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The quality of coffee is influenced by many factors such as coffee variety, agricultural and
postharvest conditions, roasting parameters, and brewing. The pleasure of drinking coffee may
be affected by off-notes such as burnt, green, earthy, or fermented. Their presence is related to the
variety, fermentation during postharvest processing, or over-roasting of the beans. Sensory expert
panels trained for the evaluation of coffee are able to detect off-notes and select coffees by well-
defined quality criteria. The application of instrumental approaches detecting quality markers related
to the perceived off-notes is shown to be useful to assist sensory panels. This paper describes the
discovery of a new marker compound related to the fermented off-note occasionally perceived in
coffees. The application of untargeted chemometric methods on volatile compounds revealed
correlations between individual compounds and the sensory attribute. The new marker compound
was identified as ethyl formate, which can be measured in the headspace of roasted and ground
coffee by various analytical techniques including online proton transfer reaction mass spectrometry.
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INTRODUCTION

The perceived aroma and flavor of a roasted and ground
(R&G) coffee extract depends on many factors. The green coffee
variety and quality with its specific composition of precursors sets
the stage for the later flavor development during roasting.
However, many other factors influence the quality of the coffee
cherries, that is, agricultural, meteorological, and harvest condi-
tions. Postharvest treatment (drying and fermentation) and
process parameters (roasting, quenching, and grinding) are addi-
tional factors with a high impact on the final cup quality (1 —4).

Monadic sensory evaluation by a trained sensory panel can
describe the perceived quality differences of coffee samples. These
quality differences are reflected by the chemical compo-
sition (5 —8) that may substantially vary depending on the origin
and history of coffee treatment. In addition, quality differences
may be due to compounds leading to off-notes, which will change
the overall quality from the predefined sensory profile. Specific
ethyl esters of short-chain fatty acids have been reported as
potential key aroma compounds responsible for the overfermen-
ted flavor defect of coffee (9, 10). Their individual contribution is a
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function of the actual concentration in a given sample. It was
established that elevated amounts of these off-flavor comp-
ounds may occur not only in wet-processed Arabica coffees but
also in unwashed Robusta coffees. The occurrence of an over-
fermented flavor defect is not limited to inappropriate green coffee
processing.

In general, approximations by first-principle models for esti-
mating the quality using chemical and process data are difficult
because of the high degree of complexity when considering
chemical pathways in the formation of aroma and flavor. There-
fore, the application of chemometrics to coffee is interesting
because it is a purely data driven approach and not based on
fundamental chemical theories. It also allows including process
parameters, agricultural data, and quality descriptors as well
as chemical data as long as the data are reproducible and
unbiased (/7, 12). First attempts in correlating chemometric data
sets with sensory profiles focusing on chemical differences showed
promising results when chemometric methods were applied (13).

In general, two different chemometric strategies can be chosen,
that is, the targeted or nontargeted approach. In the targeted
approach, the set of data is predetermined (e.g., nature and
quantity of components in the case of chemical data) and multi-
variate analysis aims at studying correlations between the result-
ing data and predefined target information. This approach has
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long been applied to analytical chemistry. Its major drawback is
its limitation to already known and identified components.
Investigations of unknown but possibly relevant chemical mar-
kers are not considered, as the data analyses are restricted to
predetermined compounds defined from the very beginning.

In contrast, no preselection of data takes place in the un-
targeted approach: all chemical information present in the data
sets is taken into account prior to compound identification (/4).
For instance, information on the relative presence of all com-
pounds present in the coffee headspace and detectable by GC-MS
can be used to compare samples and link variation in GC-MS
profiles to, for instance, postharvest and processing parameters.
Such untargeted approaches require unbiased mass peak extrac-
tion and alignment of peaks over all samples, due to slight shifts in
retention from one measurement to another. Even though GC
separation techniques are already highly developed, usually
resulting in stable chromatography, small chromatographic shifts
may still be on the order of a full peak width, and peaks therefore
need to be aligned. Dedicated metabolomics processing programs
such as Metalign (www.metalign.nl) have been shown to be very
useful in peak extraction from GC-MS data sets and alignment of
chemically separated compounds without the need for prior
compound identification (/4). Multivariate data analysis can be
performed using the full set of detected signals from both known
and (yet) unknown compounds. Depending on the aim of the
study, the identification of compounds can be focused on only
those representing significant differences in quality or correlation
with a certain quality trait. The main advantage of such essen-
tially untargeted approach is the possibility to find novel markers
for a specific target. Finally, the putative markers observed by the
untargeted approach might be verified and validated by applying
a targeted approach on a selected set of samples.

