£0.10 0.98+0.05
furanones
dihydro-2-methyl-3(2H)-furanone 1282 0.14+£0.05 0.77 £ 0.17 0.38+0.04 0.20£0.02
5-methyl-2(5H)-furanone 1707 0.13+ 0.01 0.1840.01 0.1940.02 0.17+0.01
2(5H)-furanone 1787 0.80+0.04 0.82£0.01 0.20 £ 0.01 0.14 £0.01
dihydro-4-methyl-2(3H)-furanone 1847 0.03+ 0.01 0.2040.04 0.5340.09 0.74+0.04
2,5-dimethyl-4-hydroxy-3(2H)-furanone 2062 2.33+0.18 2.00 £ 0.01 0.42+0.03 0.46 +0.02
5-acetyldihydro-2(3H)-furanone 2096 0.58 +0.06 0.78 + 0.04 0.54 +0.02 0.50 +0.05
dihydro-5-(hydroxymethyl)-2(3H)-furanone 2516 0.57 £ 0.05 1.03+0.22 1.26+0.35 1.234+0.07
furans
furfural 1482 1.10+0.23 214+ 0.23 0.28+0.03 0.13+0.02
2-acetylfuran 1527 0.48+0.06 0.9240.03 0.8310.08 0.731+0.04
furfuryl acetate 1552 0.14+0.03 0.53+£0.00 111+0.14 0.75 £0.02
5-methylfurfural 1596 1.46 +£0.04 2.80+0.06 0.48+0.03 0.14+0.01
furfuryl alcohol 1678 23.00+1.30 2827+ 119 22.75+1.63 10.82 £ 0.81
5-methylfuran-2-carboxylic acid, methyl ester 2044 0.67 +0.06 0.50 +0.01 0.23+0.03 0.25+0.03
5-hydroxymethylfurfural 2528 24.82 +1.62 7.69 +0.07 0.26 +0.01 -
cyclopentenes
4 4-dimethyl-2-cyclopenten-1-one 1511 - - - -
2,3-dimethyl-2-cyclopenten-1-one 1573 - - 0.13+0.01 0.1940.01
2-hydroxy-3-methyl-2-cyclopenten-1-one 1857 1.26 £0.07 1.52 £ 0.06 1.27+£0.12 1.45+0.07
3-ethyl-2-hydroxy-2-cyclopenten-1-one 1924 0.35+0.02 0.42+ 0.01 0.57 +0.06 0.8540.06
phenols
2-methoxyphenol 1886 0.244+0.02 0.40+0.01 0.73+0.12 1.12£0.06
phenol 2030 0.38+0.07 0.474+0.07 1.36 £0.12 2.68+0.13
2-methoxy-4-vinylphenol 2225 2.55+0.39 2.81+£0.58 1.39£0.08 1.17£0.06
catechol 2718 - - 6.87 +£0.82 9.73+0.58
other miscellaneous compounds
acetoin 1303 0.10+0.03 0.4740.08 0.29+0.01 0.124+0.02
hydroxyacetone 1319 0.85+0.15 214+ 0.28 0.65+0.07 0.43+0.07
1-ethoxy-2-methylpropane 1364 0.03+0.01 0.22 4+ 0.02 0.13+0.01 0.08 +0.01
1-hydroxy-2-butanone 1394 0.31£0.06 0.80+ 0.06 0.30+0.02 0.2140.02
acetic acid 1468 0.8540.08 1.08 £0.05 0.60+0.15 0.52 £+ 0.04
1-acetyloxy-2-propanone 1477 0.40£0.06 1.35+0.04 0.81+£0.09 0.36 £0.02
propionic acid 1557 0.33+0.01 0.50+ 0.04 0.20+0.04 0.14£0.01
y-butyrolactone 1662 2.06+£0.16 417+ 0.03 10.77 £1.00 13.81£0.73
3-methylbutanoic acid 1687 2.1040.09 2.334+0.09 1.00 £0.02 0.76 £0.05
3-methyl-2-butenoic acid 1819 1.154+0.06 1.07 £0.02 0.50 £+ 0.05 0.47 £0.02
maltol 2004 2.91+0.29 4.6040.05 1.07£0.03 1.38+£0.18
3,5-dihydroxy-6-methyl-4H-pyran-4-one 2309 8.38+ 1.10 0.92+0.09 0.424+0.02 0.6040.08

