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Abstract

The main objective of the present study was to determine the effect of the distillation technique: (i) fractional column distilla-
tion (FCD), (ii) copper alembic distillation (CAD), and (iii) home distillation (HD) on the aroma profile of the distilled spirit
“tsipouro”. Volatile compounds were identified and semi-quantified in all above fractions for comparison purposes using Solid
Phase Micro-extraction—Gas chromatography/Mass Spectrometry (SPME-GC/MS). The richest (p <0.05) distillate in volatile
compounds was that of the FCD, with a total concentration of 768.38 mg/L followed by the HD (577.79 mg/L) and CAD
(315.30 mg/L). The concentrations of the volatiles determined (alcohols, aldehydes, ketones, acetals, esters, organic acids,
terpenes, hydrocarbons, and heterocyclic compounds) were found to be similar to those of other Greek and European distilled
marc spirits. Ethanol and total volatile compound content were within limits set by Greek and EU legislation. Methanol, a
toxic compound of grape marc distillates, was determined only in the entire product of CAD st distillation (19.35 mg/L)
and the “head + tail” fraction of the CAD 2nd distillation (12.82 mg/L) in amounts well below the EU legal limit of 1000 g/
hL of absolute alcohol. A general reducing trend was noted in most volatile compound concentration proceeding from the
Ist to the 2nd CAD distillation refining the flavor of tsipouro.
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Introduction as well as the product of distillation are strictly controlled by

Greek state authorities in terms of specific amount of time

“Tsipouro” is the Greek alcoholic beverage produced by dis-
tillation of the residue grape marc (grape skins, seeds, and
stalks) resulting from the crushing of grapes for subsequent
must separation. Grape marc is then stored for a period of
2-4 weeks during which it is fermented, usually, on its own
[1]. Following this storage period, the grape marc is distilled
in copper alembics in smaller or traditional distilleries or in
fractional columns in larger, more modern distilleries [2].
In addition to commercial production, home-made tsipouro
is produced by small scale vine growers using pilot scale
traditional distillation equipment. The distillation procedure
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that vine growers are allowed to produce tsipouro and the
specifications that the distillate should meet. Similar prod-
ucts in the Mediterranean basin include “grappa” in Italy,
“orujo” in Spain, “zivania” in Cyprus, “bagaceira” in Por-
tugal, “eau-de-vie de marc” in France, etc. [3]. All above
European distillates have similar chemical composition and
sensory properties. Factors which influence the sensory
characteristics of distillates include: the raw material (grape
variety used i.e. Muscat of Tyrnavos, Malagouzia, Roditis,
Debina, etc.), grape ripeness, climatic conditions, date of
harvest, viticultural practices, storage method of grape marc,
yeast strain used, conditions of fermentation, specific distil-
lation system used (CAD, FCD), and the distillate aging in
wooden barrels (when this is practiced) [4-7]. In case of
un-aged distillates, which is a more common practice, flavor
compounds are those present in the grapes, those formed
during fermentation and those generated during distillation
through transformation processes enhanced by high tempera-
tures and alcohol concentration. Also, the winemaking pro-
cess adopted to obtain the grape marc strongly contributes
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to aromatic profile, e.g., mild processing conditions (tem-
perature gradients, spirit flow rate) are the best to preserve
the sensory properties of the raw material [8].

European Union regulation (EU) 2019/787 [9] has set
guidelines on general production procedures including labe-
ling and the protection of geographical indications for all
marc distillates and has set common analytical composition
limits. Presently, at European level, regarding Greece, the
only four tsipouro distilled spirits registered as products of
Protected Geographical Indication (PGI) are the tsipouro of
Thessaly, Macedonia, Tyrnavos, and Crete known as “tsik-
oudia”. In addition, at Greek national level, the tsipouro of
Mouzaki, Epirus, and Naousa have also been registered as
PGI products. According to national Greek legislation [10],
tsipouro or tsikoudia, without the addition of alcohol should
have an alcohol content 35-86% v/v at 20 °C, a maximum
methanol content of 1000 g/hL absolute ethanol, and a total
concentration of volatile compounds excluding methanol
and ethanol higher than 140 g/hL absolute ethanol.

Compounds responsible for the characteristic flavor
of tsipouro include: alcohols, esters, acetals, aldehydes,
ketones, terpenes, carboxylic acids, hydrocarbons, and
heterocyclic compounds [11]. During slow distillation, the
distillate is separated into three fractions: the initial fraction
known as “head”, the second fraction known as “heart”, and
the third fraction known as “tail”. The “head” is somewhat
cloudy and contains undesirable odorous constituents, such
as methanol, acetaldehyde, ethyl acetate, 2-butanol, acetic
and butyric acids, and long chain fatty acid esters among
others, and is usually discarded. The “heart” fraction is of
commercial value but contains small amounts of metha-
nol and therefore should be re-distilled. The “tail” fraction
has similar properties to those of the “head” fraction and
is either discarded or both “head” and “tail” fractions are
combined and put back into a second distillation, to get all of
the usable alcohol out and to produce a cleaner, finer aroma
and taste distillate. The specific times when the distillation
fraction cuts are made is still done on an empirical sensory
basis according to the particular skills and experience of the
distillers. The cut between “head” and “heart” products is
typically made between 70 and 80% (v/v) ethanol, whereas
the cut between “heart” and “tail” products is typically made
between 35 and 50% (v/v) ethanol [12]. A major concern
of grape marc distillate producers is that of the presence of
methanol in the final product. Methanol is a toxic volatile
constituent of fermented must or grape marc produced by
the action of the enzyme pectinesterase on grape pectins.
It is thus imperative that both distillate producers and state
authorities control its concentration in commercial grape
marc distillate products [3].

Based on the above, the main objective of the present
study was to determine the effect of the distillation technique
on the aroma profile of the distilled spirit tsipouro (“heart”
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fraction of FCD, CAD, and HD). A secondary objective was
to determine the volatile profile of (i) the entire product of
1st CAD distillation, (ii) “head + tail” fraction of 2st CAD
distillation, and (iii) “heart” fraction of 2nd CAD distilla-
tion in an effort to determine the evolution of volatiles dur-
ing CAD distillation. To the best of our knowledge, both
objectives have not been previously investigated in Greek
tsipouro, this comprising the novelty of the study.