In the present work we discovered a new chemical marker
identified as ethyl formate related to the fermented off-note
occasionally perceived in coffees. Zlatkis and Sivetz (15) already
identified ethyl formate in coffee without studying correlations
with sensory data. As the fermented off-note is a well-known issue
for coffee growers and the coffee trade, the simplicity of analyzing
the marker by GC-MS and online instruments such as PTR-
MS (16) is highlighted.

MATERIALS AND METHODS

Materials. Ethyl formate (CAS 109-94-4, >99.5%, mass spectrum
(electron ionization) m/z 43 (100%), 73 (25%), 42, (11%), 59 (12%),
retention index DB-Wax of 820) and methyl acetate (CAS 79-20-9,
>99.9%, mass spectrum (electron ionization) m/z 31 (100%), m/z 28
(74%), m/z 29 (74%), m|z 27 (47%), m/z 45 (33%), m/z 26 (25%), m/z 74
(10%), retention index DB-Wax of 816) were from Sigma-Aldrich (Buchs,
Switzerland). Tenax TA traps (Tenax TA 60—80 mesh, 15 g) were from
phase Separation Ltd. (Deeside, U.K.).

Coffee Sample Selection. Robusta coffee (Coffea canephora) of
different types (Kouillou and Robusta) and groups (Congolese, Guinean
and hybrids), grown in identical defined and reproducible conditions in
Ecuador, harvested in 2004 and 2005, were selected for their expected
sensory differences. The selection was mainly based on quality markers
determined for crop 2002 and genetic fingerprints based on molecular
markers (RFLP markers). Fifteen samples (samples 1—15) were used for
applying chemometric methods on sensory data and chemical fingerprints.
A further three samples (sample A—C) of type Robusta and different
groups (Congolese, Guinean, and hybrids) with different fermented off-
note intensities were selected by an independent coffee expert sensory
panel of four coffee experts. Sample C was selected with high fermented
intensity, B with medium-high intensity, and A with medium intensity.

Sample Preparation for Technical Sensory Evaluation. For each
of the 15 coffee samples, 750 g of green beans was split into five portions of
150 g and roasted to five different roasting degrees using a Neotec roaster
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(Neuhaus Neotec GmbH, Reinbek, Germany). The roasting temperature
was kept constant, and the roasting time was varied to cover the range
from low (CTn 109), to medium (CTn 95), to high (CTn 90), to city (CTn
79), to Italian roast (CTn 71) (defined by color table Neuhaus CTn value).
The roasting time was adapted to each coffee sample to avoid over-
roasting. Therefore, all samples were roasted to two roasting heat-loads at
227 °C/250 s and 227 °C/300 s, and the color of the beans was compared
with the color table. On the basis of the results the three missing roasting
heat-loads were adjusted depending on the individual roasting character-
istic by varying the roasting time.

All coffee samples were ground to Ditting 5.5 (Ditting Maschinen AG,
Bachenbiilach, Switzerland) and packed into cans of 50 g. Coffee
beverages were prepared from 50 g of R&G coffee per liter of water at
80 °C extraction using a mixture of two-thirds Vittel and one-third
demineralized tap water and a coffee machine with a Melitta filter. The
coffees were kept at 65 °C in Thermos flasks and served in polystyrene cups
for tasting by the panelists.

Sample Preparation for Monadic Sensory Evaluation. For each
coffee sample, 960 g of green beans was roasted to the individual roasting
degrees evaluated during the technical sensory evaluation using a Neotec
roaster. All coffee samples were ground to Ditting 5.5 and packed into cans
of 50 g. For the monadic sensory sessions, coffees were prepared in the
same way as for the technical sensory evaluation.

Sample Preparation for Sensory Evaluation of the Validation
Set. The same sample preparation was used for the validation set (A—C)
but roasted to medium degree (CTn 100).

Sample Preparation for Chemical Analysis. Two technologies were
used to obtain chemical fingerprints of volatile compounds released from
R&G coffee extract: online headspace measurement method and offline
desorption of Tenax traps to GC. The same sample preparation was used
for both analytical methods. Two grams of R&G coffee (same 15 R&G
coffees as used for the monadic sensory evaluation and 3 R&G coffees
used as validation set) was filled into the filter holder of an espresso
machine (FrancisFrancis X1). Extraction was performed at 90 °C using a
mixture of two-thirds Vittel water and one-third demineralized tap water.
It has to be noted that the small amount of coffee filled into the filter holder
does not allow for a high-pressure extraction; it is closer to filter coffee
extraction. The extraction volume was set to 28 mL of coffee beverage.

