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Abstract: There is a large economic interest to characterize heads, hearts and tails fractions during
fruit spirit distillation by simple, fast, low-volume and low-cost analytical methods. This study
evaluated the potential of ultraviolet (UV)-visible-infrared spectroscopy (230-1000 nm) to charac-
terize and differentiate these distillate fractions. Heads, hearts and tails fractions of 10 different
fruit spirits were separated by sensory evaluation and investigated by absorbance spectroscopy.
Principal component analysis indicated that UV spectroscopy at a wavelength range from 230 to
310 nm had the highest potential to differentiate all three distillate fractions. While all tails fractions
showed significantly different UV spectra, a clear differentiation between heads and hearts fractions
was limited. However, an additional UV spectroscopy of 100 mL subfractions sampled during the
shift from heads to hearts in three additional distillations did reveal significant differences. The calcu-
lated integrals of the according best-fit trendline functions of the spectra indicated a trend towards
reduced area-under-the-curve and zero-point values during the shift. This could be a new lead to
implement an analytical method for in-line process control during fruit spirit production.
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1. Introduction

Fruit spirit production with common thermal rectification technique is characterized
by separation (cut) of the produced distillate into the three main fractions of the heads,
hearts and tails. This is performed in order to separate fermentative volatiles with negative
aroma attributes in heads and tails from the value product (hearts). Up to now, the decision
about when to perform a fractionating cut was mainly made by sensory evaluation [1-3].
This is due to the fact that heads and tails contain characteristic fermentative volatiles
with certain aroma attributes that can be perceived by distillate manufacturers. The heads
fraction contains low boiling point compounds, for instance, acetaldehyde and ethyl
acetat, which give a strong unpleasant and pungent flavor. The tails fraction contains high
concentrations of fusel oils, such as propyl, butyl and amyl alcohols and their isomers.
These tails compounds are also associated with unpleasant aroma attributes [4,5]. Spaho [5]
(p. 134) also stated that “taste and smell still remain the most reliable method of determining
when to make a cut”.

The perception of taste and odor attributes is, however, subject to individual anatomi-
cal differences and requires extended experience. In addition, anatomical changes occur
during human aging in all the senses involved in food perception. On average, seniors per-
ceive a lower flavor intensity than younger adults and they are less sensitive to changes in
the flavor profile of foods [6]. Overall, there is a large industrial interest to introduce simple,
fast, low-volume and low-cost analytical methods to perform reliable cut determinations.
Such rapid analysis requirements seem to be present in spectroscopic analysis methods.
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In the last decades, different spectroscopic methods were introduced to determine
spirit authenticity [7-9], origin [10,11] and spirit compounds [12,13]. As described in
other studies, ultraviolet (UV)-visible spectroscopy can characterize beverage samples as a
vector of absorbance, which can be considered a fingerprint of that sample [14-16]. So far,
all scientific spectroscopic investigations of spirits have focused on the value product.
To the best of our knowledge, spectroscopic analysis has not been performed for the
characterization of different distillate fractions besides the value product.

The aim of this study was to identify the potential to differentiate heads, hearts and
tails fractions of fruit spirits by absorbance spectroscopy. In an additional approach,
we investigated distillate subfractions collected during the shift from heads to hearts.
The latter focused on the hypothesis that the absorbance spectra might change during this
shift in batch distillation processes.

2. Materials and Methods
2.1. Mash Fermentation

Fruit juices were obtained from Kumpf Fruchtsaft GmbH & Co. KG (Markgroningen,
Germany). Fruits were ordered from Hofmann Dambacher GbR (Filderstadt, Germany).
Water-cleaned fruits were mashed and placed in sanitized plastic drums (Mauser Packaging
Solutions, Oak Brook, IL, USA) for fermentation. Apples and pears were milled with a fruit
grinder (800-R, Max Baldinger AG, Riimikon, Switzerland), while plums and peaches were
thoroughly mixed with a mixing drill (product no. 6681, Schliessmann, Schwébisch Hall,
Germany) with attention to reduced seed abrasion or destruction. Fruits and juices were
analyzed for soluble sugar contents by a handheld refractometer (Carl Zeiss, Jena, Germany)
with a range of 0-32° Brix (Table 1). All substrates were pH adjusted to 3.3 & 0.1, adding a
phosphoric and lactic acid mixture (product no. 5862, Schliessmann, Schwébisch Hall,
Germany) and inoculated with selected Sacharomyces cerevisiae yeast strains (Aroma Plus,
product no 5828, Schliessmann, Schwabisch Hall, Germany). Juice and fruit mashes
fermented for 11 and 30 =+ 3 days, respectively, at 20 °C room temperature and indicated a
residual sugar content of <1° Brix.

