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Abstract

The rapid, simple, and non-destructive analytical procedure for discrimination and authentication of whiskies originating from
Scotland, Ireland and USA due to their origin as well as time of maturation (two, three, six and twelve years) is presented.
Combination of data from infrared spectroscopy with statistical analysis was used to construct eight discriminant models.
Models obtained allowed to distinguish Scottish, Irish, and American whiskies and 2 and 3 years old beverages from 6 and
12 years old whiskies. Results show that 100% of samples were correctly classified in models discriminating American and
Scottish whiskies or 2-year-old and 6-year-old American whiskies. American whiskies were classified correctly in all models
which may suggest its considerable chemical difference compared to whisky produced in Scotland or Ireland. Constructed
in current paper discriminant models can be used to identify unknown samples of whisky in terms of origin or age.
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Introduction

Whisky is the most popular spirit beverage worldwide,
produced everywhere in similar way. Starting material,
i.e., cereal and water are processed to mash which is then
converted to fermentable mass by action of enzymes that
degraded starches present in mash. Next yeasts conduct fer-
mentation and obtained mash is distillated. Fresh spirit is
matured for a minimum 3 years in the case of Scottish and
Irish whiskies, and 2 years in the case of USA products,
before it is bottled as final whisky [1]. Only water and cara-
mel (for coloring in Scottish and Irish whiskies) are per-
mitted as an additives [2]. During maturation occurring in
specific wooden barrels, substances responsible for detailed
smell and taste are formed and then extracted into solution
from barrel wood [3]. The complex, diverse, and specific
aromas and flavors of whisky are characteristic for the place
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of its origin and technological process conducted, e.g., time
of maturation [4].

The authenticity of the beverages, especially alcoholic
beverages and foods is an important issue today. Falsifica-
tions and adulterations occur mostly in illegal factories, res-
taurants, bars, and other retailers. It unfavorably affects pro-
ducers as well as consumers health [5]. High price whisky
is most often subjected to adulterations. There are many
ways to adulterate original product, e.g., diluting whisky
with water or cheaper product or adding a mixture of water,
chemically obtained or cane ethanol, caramel, dyes, and fla-
vors to less expensive beverages [6, 7].

Analyses due to authenticity of spirit beverages are con-
ducted with the use of advanced instrumental methods, e.g.,
gas chromatography, mass spectrometry, capillary electro-
phoresis, e-noses, and e-tongues [6, 8—13]. Except e-noses
and e-tongues, above listed methods are relatively expen-
sive, might be time consuming, and require highly skilled
operators [14]. Nowadays simple, inexpensive, non-invasive,
non-destructive, and portable instrumental techniques such
as following spectral methods: near infrared (NIR), mid
infrared (MIR) spectroscopy, and UV—Vis spectroscopy are
required. Listed techniques that are exchangeable depend
on the given specific case. It is hard to unambiguously
state which one is better or worse as scientific publications
inform about use of all of them in different cases presenting
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advantages and disadvantages of each one. However, the
number of scientific publications presenting the application
of optical spectroscopy in whisky [15-17] and other spirit
beverages’ [14] authenticity control and monitoring has
increased recently. These techniques successfully compete
with conventional analytical techniques.

Infrared spectroscopy informs indirectly about energy
of oscillating molecules in the form of amount of energy
absorbed/transmitted plotted against wavenumbers in IR
spectrum. Intensities and wavenumbers of characteristic
bands present in spectrum correlate with qualitative and
quantitative composition of analyzed substances. Such cor-
relation was used in our previous papers to discriminate
vodkas produced form different raw materials [18] and dis-
tinguish selected spirit beverages [19, 20]. In the current
paper, the aim was to use IR spectral data accompanied by
discriminant analysis to classify different whiskies accord-
ing to their trademark, origin, and age, by constructing and
validating robust statistical models. The approach that uses
spectral data from middle IR range for whisky classification
has not been as to our knowledge extensively reported before
which makes it novel. The novelty of current approach is
analysis of whiskies due to different times of maturation
together with whisky origin. Such combination has not been
reported in the literature. The combination and comparison
of Irish, Scotch, and American whiskies have been reported
in literature once only [21].

Materials and methods
Materials

20 samples of whiskies were purchased from local stores in
Warsaw, Poland. Studied whiskies were produced in Scot-
land (10), Ireland (5), and United States (5). The time of
maturation was 2 (2), 3 (8), 6 (3), and 12 years (7), respec-
tively. Every individual bottle was opened using bottle caps
screw-metal or cork. Then, liquid was poured out to labora-
tory glass, i.e., ten vials of 10 cm® volume. As 20 bottles
were purchased and 10 samples were taken from each bottle,
there were 200 samples altogether (100 for Scottish, 50 for
Irish, and 50 for American). Analyzed samples included: 20
2-year-old whiskies, 80 3-year-old whiskies, 30 6-year-old
whiskies, and 70 12-year-old whiskies.