Technical Sensory Evaluation. The appropriate roasting conditions
for each coffee sample were investigated in technical tasting, using a panel
of nine coffee experts. The five roasting levels of each coffee were presented
to the panelists, and they were asked to rank/rate the sensory attributes
bitter, acid, roasty, and rubbery on a 12 cm visual analogue scale from 0 to
12. In addition, they were asked to identify the presence of off-notes among
the following attributes: burnt, green, earthy/woody, fermented, phenol/
medical, and cereal. Finally, the panelists were asked to select one “ideal”
roasting level based on a balanced bitterness/acidity, presence of charac-
teristic attributes, and minimal perceived off-notes, that is, green due to a
too low roasting level and burnt due to over-roasting. A discussion with
the panelists after each evaluation led to a consensus on the “best choice”
of roasting degree.

Monadic Sensory Evaluation. Fifteen coffee samples roasted to the
individual roasting degrees evaluated during the technical sensory evalua-
tion were used to obtain monadic sensory profiles. A panel of 10 external
panelists, already trained in coffee evaluation, participated during four
sessions of 90 min each. Even though the panel was already familiar with
the glossary and products, training sessions were organized to select the
appropriate sensory attributes as described in ref /7. The coffees were
profiled using the quantitative descriptive analysis (QDA) method.
Seventeen selected attributes describing odor, flavor, mouthfeel, and
persistence were scored on a visual analogue scale (0 = not, 10 = very
intense). Samples were tasted monadic according to a complete block
design and repeated twice. The statistical significance of each sensory
attribute was validated by processing an analysis of variance (ANOVA).
Attributes such as bitter, roasted, body, rubbery, coffee odor, coffee
flavor, fermented, and chemical were significantly different between the
samples with a range/LSD of >1.5 (range = maximum — minimum of
evaluated intensity; least significant difference (LSD) obtained by
ANOVA). For this approach standard mathematics was used for calcula-
tions with the programs NCSS 2007 (Hintze, J. NCSS, PASS, and
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Table 1. Monadic Sensory Evaluation of 15 Samples Roasted to the Selected
Individual Roasting Degree®

coffee  coffee rub- fer-
sample  odor flavor roasted bitter bery chemical mented body

1 3.61 417 411 492 106 047 055 3.57
2 4.18 4.05 422 534 122 045 153 3.39
3 3.76 3.74 514 565 113 0.73 1.73  3.69
4 2.50 2.65 352 433 1.06 093 396 3.24
5 5.08 4.81 518 511 097 036 061 4.03
6 3.69 3.68 345 379 047 055 149  2.62
7 2.80 3.19 410 463 066 0.95 396 329
8 4.66 4.63 436 437 045 0.18 045 349
9 417 4.46 530 550 1.36 0.50 115 348
10 4.21 4.37 419 426 074 0.16 074 334
1 4.80 4.52 323 380 049 007 0.38 3.54
12 4.49 4.50 581 490 057 0.15 063 353
13 2.95 3.90 430 473 071 035 256 3.50
14 3.78 3.37 324 377 113 076 242 347
15 2.43 2.90 158 374 073 0.82 363 3.18

range/ 2.59 2.16 173 260 168 1.64 337 233
LSD

2The attributes rubbery, body, bitter, roasted, coffee odor, coffee flavor,
chemical, and fermented were scored on an analogue scale (0 = not, 10 = very
intense). Statistical significance expressed by the range/LSD value of each sensory
attribute was calculated by processing an analysis of variance (ANOVA) (range =
maximum — minimum of evaluated intensity; least significant difference (LSD)
obtained by ANOVA).

GESS; NCSS: Kaysville, Utah, 2006) and Excel (Microsoft). The mean
values of the sensory evaluation, and range/LSD values are shown in
Table 1.