2Solvent peak is excluded. Values are mean = SD, n = 3. °Kovats index on DB-Wax column. °GC peak area % <0.01.

a sugar—amino acid browning reaction (27). Pyrazines have
become one of the most important chemicals in cooked flavors,
and many comprehensive reviews have been published about

them (28). However, the alkylpyrazines found in the present study
did not show significant changes under different roasting condi-
tions.
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Table 4. Volatile Chemicals Identified in Brewed Coffee Prepared from Sumatran Green Beans Roasted at Different Conditions

GC peak area %*

compound P light roast medium roast city roast French roast
pyridines
pyridine 1202 0.13£0.01 1.06 +£0.14 2.87 £0.43 5.19+0.74
2-methylpyridine 1240 —° - - -
6-methyl-3-pyridinol 2430 - 0.11+0.10 0.61 +0.18 0.60+0.02
3-hydroxypyridine 2450 0.96+0.38 255+ 0.84 4.84+1.45 325+0.32
pyrazines
pyrazine 1231 - 0.074+0.02 0.07 £ 0.01 0.07 +0.02
2-methylpyrazine 1286 0.52+£0.05 1.31+0.17 0.96 40.09 0.74+0.10
2,5-dimethylpyrazine 1346 0.5440.06 0.73+ 0.03 0.47 +0.02 0.3440.02
2,6-dimethylpyrazine 1352 0.49+0.05 0.82+ 0.04 0.61+£0.03 0.47 £0.04
2-ethylpyrazine 1357 0.11£0.01 0.25+ 0.02 0.17+0.01 0.174+0.05
2,3-dimethylpyrazine 1371 0.09 £ 0.01 0.14+ 0.01 0.16 £ 0.01 0.20 £ 0.01
2-ethyl-6-methylpyrazine 1408 0.1940.02 0.30+ 0.01 0.3440.01 0.46+0.02
2-ethyl-5-methylpyrazine 1415 0.15+0.01 0.1540.00 0.11+0.01 0.09+0.03
2,3,5-trimethylpyrazine 1429 0.33+0.04 0.43+ 0.00 0.27 +0.01 0.224+0.01
pyraizine-2-carboxylic acid amide 1740 0.37+0.03 0.20+0.01 0.24+0.02 0.2240.01
pyrroles
1-methylpyrrole 1542 0.04 +£0.02 0.27 £ 0.01 0.21 £0.01 0.09 £ 0.01
1-methyl-1H-pyrrole-2-carboxaldehyde 1651 0.06 +0.02 0.36 +0.05 0.33 £ 0.01 0.2540.01
2-acetyl-1-methylpyrrole 1683 0.14£0.01 0.21 £ 0.01 0.47 £0.02 0.50 +£0.02
2-acetylpyrrole 2022 0.83+0.05 0.95+ 0.08 6.72+0.67 7.07 +£0.37
pyrrole-2-carboxaldehyde 2059 0.94+£0.05 1.93+ 0.15 1.38+0.12 1.17 +£0.06
furanones
dihydro-2-methyl-3(2H)-furanone 1282 0.08 £ 0.01 0.72+0.17 0.29+0.04 0.15+0.03
5-methyl-2(5H)-furanone 1707 0.05+ 0.03 0.16 4 0.01 0.17+0.01 0.15+0.03
2(5H)-furanone 1787 0.63+0.09 0.83+£0.06 0.20+0.02 0.08+0.03
dihydro-4-methyl-2(3H)-furanone 1847 - 0.144+0.01 0.51+0.04 0.80+0.01