Materials and methods
Sample collection

Grapes of the Debina variety were used for the commercial
production tsipouro in two different local plants: Distillery
1 using the CAD technique and Distillery 2 using the FCD
technique, respectively, in the autumn of 2020. Furthermore,
HD tsipouro prepared using the same grape variety but at
pilot scale using traditional still equipment, was provided
by a local vine grower. The CAD equipment consisted of
a custom-made 1,200 L copper boiler, a copper still head
connected to a copper swan neck, a copper condenser includ-
ing an immersed coil, and a combustion chamber heated
by an open flame using natural gas as fuel. Similarly, the
home-made equipment consisted of a 55 L copper boiler, a
copper still head connected to a copper swan neck, a steel
barrel condenser including an immersed coil, and an open
flame burner heated by a natural gas. The FCD equipment
consisted of a custom-made 1300 L copper boiler, a cop-
per fractional column including three ball trays, a reflux
condenser, and a combustion chamber heated by an open
flame using natural gas as fuel. All three distillations were
batch processes. The tsipouro flow rate during distillation
was adjusted 15-25 mL/min. Actually, the only differences
between the CAD and HD setups were (i) the size of the
boiler pot, (ii) the specific cut-off points among, “head”,
“heart”, and “tail” fractions which are based mainly on the
experience of the distillation operator, and (iii) the specific
flow rate of the tsipouro effluent always within the range
15-25 mL/min.

All three final distillates were diluted with deionized
water to a strength of 42% v/v using an alcoholometer.
All Debina, grape samples were collected from the same
Zitsa area. Three samples of each distillate were collected
for analysis. Debina is a protected designation of origin
(PDO) white grape variety cultivated in the areas of Zitsa
and Konitsa in Epirus (northwestern Greece). In addition to
the above, the following samples were provided by Distill-
ery 1 during the same time period: (i) the entire product of
1st CAD distillation, (ii) the “heart” fraction of 2nd CAD
distillation, and (iii) the combined ‘“head + tail” fraction of
2nd CAD distillation. All tsipouro samples analyzed were
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un-aged. Based on information provided by both distilleries,
grape marc was stored in inox tanks of 30-ton capacity at
ambient temperature for ca. 3 weeks to ferment by indig-
enous yeast flora. Grape marc is fermented at temperatures
close to 20 °C to preserve the amounts of fermentation esters
and limit the formation of excessive levels of fusel alcohols
[13].

Semi-quantitative determination of volatile
compounds using SPME-GC/MS

SPME of FCD, CAD, and HD distillation fractions

Five mL of sample diluted 1:1 (2.5 mL of sample+2.5 mL
of deionized water) along with 1 g of NaCl, 40 pL of internal
standard: 4-methyl-2-pentanone (8 pg/L) and a micro-stir-
ring bar were placed in a 20 mL glass vial and sealed with
an aluminum crimp-cap as mentioned above. The vial was
placed in a water bath thermostated at 40 °C and stirred at
600 rpm. After allowing 5 min for the sample to equilibrate,
the needle of the SPME device (50/30 pm DVB/CAR/PDMS
fiber, 50/30 pm, purchased from Supelco Co., Bellefonte,
PA., USA) was inserted into the vial through the septum
and the fiber was exposed to the headspace of the sample.
The DVB/CAR/PDMS fiber was chosen because according
to the literature, it combines the characteristics of three dif-
ferent stationary phases being able to adsorb a wide range
of volatile compounds with different polarities, such esters,
alcohols, aldehydes, ketones, terpenes, and better than other
fibers. After 15 min of exposure, the fiber was transferred to
the injection port of a gas chromatograph (Agilent Technolo-
gies 7890A GC System equipped with an Agilent Technolo-
gies 5975C MS System detector, Wilmington, DE, USA)
and left in the GC injection port for 10 min for desorption
of volatile compounds.

Chromatographic operational conditions were the same
as above with the following temperature program used: The
column (DB-5 MS column, 60 mx0.32 mm X 1 pm pur-
chased from J&W Scientific, Folsom, USA) was maintained
initially at 40°C for 5 min, then heated to 200 °C at a rate of
8°C/min, and then heated to 260 °C at a rate of 15 °C/min
where it was held at 260 °C for 2 min. All above conditions
were the result of optimization carried out in preliminary
experiments.

The identification of compounds was achieved using the
Wiley 7, NIST 2005 (National Institute of Standards and
Technology) mass spectral library (J. Wiley & Sons Ltd.,
West Sussex, England) [14]. For the determination of reten-
tion indices, a mixture of n-alkanes (Cs—C, and C¢—C,) dis-
solved in n-hexane, was employed. The mixture was supplied
by Fluka, (Buchs, Switzerland). The calculation was carried
out for components eluting between n-pentane and n-eicosane.
Concentrations were calculated using the following formula:

i

C, = Area, *
* * Area;’

where C,=concentration of the unknown compound, C;=con-
centration of the internal standard solution, Area, =peak area
of the unknown compound, and Area,=peak area of the inter-
nal standard solution); results were expressed as mg/L.

Determination of methanol using GC/MS

Samples analyzed for methanol content were: (i) the entire
product of CAD 1st distillation, (ii) the “head + tail” fraction
of CAD 2nd distillation, (iii) the “heart” fraction of CAD 2nd
distillation, (iv) the “heart” fraction of FCD distillation, and
(v) the “heart” fraction of HD distillation.

Methanol was extracted from samples as follows: 30 mL
of sample along with 2 mL of CH,Cl, and 1 g NaCl were
placed in an Erlenmeyer flask of 100 mL capacity. The flask
was placed in a water bath along with crushed ice for 120 min
under constant agitation. The solution was then transferred into
a separatory funnel where the two phases were separated. The
aqueous phase was discarded and Na,SO, was added to the
organic phase to remove any traces of water. The extract was
transferred to a glass vial of 5 mL capacity and sealed with a
screw type cap. One microliter of the extract was introduced
to the injection port of the gas chromatograph. Above condi-
tions were the result of optimization carried out in preliminary
experiments.

Standard solutions with a methanol concentration of 2.5, 5,
10, and 20 ppm in dichloromethane were used to construct a
standard curve for methanol.

The same GC/MS system was used for the determination
of methanol. The column used was a BP20 30 m X 0.32 mm
1.d.x0.25 pm thickness (SGE—Trajan, Victoria, Australia).
The column was maintained initially at 40 °C for 5 min, heated
to 90°C at a rate of 10°C /min, and then heated to 260 °C at a
rate of 35 °C/min where it was held at 260 °C for 2 min. Injec-
tion port temperature was 260 °C, transfer line temperature
was 260 °C, split ratio was 10:1, and carrier gas flow rate was
1.5 mL/min. MS conditions were as follows: source tempera-
ture 230 °C; quadrupole temperature: 150 °C; acquisition was
performed in electron impact (EI) mode and the mass/charge
was (m/z): 29-300. All determinations were carried out in
triplicate (n=3). Above chromatographic conditions were the
result of optimization.

Statistical analysis
Triplicate samples were collected from the two distillation
plants and the home distiller. All determinations on each

sample were carried out in duplicate (n=3 X2 =6). ANOVA
was applied to the results using SPSS software [15]. Tukey’s
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test was used to assess differences between means and the
significance of differences was considered at the level of
p<0.05.