Chemical Profiling and Identification. Directly after extraction of
28 g of espresso, the coffee was poured into a double-jacketed, water-
heated sample vessel (350 mL glass vessel), mounted inside an oven set to
65 °C with active air circulation. A temperature-stabilized water bath (set
to 50 °C) was connected to the double-jacketed cell to keep the sample at
constant temperature. The sample cell was connected to the fix-mounted
top cover to be easily disconnected and filled with the coffee sample. The
coffee headspace was purged continuously with 300 standard cubic
centimeters per minutes (sccm) through heated tubes (80 °C) penetrating
the fix-mounted top of the cell. Before analysis by online PTR-MS (High
Sensitivity PTR-MS, Tonicon Analytik GmbH, Innsbruck, Austria), the
sample gas was diluted with 3000 sccm of dry air, preventing saturation of
the instrument. Lindinger et al. (/8) have described the complete setup in
detail. After preparation of the coffee sample, the headspace vessel was
disconnected, filled with the coffee sample, and connected back to the
system. This procedure was carried out quickly (<10 s) to avoid
temperature changes of the sample, oven, and headspace vessel. PTR-
MS instrumental parameters were set as follows: drift tube pressure,
2 mbar; drift tube temperature, 80 °C; drift voltage, 550 V; extraction
blend, 6 V.

Tenax traps obtained during the online headspace measurement were
desorbed at 250 °C for 10 min on the Automatic Thermo Desorption
(ATD Turbo Matrix 350, Perkin-Elmer, Boston, MA), flushed with a
helium flow of 20 scem, cryofocused at —30 °C, and injected from the cold
trap (250 °C, 3 min) into the GC (Agilent 6890 GC-oven). As column, a
60 m DB-Wax (i.d.=0.32 mm) with a film thickness of 0.5 um was kept at
20 °C for 20 min, increased at 4 °C/min to 220 °C, and maintained for
10 min at 220 °C. To identify the separated compounds, a Pegasus 111
TOF-MS (LECO Corp.) was used. The measurement in high time
resolution allows deconvolution of the overlapping peaks as frequently
observed in coffee spectra. Identification was performed by comparison
with mass spectral databases (internal and Wiley databases) and retention
indices of reference compounds.

With only a few exceptions, usually more than one compound
contributes to a single ion trace monitored in coffee headspace samples
by online PTR-MS. Therefore, the coupling of the GC-TOF-MS techni-
que with PTR-MS was necessary to identify the chemical compounds
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contributing to specificion traces measured online by PTR-MS (/8). Three
data sets were obtained for each coffee sample, that is, (i) GC-TOF-MS
data of coffee headspace desorbed from Tenax traps (Centrotype notation:
“EI” followed by a unique centrotype number); (ii) GC-PTR-MS data of
coffee headspace desorbed from Tenax traps (Centrotype notation: “PT”
followed by a unique centrotype number); and (iii) PTR-MS online
headspace data (time intensity profiles in scan mode m/z 20—160).

GC-PTR-MS analysis allowed detection of 266 aligned peaks (PT
centrotypes). A partial identification using simultaneously obtained GC-
TOF-MS spectra allowed identification of 166 compounds based on
internal databases (notation by molecule name). If the identification was
not possible, the notation “U” followed by a unique number was used.

Quantification. For quantification of ethyl formate, 2 mL of coffee
extract was filled into 10 mL glass vials closed with Teflon-lined septum
metal caps. After 10 min of equilibration at 50 °C, 1 mL of headspace was
sampled by using a 2.5 mL headspace syringe and injected into the GC-
PTR-MS split/splitless injector (split factor of 2). The same column and
oven temperature program was used as described above. The concentra-
tion of ethyl formate was determined in duplicate by external calibration
with a standard solution of pure ethyl formate in water at concentrations
between 0.1 and 0.6 mg/L.

Chemometric Methods. Metalign software (www.metalign.nl) was
used to automatically extract all mass signals > 3 times the local noise, and
to align the extracted mass peaks across all samples, for both GC-TOF MS
and GC-PTR-MS data sets. The data sets were subsequently filtered for
redundant signals from the same compound, using the MMSR script (/4)
and a similar program developed in Labview software environment.

Cluster analysis and correlation maps were obtained to visualize
correlations between sensory data and volatile compounds. The elimina-
tion of redundant information of the data matrix increases the quality of
the obtained correlation maps when two data sets originating from two
different instruments are fused. The correlation maps are created by
plotting all compounds in 2D while keeping the distances between them
intact. In a next step, correlation coefficients (Pearson product moment
correlation) are calculated between all compounds. Only compounds that
showed a significant correlation (corrected for the false discovery rate)
were selected, and those that had a coefficient of at least 0.8 were connected
by a line. In this way, a network was obtained showing which compounds
are closely correlated to each other, because they are connected through a
series of lines. This type of analysis can detect groups of functional related
compounds and show the interrelatedness.