2,5-dimethyl-4-hydroxy-3(2H)-furanone 2062 3.11+£0.24 1.994+0.21 0.52 £ 0.01 0.36 £ 0.01
5-acetyldihydro-2(3H)-furanone 2096 0.37+£0.02 0.60 4 0.06 0.604+0.02 0.55+0.05
dihydro-5-(hydroxymethyl)-2(3H)-furanone 2516 0.40+ 0.34 0.81+0.22 0.84+0.30 0.95+0.04
furans
furfural 1482 0.71+£0.09 2,69+ 0.34 0.25+0.02 0.13+0.02
2-acetylfuran 1527 0.28 +0.04 0.99 4 0.06 0.86+0.03 0.741+0.04
furfuryl acetate 1552 - 0.43 +0.04 0.924+0.05 0.794 0.04
5-methylfurfural 1596 0.82+0.08 270+0.23 0.50+0.04 0.16+0.02
furfuryl alcohol 1678 18.93 +3.09 27.51+2.40 26.29+1.38 12.35+0.34
5-methylfuran-2-carboxylic acid, methyl ester 2044 0.51+0.03 0.48+0.03 0.28 +0.02 0.29+0.01
5-hydroxymethylfurfural 2528 23.09+2.13 9.68 +1.26 0.22£0.02 -
cyclopentenes
4,4-dimethyl-2-cyclopenten-1-one 1511 - - 0.02+0.00 0.04 +0.01
2,3-dimethyl-2-cyclopenten-1-one 1573 - - 0.1240.00 0.17 +0.01
2-hydroxy-3-methyl-2-cyclopenten-1-one 1857 0.93+0.05 1.34 4+ 0.09 1.61+0.11 1.68 +0.04
3-ethyl-2-hydroxy-2-cyclopenten-1-one 1924 0.23+0.02 0.43+0.03 0.6940.08 0.98+0.04
phenols
2-methoxyphenol 1886 - 0.34£0.02 0.90 £0.07 1.36 +£0.04
phenol 2030 0.134+0.02 0.38+0.10 1.21£0.09 2.61+0.05
2-methoxy-4-vinylphenol 2225 3.51+0.35 2.394+0.26 1.71£0.06 1.13£0.06
catechol 2718 - - 431+0.98 7.56 +£0.75
other miscellaneous compounds
acetoin 1303 0.08 £ 0.01 0.41+0.10 0.214+0.03 0.11+0.03
hydroxyacetone 1319 0.83+0.12 2.38 £ 0.62 0.46 +0.08 0.39+0.07
1-ethoxy-2-methylpropane 1364 0.024+0.01 0.2140.03 0.12+0.01 0.07 £ 0.01
1-hydroxy-2-butanone 1394 0.21+£0.04 0.92+0.13 0.28 £0.01 0.21£0.02
acetic acid 1468 0.734+0.04 1.23+£0.15 0.44+0.13 0.39 £0.05
1-acetyloxy-2-propanone 1477 0.23+0.04 1.194+0.08 0.96 £0.04 0.39+£0.03
propionic acid 1557 0.3440.04 0.64 4 0.06 0.30+0.05 0.15+0.01
y-butyrolactone 1662 2.54+£0.40 488+ 0.33 11.06 £0.87 15.22+0.23
3-methylbutanoic acid 1687 3.7940.38 3.5540.03 2.09+0.23 1.36 £0.07
3-methyl-2-butenoic acid 1819 1.23+£0.07 1.02£0.04 0.67+0.03 0.56 +£0.02
maltol 2004 2.70+0.24 3444023 1.08£0.10 0.97+£0.07
3,5-dihydroxy-6-methyl-4H-pyran-4-one 2309 15.26 4+ 1.09 1.66 +0.33 0.41+0.03 0.60 £+ 0.05

2Solvent peak is excluded. Values are mean = SD, n = 3. °Kovats index on DB-Wax column. °GC peak area % <0.01.