Results and discussion
Effect of distillation technique

The volatile compounds of tsipouro as a function of distil-
lation technique (FCD, CAD, and HD) are given in Table 1
as mean (mg/L) + standard deviation. A total of 44 volatile
compounds were identified and semi-quantified in tsipouro
samples. Thirty-four compounds (5 alcohols, 16 esters, 3
aldehydes/ketones/acetals, 3 terpenes, 3 hydrocarbons, and
4 heterocyclic compounds) were determined in the “heart”
fraction of FCD; 20 compounds (6 alcohols, 9 esters, 1
ketone, 1 terpene, 2 hydrocarbons, and 1 heterocyclic com-
pound) in the “heart” fraction (2nd distillation) of CAD and
31 compounds (6 alcohols, 17 esters, 1 aldehyde, 1 ketone,
3 terpenes, 2 hydrocarbons, and 1 heterocyclic compound)
in the “heart” fraction of HD. The total amount of volatiles
was 768.38 mg/L for the FCD distillate, 315.30 mg/L for the
CAD distillate, and 577.79 mg/L for the HD distillate. Such
values meet the requirements of EU regulation 2019/787
[9] for volatile substances in grape marc spirits (> 140 g/
hL of absolute alcohol). It is clear that the “heart” fraction
of FCD was the richest in aroma compared to the other two
distillates. With the exception of ethanol, esters constituted
the group of compounds with the highest concentration in
tsipouro, followed by alcohols, both major contributors to
the particular aroma of distilled spirits. This holds for both
FCD and HD, while the reverse holds for CAD, where alco-
hols showed a higher contribution to the aromatic character
of tsipouro than esters [5]. The two main ester groups identi-
fied were fatty acid and acetate esters. The most abundant
esters in all three distillates were: ethyl decanoate, ethyl
octanoate, ethyl acetate, and ethyl hexanoate. Of these, the
amount of ethyl octanoate (39.47-165.97 mg/L) and ethyl
decanoate (23.57-219.09 mg/L) was affected (p <0.05)
by method of distillation with FCD showing the highest
concentration followed by CAD and HD. Ethyl hexanoate
(10.31-25.68 mg/L) recorded similar values (p >0.05) for
FCD and HD, which were higher (p < 0.05) than CAD.
Garcia-Martin et al. [16] reported ethyl octanoate, ethyl
decanoate, ethyl dodecanoate, and ethyl lactate to be the
most abundant ethyl esters in Spanish orujo spirit. However,
quantified amounts of these compounds were considerably
lower than those of the present study. A similar trend was
reported for Italian grappa by Cortes et al. [2] and Paolini
et al. [17]. Likewise, Soufleros et al. [11] reported very low
concentrations of ethyl esters in Greek tsipouro and tsikou-
dia. Ethyl lactate was found at low concentrations only in
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the product of CAD and HD (0.52-0.55 mg/L). This ester is
considered as a “tail” product according to Silva and Mal-
cata [18], indicating that FCD is more successful in sepa-
rating “heart” from “tail” products compared to CAD and
HD. Concentrations of ethyl acetate recorded in the present
study (48.71-55.12 mg/L) with no significant differences
(p>0.05) among the three tsipouro samples were lower than
those recorded for grappa, bagaceira, and orujo [12, 12, 12]
but similar to those of tsipouro and zivania distillates [19].
Apostolopoulou et al. [20] determined the flavor profile of
tsipouro samples from various grape varieties and reported
ethyl acetate to be the main ester identified followed by
ethyl lactate found at considerably lower concentration than
ethyl acetate. Ethyl acetate has a significant effect on the
sensory characteristics of wines and distillates. Increased
ethyl acetate concentrations (> 150 mg/L) are indicative of
prolonged storage of the raw material and probable acetic
bacterial spoilage. However, lower concentrations contrib-
ute with pleasant, “fruity” notes in wine and distilled spir-
its [21]. Finally, 3-methyl butyl acetate (isoamyl acetate)
(4.89-6.18 mg/L) was semi-quantified in all three distillates
without significant differences (p > 0.05) among the three.
Esters contribute positively to the flavor of wine and dis-
tilled spirits being responsible for fruity and floral odors
[22]. However, members of this group, i.e., ethyl acetate,
ethyl lactate, and ethyl succinate, at higher concentrations,
add an acidic character lowering the quality of distillates [11,
13]. Ethyl hexanoate, ethyl octanoate, and ethyl decanoate
contribute to a fine aromatic character to the distillate [23].
Among alcohols, ethanol was the main alcohol in all three
“heart” fractions of tsipouro samples at a concentration of
42% v/v. Prior to dilution with water, the alcoholic strength
of the “heart” fraction of the FCD distillate was 78.0% v/v;
of the respective fraction of the CAD distillate (2nd distilla-
tion) was 70.1% v/v and of the HD distillate was 65.5% v/v.
Apostolopoulou et al. [20] reported an ethanol concen-
tration for tsipouro produced using CAD and HD equal to
42.4 and 42.9% v/v, respectively. This is in close agreement
to ethanol values in the present work. Cortes et al. [24]
reported ethanol concentrations in orujo distilled spirits
equal to 63.8 and 52.7% v/v in industrially and home-made
product, respectively. Products with such a high alcohol con-
tent require dilution with water before they reach the mar-
ket [25]. It has been shown that alcohol content depends on
the grape variety, fermentation conditions, and distillation
technique [16]. Apart from ethanol, the predominant alco-
hols in all three “heart” fraction of distillates were 3-methyl-
1-butanol and 2-methyl-1-butanol (amyl alcohols). Both
these alcohols quantitatively comprise most of the higher
alcohols and are considered predictors of the sensory qual-
ity of distilled spirits. 3-methyl-1-butanol ranged between
91.85 and 143.55 mg/L and 2-methyl-1-butanol between
35.57 and 56.82 mg/L in the three distillates. Both alcohols
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Table 1 Concentration of volatile compounds in tsipouro samples (mg/L) as a function of distillation technique used