Olfactometer Method. Study on the validation of the causal relation-
ship between single compound concentration in the headspace of coffee
and the sensory perception of individual attributes was performed using an
olfactometer (Burghart olfactometer OM6b; Heinrich Burghart Elektro
and Feinmechanik GmbH, Wedel, Germany). Two parallel air streams are
directed toward the outlet head of the olfactometer (sniffing port). Both air
streams are set at the same flow rate, humidity, and temperature. One air
stream is made only of pure air, and the other is the diluting air, which can
be mixed with odorants filled in 250 mL cell vessels. In total, six cell vessels
can be used simultaneously, limiting the experimental design to one coffee
and five pure compounds. The switching process takes place just before the
outlet of the olfactometer. During the interstimulus interval of time, the air
stream containing the odorants is swept to the waste circuit, so that only
pure air flows to the nose of the panelists. The vacuum is reversed during
odor stimulus, so that air loaded with odorants flows toward the panelist’s
nose. The total flow was constantly adjusted at 6 L/min, kept at a
temperature of 40 °C and moisture between 50 and 60%.

RESULTS AND DISCUSSION

Sample Selection. Coffee sample selection is an essential step
ensuring a rich diversity in perceived sensory profiles for success-
ful application of chemometric methods to relate the perceived
quality differences to chemical fingerprints. The focus in this
study was set on the selection of coffee samples being different on
the basis of their genetics, knowing that postharvest and proces-
sing parameters play very important roles as well. One approach
consists of collecting coffee samples of different origins from
different coffee-growing regions all over the world. Besides
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differences related to the coffee type/group, this includes vari-
ability in soil and growing and harvesting conditions. Another
option is to collect seedlings of different coffee varieties growing
in different coffee regions all over the world and to grow them at
the same place in very well-defined agricultural conditions.
Postharvest conditions (dry processed) are easier to standardize
in this case, and the remaining quality-determining factors
are coffee type/group and roasting parameters. The latter setup
was used in the present study using C. canephora samples
produced at a farm in Ecuador under fully reproducible condi-
tions. Each individual sample was collected on 45 genetically
similar (clone) trees.

Sample Treatment. Roasting tests showed that the individual
roasting efficiency of the samples was different depending on the
different bean size, water content, sugar content, and many more
parameters. When using the same roasting parameters for all
coffee samples (same heat load set by roasting temperature and
duration of roasting), different roasting colors were obtained
(measured as CTn value) for each sample. There is no “gold
standard” to overcome this problem. Sensory evaluation should
show the differences between the coffees but should not be
influenced by the different roasting degrees depending on the
bean characteristics. Therefore, the individual roasting conditions
for each coffee sample had to be determined to avoid effects such
as (i) perception of strong green and acid notes resulting from a
low roasting degree being insufficient for the full development of
the coffee aroma or (ii) perception of strong bitter, roasted, and
burnt notes due to over-roasting with the result of inhibiting the
perception of subtle differences in caramel, woody, earthy, and
rubbery notes. Each individual coffee sample was roasted to five
different roasting degrees covering the range from low, to
medium, to high, to city, and to Italian roast.

Sensory Evaluation. The appropriate roasting conditions were
investigated in technical tasting, using a panel of nine coffee
experts. Panelists selected the most appropriate roasting degree
by evaluating the sensory attributes bitter, acid, roasty, and
rubbery, regarding mainly an acid/bitter balance. Additionally,
the presence of off-notes among attributes such as burnt, green,
earthy/woody, fermented, phenol/medical, and cereal was
identified.

The monadic sensory evaluation of the samples roasted to the
selected individual roasting degree showed differences between
the samples when rating the attributes rubbery, body, bitter,
roasted, coffee odor, coffee flavor, chemical, and fermented
(Table 1). In some cases, a strong fermented note was perceived,
already evaluated as off-note in the technical sensory evaluation.
High, medium-high, and medium fermented off-note intensities
were present in three, two, and three different samples, respec-
tively.