Table 1. Overview of substrates for mash preparation.

Mash No. Substrate Extract (°Brix) Mash Volume (L)
1 apple juice 13.4 20
2 apple juice 13.4 20
3 apple juice 134 20
4 grape juice 16.9 20
5 grape juice 16.9 20
6 grape juice 16.9 20
7 zwetschge plum 14.3 88
8 peach 114 90
9 mirabelle plum 19.2 92
10 pear 11.9 120
11 pear 11.7 100
12 apple ‘Jona Gold’ 13.6 98
13 apple ‘Jona Gold” 13.6 93

2.2. Distillation

In regard to the different mash volumes, juice mashes (No. 1-6) were distilled with a
20 L column still (Jacob Carl, Eislingen, Germany) [1], while fruit mash (No. 7-13) distil-
lations were performed with a 120 L column still (Carl GmbH, Eislingen, Germany).
Both steam-heated stills were equipped with three trays, a dephlegmator (= partial
condenser), a copper catalyzer, a product cooler (Figure 1) and temperature sensors.
Distillate fractions were categorized for heads, hearts and tails by the sensory evalu-
ation of two experienced distillers (male, age 35—48). The hearts to tails shift was linked
with 87 + 1 °C vapor pipe temperature. Ethanol concentrations of distillate fractions
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were determined in triplicates via density measurement (DMA 58, Anton Paar GmbH,
Ostfildern, Germany).

(b)

)
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Figure 1. Schematic drawing of both column stills equipped with three trays (a), dephlegmator (b),
copper catalyzer (c) and product cooler (d), thin dashed arrow line = vapor phase.

Heads, hearts and tails fractions of distillates from mashes No. 1-10 were collected
and analyzed for volatiles and UV-visible spectra. The distillates of mashes No. 11-13 were
collected in 100 mL subfractions and analyzed for their specific spectral absorption. The first
hearts subfraction was defined as f0 and regarded as the reference point, while prior heads
or later hearts subfractions were labeled according to the volumetric difference; for instance,
£-100 for heads subfraction sampled 100 mL prior to f0.

2.3. Volatiles Analysis

Volatile concentrations of 1-propanol, 2-propanol, acetaldehyde, acetone, ethyl acetate,
isobutanol and methanol were determined in heads, hearts and tails fractions of mashes
1-10. All samples were adjusted to 40% (v/v) anhydrous alcohol (aa) and quantifica-
tions were performed in triplicates with a headspace gas chromatograph (GC-2010 Plus,
Shimadzu Scientific Instruments, Kyoto, Japan) equipped with a flame ionization detector
(FID) and a Rtx-Volatiles column (Restek Corp., Bellefonte, PA, USA). All standards for
GC-FID analysis were obtained from Merck KGaA (Darmstadt, Germany) to perform the
five-point standard calibrations (RZ > 0.99).

2.4. Absorbance Spectroscopy of Distillate Fractions

Absorbance spectroscopy of distillate fractions was performed with a Tecan Infinite
200PRO (TECAN, Zurich, Switzerland) microplate reader. The spectra were recorded in
a 230-1000 nm wavelength range in steps of 5 nm. Three spectra were averaged for each
sample. The spectral absorption of heads, hearts and tails fractions of mashes No. 1-10
were identified in 1:1 water dilution. Principal component analysis (PCA) of a total of 4620
data points was performed with statistical analysis software SPSS 25 (IBM Corp., Armonk,
NY, USA) to identify the wavelength range of the absorbance spectra that explains the most
data variance in heads, hearts and tails.

Additionally, the absorbance spectra of 100 mL heads and hearts subfractions of
mashes No. 11-13 were identified with the same methodology in triplicates after water
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dilution to 40% (v/v) ethanol. To be able to define and compare changes in the absorbance
spectra of the sub-fractions the best-fit ‘trendline’ of each graph was calculated with
software Excel (Microsoft Office 2010, Microsoft Corporation, Redmond, DC, USA). The fit
of the trendline was evaluated via R? values, indicating the grade of value relevance
between the trendline and the original absorbance spectrum. Subsequently, the function of
the best-fit trendline was used for integration. The integral of the best-fit trendline function
was calculated using the limits of the specific absorbance spectrum as lower and upper
bound, which represents the area-under-the-(absorbance)-curve. In addition, the zero point
of the best-fit trendline function was evaluated. The area and zero point of the best-fit
trendline were determined and compared between subfraction samples {-300 to £+200.
Significance tests were performed with SPSS 25 one-way analysis of variance (ANOVA)
with the Tukey post hoc test on a significance level of p < 0.05.