Compound FCD *“heart” fraction (single HD “heart” CAD “heart”  RIlit* Ri exp**
distillation) fraction (single  fraction of 2nd
distillation) distillation
Alcohols
1-Propanol 3.63%+1.85 5.59%+2.33 4.66°+0.35 554 550
1-Butanol 22.75+4.38 n.d n.d 661 649
Isobutyl n.d 34.82°+11.65 20.96*+119 625 627
alcohol
3-Methyl 120.30°+17.52 143.55°+40.53  91.85°+4.62 748 739
1-butanol
2-Methyl 44.39°+5.58 56.82°+15.17  35.57°+1.43 743 736
1-butanol
(Z)-3-hexen-  n.d 0.66+0.19 n.d 856 858
1-ol
1-Hexanol 6.44*+0.43 6.43*+0.43 8.98°+0.17 862 841
3-Ethyl n.d n.d 0.38+0.04 1025 1025
4-methylpen-
tanol
Subtotal 197.51 247.87 162.40
Esters
Ethyl acetate ~ 55.12°+1.88 49.32%+ 14.17 48.71*+2.31 614 612
Ethyl propion- n.d 0.48+0.13 n.d 709 709
ate
Ethyl butyrate 1.42*+0.14 1.06*+0.14 0.52°+0.05 799 799
Ethyl n.d 0.52¢+0.11 0.55*+0.05 761 758
2-hydroxy-
propionate/
ethyl lactate
Ethyl isovaler- 0.48*+0.03 n.d 0.45%+0.02 853 853
ate
Isoamyl 6.18*+0.68 5.45%+0.52 4.89%+0.34 876 875
acetate
1-Butanol- 1.04*+0.24 1.03*+0.03 1.07*+0.12 877 877
2-methyl-
acetate
Ethyl hex- 25.68*+2.96 21.55*+1.60 10.31°+0.88 996 995
anoate
Ethyl hep- n.d 0.67+0.01 n.d 1097 1094
tanoate
Methyl n.d 0.50+0.00 n.d 1120 1122
octanoate
Ethyl 165.97°+5.99 96.24°+ 16.66 39.47°+246 1193 1193
octanoate
3-Methyl, 2.62°+0.64 1.55*+0.24 n.d 1450 1250
1-butyl
octanoate
Ethyl nona- 2.74°+0.38 1.79°+0.47 n.d 1294 1293
noate
Methyl 1.34°+0.23 0.59*+0.14 n.d 1328 1323
decanoate
Isobutyl 1.61°+0.32 0.86*+0.21 n.d 1348 1348
caprylate
Ethyl, 2.71°+0.54 1.72*+0.50 n.d 1389 1385
9-decenoate
Ethyl 219.09°+6.21 88.74°+24.84 23.57*+2.38 1398 1392
decanoate
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Table 1 (continued)

Compound FCD “heart” fraction (single HD “heart” CAD “heart”  RIlit* Ri exp**
distillation) fraction (single  fraction of 2nd
distillation) distillation
Isoamyl 13.23°+2.45 5.14*+1.99 n.d 1450 1448
octanoate
Ethyl unde- 0.69+0.16 nd n.d 1481 1492
canoate
Isobutyl 0.98+0.21 n.d n.d
decanoate
Subtotal 500.9 277.21 129.54
Aldehydes-ketones-acetals
Nonanal n.d 1.85+0.22 n.d 1099 1108
Acetal (1,1-diethoxyethane) 13.05+0.37 n.d n.d 725 726
1,1-Diethoxy-2-methylpropane  2.03+0.18 n.d n.d 865 856
2,6-Dimethyl-4-heptanone 1.94°°+0.35  1.60°+0.22 2.41°+0.24 961 973
Subtotal 17.02 3.45 241
Terpenes
Linalool 1.82°+0.08 0.66"+0.07 n.d 1100 1104
dl-Limonene 16.30°+1.10  30.84°+8.44 0.80*+0.21 1035 1044
B-Myrcene n.d 0.52+0.17 n.d 992 992
Geranyl ethyl ether 1.25+0.12 n.d n.d 1260 1282
Subtotal 19.37 32.02 0.80
Hydrocarbons
Mesitylene 18.08°+3.34  12.69*+0.60 15.55°+0.11 976 980
Undecane 1.82*+1.74 1.34*+1.11 1.92*+0.40 1100 1100
1,1,6-Trimethyl-1,2,3,4-tetrahy- 1.09 +0.39 nd n.d 1349 1242
dro naphthalene
Subtotal 20.99 14.03 17.47
Heterocyclic compounds
Vitispirane 9.10°+0.79 3.21+0.10 2.68%+0.42 - 1315
1,1,4,6-Tetramethyl-2,3-dihy- 0.82+0.02 n.d n.d 1296 1228
dro-1H-indene
Theaspirane B 1.64+0.21 n.d n.d - 1337
Theaspirane A 1.03+0.16 n.d n.d - 1351
Subtotal 12.59 3.21 2.68
Total 768.38 577.79 315.30

n.d. not detected, FCD Fractional column distillation, HD Home distillation, CAD Copper alembic distillation

““Different superscripts in the same line indicate statistically significant differences (p <0.05)

"RIlit: literature retention index (NIST MS search)

“*Rlexp: experimental retention index

recorded a significantly higher concentration (p <0.05) in
the product of FCD compared to CAD with no significant
differences (p > 0.05) recorded between the product of FCD
and HD. Concentrations for both alcohols in decreasing
order were: HD 2 FCD > CAD. Cortes et al. [2] reported
higher 2-methyl-1-butanol concentrations (200-281 mg/L)
for grappa samples and (73.7-234 mg/L) for orujo sam-
ples. Respective range values for 3-methyl-1-butanol were
693-1049 and 254-847 mg/L. Likewise, Soufleros et al.
[11] reported values in the same range (20.52—138.28 mg/L)
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for 2-methyl-1-butanol in experimental tsipouro and
10.26-68.21 mg/L in tsikoudia samples. Respective values
for 3-methyl-1-butanol were 86.51-264.44 mg/L in tsipouro
and 81.94-387.54 mg/L in tsikoudia samples. 1-Propanol
was present in all three distillates (3.63-5.59 mg/L) without
statistically significant differences (p > 0.05) among them.
Cortes et al. [2] reported a significantly higher concentra-
tion (p <0.05) 123-247 mg/L for 1-propanol in grappa and
124-323 mg/L in orujo distilled spirits. High concentra-
tions of 1-propanol are usually indicative of microbiological
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spoilage of the raw material (grape marc) prior to distillation
[26], something not observed in the present study. Cortes
et al. [24] reported concentrations for 1-propanol of 146
and 304 mg/L for artisanal and industrially produced orujo,
respectively. Finally, Apostolopoulou et al. [20] reported
1-propanol concentrations 15.7-22.7 mg/L for tsipouro sam-
ples produced in Epirus, Greece. 1-butanol (22.75 mg/L)
was found only in the FCD tsipouro. Silva and Malcata [12]
reported a 1-butanol concentration of 61.6 mg/L in marc dis-
tillates, significantly higher than that reported in the present
study, while Cortes et al. [27] reported a value of 26.8 mg/L
for the distilled spirit Aguardiente, similar to that in the pre-
sent study. Isobutyl alcohol (2-methyl-1-propanol) was iden-
tified only in the HD and CAD tsipouro (20.96—-34.82 mg/L)
recording higher concentration values (p <0.05) in the
former. Silva and Malcata [12] reported isobutyl alcohol
concentrations between 280 and 1310 mg/L for marc distil-
lates of various grape varieties. Cortes et al. [24] reported
concentrations of 612 mg/L and 328 mg/L for 2-methyl-
1-propanol in industrial marc distillate and home-made dis-
tillate, respectively, suggesting that the latter was of higher
quality, since its presence is the result of microbial contami-
nation of the grape marc raw material. Soufleros et al. [11]
reported isobutyl alcohol concentrations 22.52—-87.47 mg/L.
for experimental tsipouro and 10.26—70.37 mg/L for tsikou-
dia. 1-Hexanol was identified in all three tsipouro “heart”
fraction distillates (6.43—8.99 mg/L) recording significantly
higher concentrations (p <0.05) in the “heart” fraction of
CAD compared to the respective FCD and HD. At concen-
trations up to 5 mg/L 1-hexanol contributes positively to
the aroma of distillates while at concentrations higher than
200 mg/L it negatively affects the distillate aroma. Soufle-
ros and Bertrand [28] reported concentrations of 1-hexanol
between 16 and 43 mg/L for tsipouro produced by CAD.
Apostolopoulou et al. [20] reported 1-hexanol concentra-
tions 2.7-3.5 mg/L for bottled and home-made tsipouro pro-
duced in Epirus, Greece. Finally, 3-hexen-1-ol was deter-
mined in very small amounts only in the “heart” fraction of
HD distillate. Similarly, 3-hexen-1-ol was identified at low
concentrations in orujo samples from Galicia [29] and in
experimental tsipouro and tsikoudia [11]. The lower limit for
the content of higher alcohols, ethyl esters, and acetates for
grape marc spirits is 140 g/hL of absolute ethanol according
to EU regulation 2019/787 [9].