Pyridine, which has a pungent and diffusive odor but which
gives a pleasant-burnt/smoky odor in extreme dilution (/3), was
first reported in coffee in 1946 (29). In the present study, the

concentration of pyridine increased steadily with the increase of
the roasting intensity (Figure 1). This result was consistent with
the previous paper (9), suggesting that higher intensity roasting
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Figure 1. Concentrations of chemicals significantly influenced by four roasting conditions found in extracts obtained from Ethiopian coffee beans.

produces more pyridine. On the other hand, in the roasted
Nicaraguan green coffee beans 3-hydroxypyridine was formed
more in the coffee roasted by the city roasting condition (4.59 +
1.58%) than in that by the French roasting condition (3.33 £+
0.23%). The same result was obtained from the roasted Ethiopian
green coffee beans, whereas the concentration of 2-acetylpyrrole
increased considerably from 0.92 + 0.08% (medium roasting) to
5.60 £ 0.56% (city roasting) and then reduced to 4.66 £ 0.15%
(French roasting).

The formation of y-butyrolactone exhibited clear roasting-
intensity response (Figure 1), ranging from 2.06 £ 0.02% (light
roasting) to 13.29 £ 1.56% (French roasting). The result was also
consistent with the previous paper (/8). One study indicated that
y-butyrolactone formed from a chlorogenic acid lactone (30).

y-Butyrolactone in coffee volatiles was reported in many
studies in the 1960s (37), and since then it has been constantly
reported in coffee volatiles (/, 32). Generally, y-butyrolactone
and its alkyl-substituted derivatives possess butter/coconut-like
flavors and have been widely used for perfumes and food
flavorings (13). Therefore, this compound may play an important
role in the flavor of coffees roasted under different conditions.

Phenols were found in coffee in the relatively early years of
flavor studies (33). Among phenols identified in the present study,
2-methoxyphenol and 2-methoxy-4-vinylphenol decreased with
increasing roasting intensity. On the other hand, phenol and
catechol increased with increasing roasting intensity. As Figure 1
shows, catechol was found only in the coffee roasted under the
relatively intense conditions of city (8.86 £ 0.78%) and French
roasting (10.02 £ 2.75%). These results may be due to formation
from different precursors. In fact, chlorogenic acids, which
contain a phenolic moiety, readily degrade in coffee upon heat
treatment (34).

The concentration of cyclopentenes found in the present study
was relatively low and did not show significant changes under
different roasting conditions (Figure 1). Their concentration
increased slightly when the roasting intensity increased, which
is consistent with a recent paper (35). Cyclopentenes, including
2-hydroxy-3-methyl-2-cyclopenten-1-one, have been known to be
present in coffee volatiles since the mid 1960s (36). They were also
known as a sugar caramelization product and have a sweet and
caramellic-spicy odor (37).

Volatile chemicals always play an important role in the palat-
ability and preferences for heat-treated foods and beverages.
Also, the specific conditions of heat treatment significantly
influence the final flavor of foods and beverages. The present
study found that the roasting conditions significantly changed the
concentrations of certain volatile chemicals in coffee beans.
Flavor chemicals such as furfural derivatives and furanones,
which form from components (e.g., sugars and lipids) of green
coffee beans, were yielded in relatively high concentrations under
mild roasting conditions but were reduced under higher roasting
intensities. On the other hand, chemicals such as pyridines and
pyrroles, which form from the Maillard reaction between an
amino acid and a sugar, were formed more in coffee beans roasted
under high roasting intensities than in those roasted under mild
roasting intensities. Also, the chemicals formed from the degra-
dation of chlorogenic acids, such as phenols and lactone, were
produced more by high roasting intensities than by low roasting
intensities. Therefore, formation differences of these volatile
chemicals caused by roasting conditions must play an important
role in the flavor characteristic of brewed coffees.

Another study on the role of roasting conditions in the
formation of 16 aroma chemicals from Sumatran coffee beans
reported that the concentrations of hexanal, pyridine, and di-
methyl sulfide increased when the roasting temperature was
increased, whereas the concentrations of the other 13 aroma
chemicals were either reduced or kept constant when the roasting
temperature was increased (/6).