As all samples were processed under similar conditions (e.g.,
careful selection of cherries, sun-drying), it can be assumed that
the fermented taste is related to characteristics of the clones. One
hypothesis is that some clones have cherries which are more
susceptible to fermentation during sun-drying. Strong differences
exist between clones in the percentage of pulp in the cherries and
their sweetness (sugar content). Therefore, fermentation may be
promoted in clones having cherries with high percentage of pulp
and/or are more concentrated in sugars. Besides the fermented
note, the samples were very different from each other. The highest
differentiation can be seen by the attributes bitter, coffee odor,
and body, with range/LSD values beyond 2 (Table 1).

Analytical Characterization. To obtain a comprehensive view
of compounds present in the headspace of coffee, GC-TOF-MS,
GC-PTR-MS, and online PTR-MS analyses were used. Tenax
traps in combination with automatic thermo desorption (ATD)
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Figure 1. 2D correlation (Pearson product moment correlation) map of
GC-TOF-MS data (centrotypes are shown in gray letters indicated with “EI”
followed by a centrotype number), GC-PTR-MS data (centrotypes are
shown in black letters indicated with “PT” followed by a centrotype number),
and sensory data (in green letters). The sensory attribute “fermented” is
indicated with a red box. Correlations >0.8 are indicated by a blue
connection line.

on a GC column showed good results in obtaining rich chemical
fingerprints with high reproducibility (18, 19). GC-TOF-MS and
GC-PTR-MS data were processed by using Metalign software
(www.metalign.nl). The software includes baseline correction,
local noise calculation, and peak picking respecting a limitation in
signal-to-noise ratio and alignment of the detected peaks over all
samples by an iterative algorithm, which compensates for local
slight shifts in retention time. Due to the ionization induced
fragmentation by electron impact in GC-TOF-MS and fragmen-
tation by proton transfer and collision-induced fragmentation in
GC-PTR-MS, single compounds are represented by an average of
10 mass signals and 3 mass signals, respectively. To reduce the
data volume and eliminate redundant information, a “centrotyp-
ing” program was applied, comparable to that previously
reported (/4). This program correlates the intensity profiles of
individual mass signals across all samples within a predefined
retention time window, which can be adjusted according to the
shifts in retention time caused by the limitation of instrumental
accuracy. Mass signals that correlate are clustered and expressed
as single centrotype because they are expected to belong to one
and the same compound. This reduces the data volume without
loss of compound information, because the fragmentation pat-
tern of each centrotype is stored. Hence, this information can be
used for identification via comparison with spectral databases.
The aligned and centrotyped GC-PTR-MS data resulted in 266
centrotypes (compounds) indicated with “PT” followed by a
compound number, and GC-TOF-MS data in 247 centrotypes
(compounds) were obtained, each indicated with “EI” followed
by a compound number. Only peaks with a signal-to-noise ratio
of >3 were used in these data analyses. Cluster analysis and a
correlation map were obtained to visualize correlations between
sensory data, GC-TOF-MS data, and GC-PTR-MS data of
volatile compounds. The correlation map helped to identify
groups of related compounds and shows their interrelation
(Figure 1). A correlation of the evaluated fermented intensities
with attributes such as coffee odor and coffee flavor can be
observed because positive and negative correlations are clustered
together in the correlation map. Coffees that are perceived with
fermented off-note are typically not described as intense in coffee
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Figure 2. 2D correlation (Pearson product moment correlation) map as
shown in Figure 1 but zoomed into the cluster of fermented, chemical,
coffee odor, and coffee flavor attributes. Centrotypes highly correlated with
evaluated fermented intensities are indicated with magenta letters in the
case of GC-PTR-MS data and with red letters in the case of GC-TOF-MS
data.
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Figure 3. 2D correlation (Pearson product moment correlation) map as
shown in Figure 2 but with the annotation by identified compound name.
Only GC-PTR-MS data are shown for better readability.

odor and flavor. Therefore, these attribute intensities anticorre-
late with high coefficient. Furthermore, the sensory attribute
chemical is often associated with the fermented off-note and
therefore shows a high positive correlation.

A good correlation could be observed for the cluster of
fermented, chemical, coffee odor, and coffee flavor attributes
with several compounds in each GC-TOF-MS and GC-PTR-MS
data set (Figure 2). Several compounds could be identified by
comparison with mass spectral databases and retention indices.
These included well-known coffee aroma compounds such as
2-methylbutanal, 3-methylbutanal, 2-methylpropanal, and
dimethyl sulfide shown as PT9/EI 267, PT15/EI283, PT4/
EI108, and PT109/EIS9, respectively, in the correlation maps
(Figures 1 and 2). Further compounds could be identified as
ethyl acetate (PT120/EI216) and ethanol (PT150/EI345), with
a positive correlation with the fermented off-note (Figures 2
and 3). Both GC-PTR-MS and GC-TOF-MS data indicated that
ethyl acetate and ethanol were increased by factors of 10 and 8§,
respectively, in coffees perceived as fermented. Compound PT134

Lindinger et al.