Among aldehydes, large concentrations of acetaldehyde
are responsible for flat aroma perception [30]. The sum of
acetaldehyde and acetal (1,1-diethoxyethane) comprise more
than 90% of aldehydes in grape marc distillates [12]. Acetal-
dehyde is highly volatile and possesses a pungent irritating
odor, but in dilute solutions, it gives a pleasant fruity aroma
[31]. It is toxic to humans, especially affecting the cardiac
muscle and liver cells [32]. The upper limit set by the EU in
distilled spirits is 500 g/hl. As a highly volatile compound, it

distills off during the initial stages (‘head’) of the distillation
process and is usually discarded [33]. Acetaldehyde was not
detected in any of the three distillates. Acetal (1.1-dieth-
oxy-ethane) was determined only in the FCD tsipouro at a
concentration of 13.05 mg/L. 1.1-Diethoxy-ethane contrib-
utes positively to the fruity aroma of distilled spirits [34].
1.1-Diethoxy-ethane concentrations 0.41-16.1 mg/L for
grappa and 0.0-15.9 mg/L in orujo samples were reported
by Cortes et al. [2], 2.77-4.32 mg/L in orujo samples [29],
and 8.6-16.6 mg/L and in white and red grape marc [2].
1,6-Dimethyl-4-heptanone, the only ketone identified in all
three distillates, is known for its sweet mint aroma. Its con-
centration ranged between 1.60 and 2.41 mg/L with non-
significant differences (p > 0.05) between FCD and CAD.

At this point, we should note that this work provides a
non-exhaustive list of volatiles isolated from a complex
matrix such as tsipouro distillate. It is possible that com-
pounds, such as acetaldehyde, present in most grape marc
distillates was not identified in the present study. This could
be owed to the specific SPME fiber/GC column combina-
tion. However, in other relevant studies (Galano et al. [35]
on Grappa distilled spirit and Garcia-Martin et al. [16] on
orujo distilled spirit), acetaldehyde was also not determined.
The same holds for furfural which was not determined in
any of the tsipouro samples in agreement with Soufleros
et al. [11], Garcia-Martin et al. [16], Galano et al. [35], and
Lopez-Vazquez et al. [29]. Regarding the absence of furfural
in tsipouro samples analyzed, according to the literature, the
concentration of this compound depends, to a large extent,
on the degree of toasting of the wood barrels used in the
aging process as well as from the time of aging of the spirit
(Giannetti et al. [8]). As stated in the Materials and methods
section, all tsipouro samples analyzed in the present study
were un-aged, a fact partly justifying the absence of furfural
in the volatile profile of tsipouro.

Terpenes are another very important group of volatiles
contributing to the flavor and aroma of distilled spirits.
Four terpenes were identified in distillates: Linalool, dl-
limonene, f-myrcene, and the ethyl ether of geraniol. Of
these, dl-limonene was the dominant terpene identified in the
“heart” fraction of all three distillates in concentrations rang-
ing between 0.80 and 30.84 mg/L. Statistically significant
differences (p < 0.05) were recorded in dl-limonene content
among all three distillates. Linalool was identified only in
the product of FCD and HD. The geraniol ethyl ether was
quantified only in the FCD product (1.25 mg/L). p-Limonene
and linallol were determined in small amounts in grappa
samples [35], while linallol and geraniol were determined
in similar amounts in orujo distilled spirit [16].

Of the hydrocarbons, mesitylene (1, 3, S-trimethylben-
zene) and undecane were determined in the “heart” frac-
tion of all three distillates, the former ranging between
12.69 and 18.08 mg/L and the latter ranging between 1.34
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and 1.92 mg/L, both recording non-significant differences
(p>0.05) between FCD and CAD distillates. Mesitylene is
known for its subtle sweet flavor with only minor contribu-
tion to the flavor of distilled spirits. 1,1,6-Trimethyl-1,2,3,4-
tetrahydronaphthalene was identified only in the FCD distil-
late. Both compounds were quantified in very small amounts
in grappa samples [35].

Finally, among heterocyclic compounds, vitispirane
(2,10,10-trimethyl-6-methylidene- 1-oxaspiro [4.5] dec-7-
ene) was determined in the “heart” fraction of all three distil-
lates at concentrations ranging between 2.68 and 9.10 mg/L.
with a significantly higher concentration (p <0.05) being
recorded in the FCD distillate compared to both CAD and
HD distillates. Vitispirane has been identified in white and
rose grape marc distillates [36].

In contrast to the above findings, Garcia-Martin et al. [16]
reported no significant differences in levels of volatiles of
orujo distilled spirits obtained from the Albarino grape vari-
ety, produced by alembic distillation or steam distillation.
Likewise, Cortes et al. [24] and Arrieta-Garay et al. [37]
found no differences in most volatile compounds between
alembic and packed column pear distillates. On the other
hand, Arrieta-Garay et al. [38] reported that copper alembic
distillates could be differentiated from packed column distil-
lates of orujo spirits based on the content of linear alcohols,
linallol and 1-hexenol. Likewise, Garcia-Llobodanin et al.
[39] reported that the column-distilled pear spirits contained
four times more esters and 20% more higher alcohols, than
alembic spirits. Finally, according to Matias-Guiu et al. [40],
the organoleptic quality of wine distillates depends on raw
materials and the distillation process. Comparison between
variable reflux packed column and alembic distillations
showed that a reduction of the reflux rate at an early stage
of the ‘heart’ cut produced a distillate heart sub-fraction with
a higher concentration of terpenic compounds and lower lev-
els of negative aroma compounds than alembic distillation.