FT-IR spectroscopy

FT-IR spectrometer (Perkin Elmer System 2000) with the
DTGS (deuterated triglycine sulfate) detector was used to
register spectra. The transmission technique with use of KRS
crystals plates was applied to conduct ten scans for each
of studied spirit beverage samples in the spectral range of
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4000-400 cm™!. The resolution was set to 2 cm™' and the
shift velocity was 2 cm X s™!. First, background spectrum
was registered against air to further eliminate signals gener-
ated by water vapor and carbon dioxide from sample spec-
trum. Next, studied sample was placed between two KRS
plates in the form of film. During registration, signals from
working sample were rationed to background spectrum, so
that signals from sample only were finally registered and
presented on registered spectrum.

Statistical analysis

Discriminant model was constructed with the use of TQ
Analyst software. Neither the noise removal nor any other
pre-processing performance was performed; however, each
spectrum was standardized by software itself. Spectral data
were combined to produce statistically significant mod-
els. Cross validation was performed using sets for calibra-
tion and validation randomly defined by software. Mod-
els obtained with the use of various spectral ranges were
tested to find best statistical values, i.e., number of factors,
percent of misclassified samples, percent of variance, and
performance index, and then characterized by those values.
The Mahalanobis distance was used to screen a variety of
whiskies. The software calculated mean spectrum out of all
spectra used in calibration process. Then, distribution model
was generated by estimating the variance of every single
wavenumber taken from given range.

The algorithm for calculating the distance of a sample
from the mean of a set of standards used the following
equation:
D’= (X - X

avg

Te-1
) STHX = Xup),
where D equals the distance (as a scalar), X is the data vector
(n X 1), X,, is the mean data vector (n X 1), S is the covari-
ance matrix (n X n), (X — wag)T denotes the transpose of (X
— Xave)> and N is the number of data points in X.

Results and discussion

Classification of different whiskies according to their trade-
mark, origin, and age, by constructing and validating robust
statistical models, is only possible with the cooperative
use of spectral data with discriminant analysis, statistical
technique locating unknown sample in one of the classes
of known samples most similar to unknown. This is done
by compering distances from given class center expressed
in Mahalanobis distance units. If Mahalanobis distance of
unknown sample is smaller than distances calculated for
standards used to produce given homologous group, then
unknown sample is classified to this group (class). As a
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result, identification of sample due to desired parameter
applied previously to calibrate model is obtained.

IR spectra of whiskies

Figures 1 and 2 show typical spectra with bands assigned
to oscillating groups of atoms of components present in
whisky. In mid-IR spectra of whisky, single strong band
in the range of 3500-2800 cm™' and five medium bands
in the ranges of: 2400-2000, 1800-1550, 1150-1000, and
800-370 cm™ !, respectively, are observed. Wide band near
3500 cm™! corresponds to stretching vibrations of O- H
group, while bands at 1420-1330 and 769-650 cm™! are
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generated by deformations of O- H group. Stretching and
deformation vibrations of G- H are observed in the range of
29702850 and 1370-1340 cm™, respectively. Very char-
acteristic, intense symmetric stretching of carbonyl group
C=0 in esters and carboxylic acids is observed in the range
of 1700-1600 cm™'. Vibrations of the band O- C- C from
primary alcohol esters are observed as band located in the
range of 1164—-1031 cm™". In the range of 1600-1400 cm™!,
bands generated by skeletal vibrations of aromatic ring are
present [22, 23]. Bands present in studied whisky occur in
similar spectral regions for every studied sample. This is
due to high chemical similarity of studied samples. How-
ever, small but distinct differences occurring between IR
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spectra of studied samples allow to differentiate samples due
to desired factor.

Discriminant models due to whisky origin

Three types of whiskies were investigated: Scottish, Irish,
and American. The group of Scottish whiskies contained
100 samples, while groups of Irish and American whiskies
contained 50 samples, respectively. Samples were randomly
divided into calibration and validation subgroups. The vali-
dation group contained 25% of all samples. First model
(Model_1) included three studied whiskies. Then, studied
whiskies were compared in pairs, i.e., American—Scotch
(Model_2), American—Irish (Model_3), and Irish-Scot-
tish (Model_4). Statistical parameters of models obtained

Table 1 Statistical results of discrimination per origin

for each pairs/three are presented in Table 1. Model_2 and
Model_4 are presented in Figs. 3 and 4, respectively. Two
distinct homogenous groups are clearly seen on both fig-
ures. Distances to American (y axis) and to Scottish (x axis)
were calculated with application of principal component
analysis that used spectral data from the following regions:
3100-1000 cm™!. Discriminant model for American and
Scottish whiskies (Model_2) classified properly all sam-
ples, while model for American—Irish whisky (Model_3)
misclassified two samples of Irish whiskies (they were clas-
sified as American). This model used spectral data from the
following spectral range: 3100—1000 cm™!. In the case of
Model_4 (Scottish—Irish), three samples of whiskies were
classified incorrectly. American whiskies were classified
correctly in all models which may suggest its considerably