Table 5 shows the results of volatile analysis of four commercial
roasted—ground coffees. The table also lists the compounds
found in the coffee beans roasted under four different conditions
in the laboratory (Tables 2—4). The amount of total volatile
chemicals recovered from coffee beans was 24.3 4+ 1.8 mg/g from
Dunkin, 28.5 £+ 6.6 mg/g from GOUD, 34.9 £ 5.5 mg/g from
Puroast Fine, and 35.1 &+ 3.4 mg/g from SF Bay.

Figure 2 shows the concentrations of coffee components that
showed significant changes in concentration according to the
roasting condition (refer to Figure 1). General profiles of volatile
chemicals in the commercial roasted—ground coffee were similar
to those in the laboratory-roasted coffees. Furans were found in
the greatest concentrations in all four commercial roasted—
ground coffees. The results suggest that GOUD coffee was
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Table 5. Volatile Chemicals Identified in Brewed Coffee Prepared from Commercial Roasted—Ground Coffee

GC peak area %*

compound P Dunkin GOUD Puroast Fine SF Bay
pyridines
pyridine 1202 1.32+0.20 0.73+0.15 3.07+0.76 3.81+0.25
2-methylpyridine 1240 —° - 0.03+ 0.00 0.0340.00
6-methyl-3-pyridinol 2430 0.22+0.02 0.13+0.09 0.66£0.10 1.02+0.14
3-hydroxypyridine 2450 3.17+0.38 2.65+ 0.54 6.42+1.29 6.5940.89
pyrazines
pyrazine 1231 0.124+0.03 - 0.05+ 0.02 0.10+0.01
2-methylpyrazine 1286 1.48+1.27 1.27+£0.23 0.57£0.10 0.8740.05
2,5-dimethylpyrazine 1346 0.65+0.05 0.58 & 0.05 0.31+0.01 0.36 £ 0.01
2,6-dimethylpyrazine 1352 0.69 +0.06 0.60 + 0.06 0.34+£0.02 0.47 £0.02
2-ethylpyrazine 1357 0.2440.03 0.18 £ 0.02 0.154+0.03 0.16 £+ 0.01
2,3-dimethylpyrazine 1371 0.15+£0.01 0.13+ 0.01 0.11£0.01 0.15£0.01
2-ethyl-6-methylpyrazine 1408 0.254+0.02 0.18 4+ 0.01 0.27 +0.01 0.324+0.01
2-ethyl-5-methylpyrazine 1415 0.12+0.01 0.10+ 0.01 0.10+£0.02 0.09 £ 0.01
2,3,5-trimethylpyrazine 1429 0.354+0.03 0.32+ 0.01 0.1940.01 0.23+0.01
pyrazine-2-carboxylic acid amide 1740 - - - -
pyrroles
1-methylpyrrole 1542 - - - -
1-methyl-1H-pyrrole-2-carboxaldehyde 1651 0.2540.02 0.17 £ 0.01 0.43+0.03 0.254+0.07
2-acetyl-1-methylpyrrole 1683 0.22 £ 0.01 0.16 + 0.01 0.27 £0.02 0.37+£0.03
2-acetylpyrrole 2022 1.07£0.05 0.87 £ 0.06 1.87£0.16 1.48£0.10
pyrrole-2-carboxaldehyde 2059 1.66 +0.03 1.37 £ 0.11 1.94+0.14 1.01+0.07
furanones
dihydro-2-methyl-3(2H)-furanone 1282 0.58+0.13 0.42+0.12 0.71+£0.19 0.25+0.02
5-methyl-2(5H)-furanone 1707 0.17 £ 0.01 0.1940.01 0.1240.01 0.1240.01
2(5H)-furanone 1787 0.62+0.03 0.66 +0.07 0.29+0.02 0.12+£0.01
dihydro-4-methyl-2(3H)-furanone 1847 - - - -
2,5-dimethyl-4-hydroxy-3(2H)-furanone 2062 158+ 0.14 1.91+0.21 0.83+£0.04 0.47 £0.02
5-acetyldihydro-2(3H)-furanone 2096 - - - -
dihydro-5-(hydroxymethyl)-2(3H)-furanone 2516 1.40+0.21 1.394+0.22 1.57+0.24 1.70+0.22
furans
furfural 1482 1.80+0.21 2.50+0.36 0.73+0.08 0.17 £0.01