The main differences between tsipouro FCD and CAD
distillation techniques which can be used for the differentia-
tion of the two can be summarized as follows:

(i) The ethanol content of the FCD distillate was higher
than that of the CAD distillate (78% v/v versus 70.1%).

(ii) The FCD distillate had a higher linear alcohol content
by approximately 21.6% compared to that of the CAD.

(iii) The FCD distillate had a higher ester content by
approximately 34.8% compared to CAD. More specifi-
cally, among the C¢—C,, esters, ethyl hexanoate content
was 2 X higher in FCD than the CAD distillate; ethyl
octanoate content was 4 X higher in the FCD compared
to the CAD, and ethyl decanoate was 9 X higher in the
FCD compared to the CAD.

(iv) The FCD distillate had a higher terpene content by
approximately 24 X compared to the respective CAD.
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More specifically, the DL-limonene and linalool con-
tent of the CD distillate was 16.30 and 1.82 mg/L,
respectively, while both volatiles were not detected in
the CAD distillate.

(v) The vitispirane content of the FCD distillate was
approximately 5 X higher than that of the CAD distil-
late.

The main differences in linear alcohols and fatty acid
esters in the two distillates are owed to the fact that these
compounds show a somewhat different behavior depending
on the alcohol content of tsipouro. They will distill follow-
ing their relationship with alcohol rather than their boiling
point [5]. In agreement with results of the present study,
working with orujo spirit, Arrieta-Garay et al. [38] reported
an ethanol content increase by 12 %, a 25 % increase in
C4_C,, esters and a reduction by 21 % in higher alcohols
when using packed column versus alembic distillation. In
contrast to our overall findings on spirit volatiles, Spaho
[5] reported that alembic stills yield better aroma and more
characteristic fruity distillates while column still cleans the
distillate giving a decent aroma and higher concentration
of alcohol.

Determination of volatile compounds in different
fractions of the CAD distillation technique

Table 2 shows the volatile profile of (i) the entire product
of 1st distillation, (ii) the sum of “head + tail” of 2nd distil-
lation, and (iii) the “heart” fraction of 2nd distillation. A
total of 32 volatile compounds were identified and semi-
quantified in all tsipouro CAD fractions. Twenty-four com-
pounds (6 alcohols, 11 esters, 2 ketones/acetals, 2 terpenes,
2 hydrocarbons, and 1 heterocyclic compound) were deter-
mined in the entire product of 1st distillation; 29 compounds
(5 alcohols, 14 esters, 6 aldehydes/ketones/acetals, 1 ter-
pene, 2 hydrocarbons and 1 heterocyclic compound) in the
‘head +tail’ fraction of 2nd distillation and 20 compounds (6
alcohols, 9 esters, 1 ketone, 1 terpene, 2 hydrocarbons, and
1 heterocyclic compound) in the “heart” fraction of the 2nd
distillation. The total amount of volatiles was 398.0 mg/L
for the entire product of 1st distillation, 374.73 mg/L for the
sum of ‘head +tail’ of the 2nd distillation, and 315.3 mg/L
for the “heart” fraction of the 2nd distillation. Based on the
above, the entire product of 1st distillation followed by the
“head + tail” fraction of the 2nd distillation was the richest
in aroma compared to the “heart” fraction of 2nd distillation.

Of the volatile compounds, fatty acid ethyl esters and ace-
tic acid esters are produced according to Millicevic et al.
[41] during grape marc fermentation through enzymic esteri-
fication and further increase in the case of the aging process
of spirits [41]. Of all esters, 3-methyl-1-butyl acetate (isoa-
myl acetate) strongly contributes to the aroma of distilled
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Table 2 Concentration of

. . Compound Entire product ~ “head +tail” frac-  “Heart” fraction ~RIlit* RI exp**
volatile compounds (mg/L) in of Istdistilla- tion of 2nd distil-  of 2nd distilla-
samples during distillation in tion lation tion
CAD technique
Alcohols
1-Propanol 3.59°+0.97 1.14*+0.07 4.66"+0.35 554 550
2-Methyl-1-propanol 22.60°+1.40  6.75°+0.46 20.96°+11.9 625 627
3-Methyl-1-butanol 97.09°+5.88 38.97+0.65 91.85°+4.62 743 736
2-Methyl-1-butanol 38.72°+2.14 15.55*+0.38 35.57°+1.42 748 739
1-Hexanol 10.32°+0.33 2.96"+0.22 8.98°+0.17 862 841
3-Ethyl-4-methylpentanol ~ 0.50*+0.31 n.d 0.38%+0.04 1025 1025
Subtotal 172.82 65.37 162.4
Esters
Ethyl acetate 93.03°+1.99 80.79°+10.63 48.71*+2.31 614 612
Ethyl propionate n.d 0.54+0.11 n.d 709 709
Ethyl isobutyrate 1.32°+0.01 2.47°+0.16 0.55*+0.05 761 758
Isobutyl acetate n.d 1.63+0.20 n.d 770 773
Ethyl butyrate 0.96°+0.04 1.89°+0.37 0.52%+0.05 799 799
Ethyl lactate 4.00+1.01 n.d n.d 798 812
Ethyl, 2-methylbutanoate ~ 0.43*+0.03 1.42°+0.13 n.d 850 849
Ethyl, 3-methylbutanoate ~ 0.77°+0.08 2.06°+0.14 0.45*+0.02 853 853
Isoamyl acetate 11.11°+£0.49 38.97°+0.65 4.89°+0.34 876 875
1-Butyl, 2-methyl acetate 2.47°+0.13 15.55°+0.38 1.07%+0.12 877 877
Ethyl hexanoate 16.62°+0.98 27.73°+0.89 10.31%+0.88 996 995
Ethyl heptanoate n.d 0.69+0.04 n.d 1097 1094
Ethyl octanoate 49.85°+2.48 57.55°+1.81 39.47*+2.46 1193 1193
Ethyl nonanoate n.d 0.63+0.01 n.d 1294 1293
Ethyl decanoate 13.88*+4.01 33.40°+2.08 23.57°+2.38 1398 1392
Subtotal 194.44 265.32 129.54
Aldehydes-ketones-acetals
Butanal n.d 1.01+0.15 n.d 596 590
3-Methylbutanal n.d 0.44+0.11 n.d 650 657
2-Methylbutanal n.d 0.96+0.16 n.d 660 667
Acetal (1,1-diethoxyethane) 2.63*+0.09 5.92°40.59 n.d 725 726
1,1,3-Triethoxypropane n.d 2.71+0.60 n.d 1075 1065
2,6-Dimethyl-4-heptanone  2.32*+0.06 3.21°+0.71 2.41*+0.24 961 973
Subtotal 4.95 14.25 241
Terpenes
DL-limonene 4.76°+0.52 0.87*+0.39 0.80*+0.22 1035 1044
Linalool 0.94°+0.01 n.d n.d 1100 1104
Subtotal 5.70 0.87 0.80
Hydrocarbons
Decane 1.37+£0.04 n.d n.d 1000 1000
Undecane n.d 251°+1.13 1.92*+0.40 1100 1100
Mesitylene 14.25*+0.64 19.08°+5.58 15.55*+0.11 976 980
Subtotal 15.62 21.59 17.47
Heterocyclic compounds
Vitispirane 4.47°+0.21 7.33°+£0.50 2.68"+0.42 - 1315
Subtotal 4.47 7.33 2.68
Total 398.00 374.73 315.30 - -