Table 2. Correlation Matrix of Compounds Detected by GC-PTR-MS Corre-
lating with the Perceived Fermented Off-note

ethyl  ethyl
formate acetate ethanol fer-  chemi- coffee
PT94 PT120 PT150 mented cal odor

ethyl formate PT94 1.00 0.95 0.97 0.79 078 —0.77
ethyl acetate PT120 0.95 1.00 0.89 0.77 0.84 —0.75
ethanol PT150 0.97 0.89 1.00 0.69 071 —0.66
fermented 0.79 0.77 0.69 1.00 0.86 —0.90
chemical 0.78 0.84 0.71 0.86 1.00 —0.78
coffee odor -077 —075 -—-0.66 —0.90 -—0.78 1.00

Table 3. Correlation Matrix of Compounds Detected by GC-TOF-MS Corre-
lating with the Perceived Fermented Off-note

ethyl ethyl
formate acetate ethanol fer- chemi-  coffee
El146  EI216  EI345 mented cal odor

ethyl formate EI146 1.00 0.93 0.94 0.77 073 —0.71
ethyl acetate EI216 0.93 1.00 0.86 0.81 086 —0.78

ethanol EI345 0.94 0.86 1.00 0.68 0.69 —0.66
fermented 0.77 0.81 0.68 1.00 0.86 —0.90
chemical 0.73 0.86 0.69 0.86 1.00 —0.78
coffee odor -071 —-078 -—0.66 —090 —0.78 1.00

in the GC-PTR-MS data set showed a positive correlation and an
increase by a factor of 3. 2-Methyl-1-butanol and 3-methyl-1-
butanol were identified. Both compounds were coeluted when
using the described GC method. Due to this coelution, they do
not appear in the correlation maps (Figures 1—3).

Identification of Ethyl Formate. An increase in concentration by
a factor 20 was observed in the case of a distinct compound
(PT94/E1146) when the raw data of GC-TOF-MS were analyzed
and GC-PTR-MS simultaneously recorded. Due to coelution
with a second compound, the centrotypes include only one unique
ion signal at m/z 47 in the case of GC-PTR-MS data and m/z 31,
47, 56, and 73 ion signals in the case of GC-TOF-MS data. The
coeluting compound was identified as methyl acetate (PT7/
EI150) with a GC-PTR-MS spectrum of m/z 75, 43, 76, 61, and
77 with decreasing ion intensities. A small shoulder on the methyl
acetate peak at m/z 75 (GC-PTR-MS) at a slightly earlier
retention time equal to the retention time of the compound
PT94 with m/z 47 (GC-PTR-MS) was observed. In combination
with the centrotype spectrum obtained by GC-TOF-MS at the
same retention time (EI146), the second compound was tenta-
tively identified as ethyl formate. Pure and mixed injection of
methyl acetate and ethyl formate validated the identification of
both compounds by comparison of the mass spectrum from both
detectors (TOF-MS and PTR-MS; PTR-MS unique mass for
ethyl formate m/z 47) and the expected retention indices. As a
result, ethyl formate was found as a new marker for coffees
perceived as fermented. Figure 3 shows the zoomed correlation
map including identified compounds. Tables 2 and 3 show the
correlation matrix of the mentioned compounds correlating with
the fermented off-note. Until now, ethyl formate has not been
reported in the literature to be correlated with the fermented
defect of coffee samples.

Quantification of Ethyl Formate. Partition coefficient measure-
ments in water solution and coffee solution showed no signifi-
cant difference for compounds such as 2-methylpropanal and
3-methylbutanal (20). Even though this might not be valid for all
volatile organic compounds, we assumed that using the solution
of pure ethyl formate in water should be comparable with a
solution in coffee. Therefore, we compared concentrations in the
headspace of pure ethyl formate in water with that in coffee.
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A concentration of 280 £ 10 ug/L of ethyl formate was quantified
in coffee extracts with the highest concentration. Coffees with
ethyl formate concentration of > 60 ug/L were perceived with a
fermented off-note. Coffees with ethyl formate concentration of
<20 ug/L were described as not fermented.