Model Performance ~ Number of % of variance Spectral range Number of calibration Number of incor-
index factors and validation test rectly assigned
samples
Model_1 82.1 10 99.0 3100-850 cm™! 150/50 10
Model_2 85.0 10 100.0 3100-2800 cm™! 115/35 0
Model_3 85.1 10 99.9 3100-1000 cm™! 7525 2
Model_4 83.0 10 96.3 3100-1100 cm™! 115/35 3
Fig.3 Model_2—discrimina- Model 2
tion of American and Scot- 4 =
tish whiskies by the use of %. 35 ¢
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big chemical difference compared to whisky produced in
Scotland or Ireland. Biological materials used for produc-
tion, even though gathered from the same source usually
differ in details. Chemical differences between final whiskies
result from many factors, e.g., conditions applied in produc-
tion process or type of raw materials used. Straight bour-
bon whisky is produced in USA mainly from corn, while in
Europe the most popular raw materials are barley and wheat
[24-26]. The similar observation was done by Wisniewska
et al. [21]. Discussed differences are expressed in spectral
data that can be detected and managed by statistics. Perfor-
mance index (PI) is a measure how accurately a method can
classify the validation standards. In discriminant analysis to
calculate the performance index, the average distance ratio
algorithm is used. PI values range from 0O to 100. Discri-
minant models constructed for currently studied whiskies
obtained values range from 82.1 to 85.1 (see Table 1). The
samples were classified according to linear algorithm con-
tained combination of factors representing the percentage
variance of IR spectra. Models were based on ten factors
describing 96.3% of variance. To construct statistical mod-
els, IR spectral range from 3100 to 1000 cm™" was used. The
bands in this region correspond to vibrations of C=0, G- 0O,
O-H, and G- H group. The botanical origin of whiskies was
analyzed by Wisniewska et al. [21]. In their study, PLS-DA
algorithm was applied to discrimination of Scottish, Irish,

Table 2 Statistical results of discrimination per time of maturation

Spanish, and American whiskies using IR spectra in the
range 4000-650 cm ™.

Discriminant models due to time of maturation

Whiskies with different times of maturation were com-
pared. American whiskies that were divided into two
groups depend on time of maturation—2 or 6 years
(Model_8). Irish (Model_6) and Scottish (Model_7) whis-
kies were divided into two groups as well: 3 years and 12
years, respectively. The results are presented in Table 2.
Model_6 and Model_8 are presented in Figs. 5 and 6. The
highest PI value and the smallest number of misclassi-
fied samples were calculated with model for American
whiskies (Model_8). 40 samples using this time spectral
range of 3000-1100 cm™~! produced PI as high as 90.2.
This region again contains bands originated from oscilla-
tions of C=0, G- O, O- H, and G- H groups, respectively.
Irish and Scottish whiskies were discriminated with the
use of spectral data from the range of 2400-500 cm™".
Model_6 and Model_7 were constructed with the use of
40 samples, and 1 and 2 samples were misclassified, in
Model_6 and Model_7, respectively. Model_5 that was
desired to differentiate all studied whiskies due to their
age was constructed with the use of 100 Scottish and
Irish whiskies samples and data from spectral range of

Model Performance index Number of % of variance Spectral range ~ Number of Number of
factors calibration and  incorrectly
validation test ~ assigned sam-
ples
Model_5 88.2 10 96.1 2800- 75/25 3
1000 cm™"
Model_6 89.4 10 97.5 2400-500 cm™'  30/10
Model_7 89.9 10 95.8 2400-500 cm™!  30/10 2
Model_8 90.2 10 99.0 3000- 30/10 0
1100 cm™
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2800-1000 cm™!. Validation set contained 25 randomly
selected samples, out of which 3 were misclassified. Per-
formance index for this model equals 88.2. The time of
maturation significantly affects chemical composition of
whisky. During maturation, substances extracted from the
barrels enrich spirit beverage. Furthermore, some chemi-
cal reactions, e.g., mutual conversion of isomeric forms,
oxidation/reduction, or acidity increase/decrease, change
the final content and proportion of substances presence.
Good example are furfural and polyphenols [26].

Conclusions

1. Infrared spectroscopy as a fast, simple, and non-destruc-
tive technique occurred to be useful an effective tool for
the identification and discrimination of different whis-
kies due to their origin and age.

2. IR technique evidenced overall differences in chemical
composition among whiskies produced in Scotland, Ire-
land, and USA.

3. IR technique provided specific enough spectral data to
distinguish whiskies maturated for 2, 3, 6, and 12 years
meaning appropriate band intensities and wavenumbers
are distinct and specific for each sample.

4. Unknown samples can be identified in terms of origin or
age with use of constructed in current paper models.
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