n.d. not detected

a—cDifferent superscripts in the same line indicate statistically significant differences (p <0.05)
“Rllit: literature retention index (NIST MS search)
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Table 2 (continued)

spirits with fruity banana tones [23] and was determined
in the entire product of 1st distillation (11.11 mg/L), in the
‘head + tail” fraction of 2nd distillation (38.97 mg/L) and
in the “heart” fraction of second distillation (4.89 mg/L)
recording statistically significant differences among all frac-
tions. Cortes et al. [2] reported an isoamyl acetate concentra-
tion of 7.04 and 7.31 mg/L) in grappa and orujo samples,
respectively. Ethyl acetate (fruity, sweet odor) was deter-
mined in the entire product of 1st distillation (93.30 mg/L),
in the ‘head + tail’ fraction of 2nd distillation (80.79 mg/L)
and in the “heart” fraction of 2nd distillation (48.71 mg/L)
recording statistically significant differences only between
the “heart” fraction of 2nd distillation and the entire prod-
uct of 1st distillation. Apostolopoulou et al. [20] reported
ethyl acetate concentrations between 23.5 and 98.7 mg/L
for commercial tsipouro samples from Greece while Cortes
et al. [2] substantially higher values of 300 and 457 mg/L
for grappa and orujo samples. Ethyl esters of Cg, Cg, and
C,, also contribute positively to the aroma of distilled spir-
its. Ethyl hexanoate (fruity, anise like odor), ethyl octanoate
(floral, pineapple, pear odor), and ethyl decanoate (fruity,
fatty odor) are formed during alcoholic fermentation and
are liberated from the yeast cells during distillation. Ethyl-
2-hydroxy propanoate (ethyl lactate) (sweet, acidic, ethereal
type odor) also contributes to the aroma of distilled spirits. It
was only determined in the entire product of 1st distillation
(4.00 mg/L). Ethyl-2-methyl propanoate (ethyl isobutyrate)
(fruity, ethereal odor) was determined in the entire product
of 1st distillation (1.32 mg/L), in the “head + tail” fraction
of 2nd distillation (2.47 mg/L) and in the “heart” fraction
of second distillation (0.55 mg/L). It does not contribute
essentially to the aroma of distilled spirits with significant
differences (p < 0.05) recorded among the three samples.
According to Cortes et al. [27] ethyl lactate is found in the
‘tail’ fraction, while according to Apostolopoulou et al. [20],
it is found in the “head” fraction. Thus, it is expected to be
found at higher concentrations in the “head + tail” fraction
compared to the ‘heart’ fraction of distillates. Ethyl butyrate
(pineapple like odor) was also determined in the entire
product of 1st distillation (0.96 mg/L), in the “head + tail”
fraction (1.89 mg/L) of 2nd distillation and in the “heart”
fraction of 2nd distillation (0.52 mg/L) with significant
differences (p < 0.05) among all samples. Silva et al. [18]
reported ethyl butyrate concentrations lower than 10 mg/L
in grape marc-distilled spirits.

Regarding ethanol, the alcoholic strength of the entire
product of 1st CAD distillation was 39.3% v/v, of the
“head + tail” fraction of the 2nd CAD distillation was 25.5%
v/v, and of the “heart” fraction of 2nd CAD distillation was
70.1% v/v before dilution with water to 42% v/v.
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“*RIexp: experimental retention index

Soufleros et al. [11] reported ethanol concentrations
of 45.79 and 35.54% in tsipouto and tsikoudia samples,
respectively. Higher alcohols (C>4) are formed during
the alcoholic fermentation from sugars through the synthe-
sis of a- ketoacids by yeasts. Ketoacids are subsequently
decarboxylated and reduced to respective alcohols. They are
also formed from amino acids following deamination and
decarboxylation [42]. 2-Methyl-1-butanol (amyl alcohol)
(pungent, fermented, yeasty, winey odor) and 3-methyl-
1-butanol (isoamyl alcohol) (fusel, pungent, ethereal, fruity,
and molasses like odor) recorded the highest concentrations
(38.72 and 97.09 mg/L, respectively) among all alcohols,
with the exception of ethanol, in the entire product of the 1st
distillation. These concentration values remained the same
(p>0.05) in the entire product of 1st distillation and “heart”
fraction of 2nd distillation. In contrast, their concentration
was substantially lower in the “head +tail” fraction of 2nd
distillation. 1-Propanol was determined in small amounts in
the entire product of 1st and “heart” fraction of 2nd distil-
lation (3.59 and 4.66 mg/L, respectively) and in even lower
amounts in the “head + tail” fraction of 2nd distillation.
1-Propanol is formed from the amino acid threonine and
has a distinct sweet taste [4]. According to Silva and Malcata
[12], the concentration of 1-propanol depends on the variety
of grape marc and the specific conditions of fermentation
and distillation. 1-Hexanol (pungent, ethereal, fruity, alco-
holic odor with a green top tone) was determined in all sam-
ples at higher concentrations in the entire product of 1st dis-
tillation and “heart” fraction of 2nd distillation (9—10 mg/L)
and at a lower concentration (2.96 mg/L) in the “head + tail”
fraction of 2nd distillation. 1-Hexanol originates from both
crushed grapes [28] and through the reduction of hexanal
during vinification [30]. 2-Methyl-1-propanol (isobutanol)
(ethereal, winey odor) was determined in the entire prod-
uct of 1st distillation (22.60 mg/L) and the “heart” fraction
of 2nd distillation (20.96 mg/L) and in substantially lower
concentrations (p <0.05) in the “head + tail” fraction of 2nd
distillation. It comprises a fermentation metabolite. Soufle-
ros et al. [11] reported a concentration of 518.9 mg/L for
tsipouro and 307.4 mg/L for tsikoudia.