3. Results and Discussion
3.1. Ethanol Yields

The distillate products of 13 fruit mashes were separated by heads, hearts and tails.
They showed a specific total ethanol yield of 4.1-8.6% (v/v) based on the mash volume
(Table 2). The heads/hearts/tails ethanol ratio was 0.12 + 0.05:0.70 + 0.05:0.18 + 0.04.
As expected, the hearts fraction held the highest share in every distillate product and
showed ethanol concentrations of 82.9-88.8% (v/v) aa. The mash-specific total ethanol
yields were higher than proposed by the German custom authority [17] with 3.5% (v/v) for
peaches, 3.6% (v/v) for apples, pears and apple juice, 4.6% (v/v) for zwetschge plums, 4.8%
(v/v) for mirabelle plums and 6.0% (v/v) for grape juice. This is likely due to originally
higher soluble sugar contents in the fruits compared to average values [18-20].

Table 2. Ethanol yields of heads, hearts and tails fractions. Ethanol concentrations determined in triplicates. Standard
deviation <0.01.

Mash No. Heads Hearts Tails Total Ethanol Yield
Volume Ethanol Volume Ethanol Volume Ethanol Based on 100 L Mash
L % (vlv) aa L % (vlv) aa L % (vlv) aa % (vlv)
1 0.30 82.0 0.95 84.8 0.55 53.3 6.7
2 0.35 82.7 1.05 83.3 0.38 423 6.6
3 0.28 84.1 0.93 87.3 0.70 37.8 6.5
4 0.25 83.1 1.40 88.8 0.50 55.4 8.6
5 0.25 80.9 1.40 88.4 0.40 63.2 8.5
6 0.20 81.9 1.40 87.2 0.55 61.7 8.6
7 0.39 86.0 4.00 84.6 2.50 35.2 5.2
8 0.65 88.7 3.00 84.4 1.30 44.6 41
9 0.55 80.9 5.10 85.6 1.80 37.1 6.0
10 0.99 87.3 6.00 82.9 2.50 45.0 5.8
11 0.50 87.1 4.50 85.3 3.20 39.0 5.5
12 0.40 85.9 5.10 84.0 2.60 55.0 6.2
13 0.40 92.6 5.70 85.4 2.50 443 6.9

aa = anhydrous alcohol.

3.2. Volatiles Composition

Table 3 shows the volatiles composition in heads, hearts and tails. As expected,
acetaldehyde and ethyl acetate concentrations significantly reduced from heads to hearts [21,22].
This indicated an efficient separation of both volatiles from the value product.
Significantly higher 1-propanol concentrations were detected in hearts compared to heads.
Isobutanol did not show significant differences between the three fractions. Methanol in-
dicated a typical behavior for batch distillation processes with no significant difference
between its concentration in heads, hearts and tails [1,5,23]. 2-propanol and acetone were
only detected in small quantities in the present study.
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Table 3. Volatiles in distillate fractions of mashes No. 1-10.

Substance Heads Hearts Tails
1-propanol 05+012 15+06° 07+£03%
2-propanol <0.1 <0.1 <0.1
acetaldehyde 124052 0.14+01P 014+0Pb
acetone <0.1 <0.1 <0.1
ethyl acetate 47 +193 03+0.1° 01+00°
isobutanol 03+022 0.6 +022 05+0.12
methanol 88+572 534322 73+45%

Different superscript letters within each row indicate significant differences (Tukey tests: p < 0.05). Unit in g/L aa.

3.3. Absorbance Spectroscopy

The PCA of absorbance data of heads, hearts and tails obtained wavelengths from 230
to 1000 nm and resulted in two main factors explaining 95.2% of the total data variance.
Factor 1 explained 78.8% of the data variance and indicated a formation of two data
groups (Figure 2). Factor 2 further explained 16.4% of the total data variance. The data
points of absorbance spectra gained at wavelengths from 230 to 310 nm clearly separated
from the other spectral data points as they gathered in an area <0.1 of factor 1 and >0.8
of factor 2. As this PCA pattern stood out against all other data points, we concluded
that the wavelength range of 230-310 nm had the highest potential to differentiate heads,
hearts and tails fractions by absorbance spectroscopy. Therefore, further analysis was
performed with this UV wavelength spectrum. The results also match other scientific
studies which identified the spectrum from 205 to 282 nm as the most relevant in terms of
spirit comparison or spirit content analysis [14,15,24].

1.0 r. .