Validation Trials. Therefore, three additional samples (A—C)
were selected by an independent sensory panel of four coffee
experts evaluating only the fermented attribute of the coffee
brews (coffees were roasted to CTn 100). One sample was
perceived with high fermented intensity (C), one medium-high
(B), and one medium-intense (A). The results were compared with
the intensity differences of ethyl formate in the headspace of each
of the coffees and, indeed, validated the findings. Studying the
variation in intensity of ethyl formate depending on the roasting
degree, the coffee with the highest intensity in the fermented
attribute was analyzed at five different roasting degrees, CTn 109
(low roasted), 95, 90, 79, and 71 (Italian roast) and CTn 90 with
10 replicates. Using the described GC methods, the results
showed no significant change in concentration of ethyl formate
depending on the five different roasting degrees (analytical
repeatability of 6% and sample reproducibility of 6%).

Online PTR-MS time—intensity profiles of coffee headspace as
described in ref /8 were measured for all coffee samples. A strong
increase in the maximum intensity of the ion signal at m/z 47 was
observed in case of coffees perceived as fermented. By analyzing
the headspace trapped on a Tenax cartridge by GC-PTR-MS,
four compounds were identified contributing to the ion signal at
m/z47. The average contribution of the compounds to m/z 47 was
measured for three coffees with the highest perceived fermented
intensity. A fragment of ethyl formate (56%), the protonated
molecular ion of ethanol (18%), the protonated molecular ion of
formic acid (24%), and an isotope of acetaldehyde (2%) were
identified. Ethanol and ethyl formate concentrations in the
headspace of coffee are highly correlated with the perceived
fermented intensity, whereas the formic acid concentration is
not. The major contribution of ethanol and ethyl formate to the
ion trace at m/z 47 makes the online PTR-MS measurements
suitable for detecting this off-note in R&G coffee independent of
the roasting degree in the range from low roasting to Italian
roasting degree.

The causality between ethyl formate concentration and the
perceived off-note was tested by using an olfactometer. The
extract of a coffee without a fermented off-note was placed in
one cell vessel and pure ethyl formate diluted in water in a second
cell vessel. The volatiles were purged to the sniffing port at various
dilutions to obtain the same ethyl formate concentration as
obtained from a coffee extract of coffee with fermented off-note
(highest concentration = 1 ppmv or 3.3 mg/m®). Four panelists
were asked to evaluate the difference in the perceived coffee
profile while the concentration of ethyl formate was changed. No
conclusive change in the overall profile was perceived. When pure
ethyl formate was sniffed at the same concentration as present in
the coffee with fermented off-note, only a slight intense smoky
odor was perceived by the panelists. By the same approach but
with ethyl formate replaced with 3-methyl-1-butanol, the overall
profile changed and the fermented off-note was perceived as
expected from the results obtained when the pure compound was
sniffed individually (described as chemical and fermented). How-
ever, the overall perception was still different compared to the
profile of a coffee with the fermented off note, indicating that
probably a misbalance of several compounds leads to the per-
ceived off-note.

Formation. Ethyl formate is most likely formed by esterifica-
tion of formic acid with ethanol. Formic acid is a well-known
sugar degradation product, along with acetic acid, formed in
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the course of the Maillard reaction cascade. Its high abundance
has been shown in model studies (27) and, thus, it is also
expected to be generated upon coffee roasting. Ethanol, on the
other hand, is a well-known fermentation product that can lead
to various ethyl esters during coffee processing. Indeed, several
of these ethyl esters have been reported by Bade-Wegener
et al. (9) in fermented coffee samples. It seems that in ethyl
formate formation, the ethanol concentration is the limiting
factor, not formic acid, when the correlation data obtained in
this study are considered.

Application. The untargeted chemometric approach allowed
detection of a positive correlation between ethyl formate and
the perceived fermented off-note in coffee and showed that
ethyl formate can be used as a new marker for this important
quality trait. However, it could be shown by olfactometer tests
that this is not a causal effect. The marker can easily be
detected by online PTR-MS or GC-PTR-MS measurements
of R&G coffee headspace, whereby the coffee can be roasted
over a wide range of roasting degrees (low roasted to Italian
roasted) without influencing the result. Ethyl formate should
be seen as an easily detectable quality marker correlating with
the fermented off-note.
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