Of the aldehydes/acetals, butanal (pungent, musty, green,
malty odor), 2-methyl-butanal (musty, nutty, fruity, caramel
like odor), and 3-methyl-butanal (ethereal, chocolate, peach,
fatty odor) were determined in small amounts (1.01, 0.96,
and 0.44 mg/L, respectively) only in the “head + tail” frac-
tion of the 2nd distillation and are formed during fermen-
tation by the action of yeasts [43]. Acetals were the main
compounds in this category of volatiles. They are formed
from acetaldehyde, originating from fermentation after reac-
tion with alcohols. The main acetal (1,1-diethoxyethane)
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Table 3 Concentrgtion of Fraction Methanol
methanol (mg/L) in samples concentration
dgriving fr'orp vgrious §tages of (mg/L)
tsipouro distillation using the
FCD, CAD, and HD distillation  The entire product of 1st CAD distillation (Distillery 1) 19.35
technique “Head + tail” fraction of 2nd CAD distillation (Distillery 1) 12.82

“Heart” fraction of 2nd CAD distillation (Distillery 1) n.d

“Heart” fraction of FCD Distillation (Distillery 2) n.d

“Heart” fraction of HD distillation n.d

CAD copper alembic distillation, HD home distillation, FCD fractional column distillation

was determined in the entire product of st distillation
(2.63 mg/L) and “head + tail” fraction of 2nd distillation
(5.92 mg/L). Its odor is described as grassy [44]. 1,1-Dieth-
oxyethane was also determined in grappa and orujo samples
by Cortes et al. [2], by Galano et al. [35] in grappa sam-
ples and by Cortes et al. [24] in traditional and industrial
Orujo spirits. Ketones are formed during fermentation and
have a minor contribution to the aroma of distilled spirits.
2,6-Dimethyl-4-heptanone (di-isobutyl ketone or cognac
heptanone) having a subtle aroma of sweet mint was deter-
mined in the entire product of 1st distillation (2.32 mg/L),
the “heart” fraction of 2nd distillation (2.41 mg/L), and the
“head + tail” fraction of 2nd distillation (3.21 mg/L) without
significant differences (p > 0.05) among them. To the best
of our knowledge, this is the first time di-isobutyl ketone is
reported in grape marc-distilled spirits.

Terpenes are volatiles deriving from grape skins are
often found in the form of monoterpenoid alcohols or their
respective oxides. They are also found in the form of glyco-
sides complexed with diols or triols. The latter compounds
are non-volatile and thus do not contribute to the aroma of
wines and spirit distillates. It is however possible that upon
enzymic hydrolysis, terpenes will be liberated and con-
tribute to aroma formation [21]. Terpene content usually
decreases with storage type. DL-limonene (orange, citrus to
piney odor) was determined in all three distillation samples
ranging in amounts from 4.76 to 0.80 mg/L. DL-limonene
was also determined in small amounts in grappa samples
[35]. Linalool (citrus, orange, floral, terpy, waxy odor) was
determined only in the entire product of 1st distillation
(0.94 mg/L). It has been found to be a part of the flavor
profile of white variety grapes [35, 45, 46].

Hydrocarbons originate from the wax components of
grape skins [45]. They contribute very little to the aroma of
grapes [42]. The main hydrocarbon determined was mesi-
tylene (sweet aromatic odor) determined in all three distil-
lation samples ranging between 14.25 and 19.08 mg/L) with
significant differences (p <0.05) among samples. Finally,
of the heterocyclic compounds, vitispirane (floral, fruity,
woody odor reminiscent of eucalyptus) was also determined
in all three samples ranging from 2.68 to 7.33 mg/L with

significant differences (p < 0.05) among samples. Vitispirane
is formed during fermentation from grape precursors
(megastigm-4-en-3,6,9-triol 3-O-glucoside and megastigm-
4-en-3,6,9-triol 9-O-glucoside [47].

Determination of methanol

Table 3 shows the methanol content of the entire product
of CAD 1st distillation, “head + tail” fraction of 2nd CAD
distillation, “heart” fraction of 2nd CAD distillation, and
“heart” fractions of FCD and HD distillation. It is impor-
tant to note that methanol was not detected in any of the
“heart” fraction distillates destined for consumption. It
was only determined in the entire product (1st distilla-
tion-19.35 mg/L) and the “head 4+ tail” fraction of 2nd dis-
tillation (12.82 mg/L) (CAD). Methanol distills off during
the initial stages of the process due to its high volatility
(b.p. 64.7 °C) [48] and its concentration decreases steadily
as distillation proceeds. Methanol has also been found in
the ‘tail’ fraction of distillation. This may be due to the fact
that methanol forms hydrogen bonds with water molecules
forming clusters of higher molecular weight which, in turn,
reduces its volatility [49]. This is in agreement with Cor-
tes et al. [27] and Claus and Berglund [33] who reported
higher amounts of methanol in the “head + tail” fraction in
Aguardiente and fruit brandy distillates, respectively. Like-
wise, Apostolopoulou et al. [20] reported higher amounts
of methanol in the ‘tail’ fraction of tsipouro in the product
of first distillation. Finally, Kana et al. [50] reported con-
centrations for methanol 700-1770 mg/L in various grape
marc distillates. Such higher methanol concentrations may
be due to the use of thick skin grape varieties used for the
production of distilled spirits or the prolonged keeping of
grape marc with wine grape must. Methanol is formed via
enzymic hydrolysis of pectic substances which are part of
the cellular membranes of grapes. Pectins are polymers of
galacturonic acid partially esterified with methanol. Hydrol-
ysis takes place during contact of grape marc with grape
must. Apostolopoupou et al. [20] reported a methanol con-
tent of 86.1 mg/L in home-made tsipouro prepared from
grape marc of the Debina variety. Respective concentrations
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were 1542 mg/L for grappa and 2635 mg/L for orujo [2],
57.7-79.2 mg/L [29], 18.1 mg/L for tsipouro and 20.8 mg/L
for tsikoudia samples [11], and 6390 mg/L for white grape
pomace distillates and 4541 mg/L for red grape pomace dis-
tillates [2]. On the other hand, methanol was not determined
in the study of Galano et al. [35] in grappa distilled spirit
samples, Garcia-Martin et al. [16] in orujo distilled spirit
samples, and Giannetti et al. [8] in grappa samples.

Conclusions

The present study showed that the specific distillation
technique used affected the volatile profile of tsipouro
distillate. Fractional column distillation gave the richest
volatile profile followed by home distillation and copper
alembic distillation. Compounds showing the highest sta-
tistical differences among the three distillates included
ethyl octanoate, ethyl decanoate, and DL-limonene with
FCD recording drastically higher values compared to
CAD. All three tsipouro distillates analyzed meet legal
requirements [10] regarding ethanol, methanol, and vola-
tile compound content, as well as the absence of furfural
[9]. A general reducing trend was noted in most volatile
compound concentration proceeding from the 1st to the
2nd CAD distillation refining the flavor of tsipouro.
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