0.8
0.6
0.4

0.2

factor 2

0.0

-0.2

-0.4

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

factor 1

Figure 2. Principal component analysis of absorbance spectra of heads, hearts and tails fractions gained
from distillates of mashes No. 1-10. Factor 1 explains 78.8% of the data variance. Factor 2 explains 16.4% of
the data variance (cumulated = 95.2%). Wavelengths 230-310 nm (black), wavelengths 315-1000 nm (grey).

Figure 3 shows the UV absorbance spectra of heads, hearts and tails fractions collected
from the distillates of mashes No. 1-10. Tails fractions showed a significantly stronger
(Z > —3.48; p < 0.001) absorption intensity compared to heads and hearts fractions. This in-
dicated that the tails fraction could clearly be determined from heads and hearts by simple
UV spectroscopy methods. It is likely that this can be attributed to strongly reduced ethanol
concentrations in the tails fractions. A significant difference between heads and hearts
fractions was only determined at excitation wavelengths 230 nm (Z = —3.02; p = 0.002),
275 nm (Z = —2.04; p = 0.041) and 305 nm (Z = —2.46; p = 0.014). This indicated that a clear
differentiation of the total heads and hearts fractions was limited in terms of absorbance
spectroscopy at a wavelength spectrum from 230 to 310 nm. Therefore, subsequent experi-
ments investigated the spectral absorbance in subfractions sampled during the shift from
heads to hearts.
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Figure 3. Ultraviolet absorbance spectra of heads, hearts and tails fractions gained from distillates of
mashes No. 1-10. Each graph indicates the average spectrum with standard deviation (n = 10).

3.4. Subfraction Analysis

Mashes No. 11-13 were distilled and the spectral absorption analyzed for heads
sub-fractions £-300, £-200 and f-100 and hearts subfractions {0, {+100 and {+200. Figure 4
shows the spectra of fractions £-300 to f0. The graphs visualized that the shift from heads
subfractions to hearts subfraction was linked to a declining trend of the area-under-the-
curve of the absorbance spectra. In addition, Table 4 shows the integrated area-under-the-
curve values and zero-point values of the calculated best-fit trendline. The best-fit trendline
was evaluated as the exponential function of the absorbance spectra (R? > 0.98). The first
hearts fraction f0 was linked to an area of 7.9 & 0.5 and a zero point of 5.9 & 1.3. Significant
differences in area and zero-point values were found between subfraction f-300 and all
other subfractions. The results from Figure 4 and Table 4 indicate that the spectra and the
calculated integrals are linked to a reduction of the area-under-the-curve and the zero-point
values during the shift from the heads to hearts fraction. This declining trend may be of
importance for future research work, which could investigate the compounds responsible
for fluorescence [9] in the heads fraction such as acetaldehyde and ethyl acetate.

heads

e hearts fO

0.8

0.6

0.4 -
[
[
02 M
0.0 -
230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310
wavelength (nm)

Figure 4. Absorbance spectra of 100 mL subfractions of heads (grey) and first hearts fraction f0 (black). Each line indicates

the average spectrum. Standard deviation <0.01.
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Table 4. Area-under-the-product absorbance curve and zero-point values of the calculated integrals.
Integrals were evaluated via the according exponential function of heads and hearts subfraction
spectra (n = 3) with a lower bound of 230 and an upper bound of 310.

Distillate Fraction Fraction Label Area Zero Point
f — 300 207 £4.9°2 70.2 +£32.82
heads f — 200 13.0+4.1b 245+ 18.1b
f — 100 99+14Pb 112 +55Pb
£0 79405P 59+13b
hearts f + 100 73+08b 55+ 14Pb
f + 200 80+ 05P 46 +0.6P

Data with different superscript letters within each column are significantly different (Tukey tests: p < 0.05).

4. Conclusions

Absorbance spectroscopy has become a powerful tool for fast quality assurance analy-
sis in the food industry. With success in implementing this tool in distillate fraction analysis,
it is likely that it will gain more applications in the fruit spirit producing industry. The ob-
tained data showed that different distillation fractions were indeed distinguishable by
their absorbance spectra. The investigated wavelength spectra of the tested tails fractions
were all significantly different from the heads and hearts fractions. Therefore, absorbance
spectroscopy has the potential to clearly differentiate tails fractions from heads and hearts
fractions. In contrast, the collected heads and hearts fractions showed limited spectral
differences. However, a more detailed analysis of subfractions during the shift from heads
to hearts fraction did show significantly different spectra. Furthermore, the calculated
integrals of the according best-fit trendlines of the spectra indicated a declining trend
towards reduced area-under-the-curve and zero-point values during the shift from heads
to hearts fractions. This could be a new lead to implement a simple, fast, low-volume and
low-cost analytical method for in-line process control during fruit spirit production.
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