2-acetylfuran 1527 0.80+0.05 0.82 4 0.05 0.57 £0.01 0.65+0.02
furfuryl acetate 1552 0.55+0.06 0.36 +0.04 0.49+0.07 0.92 +£0.04
5-methylfurfural 1596 2.21+0.12 2.34+0.13 1.05+0.06 0.28 £ 0.01
furfuryl alcohol 1678 29.35+2.16 2478+ 1.28 19.75+1.34 16.78 +0.47
5-methylfuran-2-carboxylic acid, methyl ester 2044 - - - -
5-hydroxymethylfurfural 2528 8.06 £ 0.71 15.16 + 1.69 5.55+0.10 0.24 +£0.02
cyclopentenes
4,4-dimethyl-2-cyclopenten-1-one 1511 - - - -
2,3-dimethyl-2-cyclopenten-1-one 1573 - - - -
2-hydroxy-3-methyl-2-cyclopenten-1-one 1857 1.42+0.08 1.47 £ 0.04 124+0.12 1.28+0.10
3-ethyl-2-hydroxy-2-cyclopenten-1-one 1924 0.2540.00 0.4140.03 0.69+0.03 0.84 +0.04
phenols
2-methoxyphenol 1886 0.16 +0.01 0.1940.03 0.17+0.01 0.1240.01
phenol 2030 0.46 +0.02 0.46 +0.04 1.33+0.12 1.35+0.07
2-methoxy-4-vinylphenol 2225 - - 1.19+0.30 -
catechol 2718 2.91+0.20 2.48+0.26 463+0.15 11.48 +0.60
other miscellaneous compounds
acetoin 1303 - - - -
hydroxyacetone 1319 2.73+0.56 3.20+0.88 1.09+0.44 0.49+0.08
1-ethoxy-2-methylpropane 1364 - - - -
1-hydroxy-2-butanone 1394 0.60+£0.04 0.84+0.13 0.3840.06 0.2140.01
acetic acid 1468 0.0540.07 - 0.07 £+ 0.01 0.07 £ 0.01
1-acetyloxy-2-propanone 1477 1.47+0.10 1.47+0.10 0.84 £0.05 0.62 £0.02
propionic acid 1557 0.1540.02 0.05+0.01 0.06 £ 0.01 0.05 £ 0.00
y-butyrolactone 1662 482+0.16 3.79+£0.30 7.76 £0.38 9.82 £ 0.51
3-methylbutanoic acid 1687 2.11+0.02 2.53+0.03 2.41+0.08 0.89+0.11
3-methyl-2-butenoic acid 1819 0.60 +0.07 0.63+0.04 0.02 £ 0.01 0.07 £0.01
maltol 2004 314 £0.13 2.50+0.39 6.76 + 1.10 4.97+0.33
3,5-dihydroxy-6-methyl-4H- pyran-4-one 2309 1.08+ 0.19 1124013 0.95+0.06 0.54+0.04

2Solvent peak is excluded. Values are mean = SD, n = 3. °Kovats index on DB-Was column. °GC peak area % <0.01.

prepared under the least intense conditions among the four
commercial roasted—ground coffees because 5-hydroxymethyl-
furfural was found in high concentrations (15.16 £+ 1.69%) and

catechol concentration was low (2.48 = 0.26%). The presence of
other chemicals was similar to that in the light roasted coffee. On
the other hand, SF Bay coffee may be prepared by the most
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Figure 2. Concentrations of coffee components that showed significant changes in concentration according to the roasting condition (refer to Figure 1).

intense conditions among the four commercial roasted—ground
coffees because catechol and y-butyrolactone were found in high
concentrations of 11.48 £ 0.60 and 9.82 + 0.51%, respectively.
The presence of other chemicals resulted in concentrations similar
to those of the French roasted coffee.

The results of the present study suggest that controlling
the roasting conditions according to the formation of parti-
cular chemicals can prepare a roasted coffee with preferable
flavor.
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