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Chapter 1

INTRODUCTION

1.1. Introduction

Since the discovery of the distillation process of fermented beverages, spirit drinks
have spread and become an indispensable element of most gastronomic cultures around
the world. Its goal is to obtain a flavor quality, sterile and heady drink by concentering
ethanol (major volatile compound) and other volatile compounds (congeners) from
alcoholic fermented materials of any kind of agricultural origin, since almost all raw
materials with carbohydrates can be fermented by yeasts through different previous
processes. This fact allows a wide variety of differentiated spirit beverage, which many

are highly appreciated within food product field.

Numerous equipment and techniques for spirits production have been described
and studied in the course of history, from simple distillation to fractional distillation,
steam distillation and vacuum distillation. Each methodology may enhance or decrease
the extraction of different congeners and consequently, contribute to the organoleptic
characteristics of the product. Likewise, each equipment can be operated using different
distillation procedures to emphasize (or not) its strengths with respect to the others. All

this knowledge allows producers to generate a wide range of commercial product *.

Even with so many centuries of study, there are still many unknowns to be
resolved on distillation. Big industries usually focus on improving ethanol yield and
energy efficiency, to minimize costs. However, there are still challenges such as
developing methods to predict congeners’ distillation kinetics and formulating distillation

strategies to obtain spirit beverages with specific organoleptic characteristics.

1.2. But what’s so important about distillation strategies?

The fact that currently more than 700 aroma compounds have been identified in
wine and more than 1000 volatile substances in spirit drinks 2= can help us to get an idea
of the difficulty of obtaining a balanced product by distillation, from the point of view of

the aroma.
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Like most food products, organoleptic quality of a spirit depends on the aroma
compounds composition, which sensory impact and aroma attributes answer to the
concentration level and aroma threshold of each compound. Furthermore, each type of
spirit has its own targets. For example, vodka is expected to have neutral aroma, mescal
to have baked flavors and Pisco to have aromas reminiscent of wine. And if we focus on
the production of Pisco, for example, producers may want to enhance the aromas from
grapes, intensify the aromas from fermentation or produce a profitable product from a
deteriorated wine. In addition, each company also requires differentiating its products
from the rest of the market. Therefore, distillation strategies are focused on obtaining a
reproducible operational methodology to accentuate or distinguish the desired
organoleptic characteristics of the spirit drink, all taking into account the efficiency of the

process and its corresponding legislation.

Nowadays, standards and specifications for production, definition and
presentation of the different categories of spirit drinks are stablished by regional, national
and international legislations. In the case of European Legislation, a spirit drink should
be produced by the distillation of and alcoholic fermentation obtained exclusively from
agricultural raw materials ®. From this framework, producers have infinite possibilities to
produce the spirit that may convince consumers. But how? The study of the capabilities
of the distillation process and product design generates an important knowledge that

allows producers to find the correct and fastest strategy.

1.3. An overview of distillation techniques

Alembic can be considered the first apparatus designed for the production of
distilled beverages (Figure 1.1), although there is evidence of more primitive devices ’.
Constructed with copper to improve heat transfer, this simple distillation device consists
of a boiler where the raw material is heated, a header chamber at the top where the vapors
rectify, and an outlet coupled to a refrigeration system to condensate the vapors. The
condensate could later be redistilled, macerated or aged to modify its aroma. Although
this technology may seem obsolete, it is still a very popular methodology as it allows
obtaining complex spirits that preserve the typical flavor and in consequence, genuineness
of the product. However, the supplied power to the boiler is the only controlled variable

that can modify the process (apart from raw material characteristics), since condensation
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of vapors in the header chamber (rectification) depends on the heat exchange produced

by surrounding air that is at room temperature.

SWAN’S NECK
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——————————— — — Distillate

Figure 1.1. Sketch of a cooper Charentais alembic, where c.w. refers to cooling water

stream

After the discovery of simple distillation, the increase of the rectification ability
of the alembic was aimed to increase the alcoholic strength, aside from re-distillation and
distillation in series which have low productivity. To achieve this goal, similar equipment
to modern fractional column were developed during the 19th century and, with it, the

producers could obtain more rectification and a greater control of the distillation.

Fractional distillation equipment consist in a boiler coupled to a distillation
column which is typically a large vertical cylinder filled with trays or a packing material
to increase the surface of condensation. Therefore, as vapors condensate through the
column, a temperature gradient is generated which, in turns, generate different stages of
liquid-vapor equilibrium. Then, the longer the column, the greater separation of the
compounds according to their physicochemical characteristics. To increase the
temperature gradient without increasing the dimensions of the column, a fraction of the
product called reflux is reintroduced in the column from the top to control the
rectification. In addition, this type of equipment is very versatile, and currently can
operate at different pressures or include outlets at intervals to extract different fractions

with compounds that have specific physicochemical characteristics.

~3~
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Nowadays in spirit industry, fractional distillation at a continuous steady state is
commonly used. This process achieves an extraordinary yield, with a product
composition close to the azeotrope of the mixture ethanol-water and barely without
presence of congeners; regularly called “rectified spirit”. However, with the exception of
some kinds of beverages (such as vodka or some macerated spirits), spirit drinks are
meant to maintain the positive organoleptic characteristics of raw material provided by
congeners. Moreover, a minimum content of volatiles substances (other than ethyl alcohol
and methanol) is usually required in most spirits legislations to avoid excessive
rectification and to guarantee the genuineness of traditional practices °. Currently in spirits
industry, simple distillation (French style) is also used to produce higher quality spirits,
although, as explained, the process leaves little leeway to product design and
optimization. It should be noted that modern equipment still maintain copper parts, given
the ability of copper to remove certain volatile organosulfur compounds during
distillation. Steam distillation is also used for the production of distilled spirits, but

especially for the production of pomace brandies and other semi-solid raw materials 1°.

Batch columns (German style) represent an intermediate technique between
simple distillation and industrial continuous columns, which can vary the internal
rectification during process by varying the reflux rate. However, classic external reflux
has a slow response on the system. Another way to increase rectification is coupling a
partial condenser to the outlet of the column (commonly named as “dephlegmator” or
“overhead condenser™) that allows a better control of congeners’ rectification. Inspired
by this last technique, an innovative experimental system propose to locate the partial
condenser inside the top part of the column (Figure 1.2), obtaining a much faster control
of the internal reflux rate during the distillation process . This system has been compared
with traditional alembic by distilling wine and other fermented agricultural raw materials
(kiwi, pear and grape pomace) showing significant compositional differences 114,
Although packed columns increase distillation time and are difficult to control 11°
rectification rate can be quickly modified and in consequence the congeners composition,
since minor volatile compounds concentration is related to ethanol concentration and
distillation moment 87, The study of distillation strategies of the present doctoral thesis
is focused on this last distillation equipment, the batch column with internal partial

condenser.
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Figure 1.2. Sketch of a batch column with an internal partial condenser, where c.w.

refers to cooling water stream

1.4. Batch distillation kinetics

During batch distillation, ethanol shows a decreasing concentration over time due
to exhaustion in the boiler, although this behavior can be attenuated by controlling the
internal rectification. Being ethanol more volatile than water (both are the major
compounds in spirit production process), ethanol shows high levels at the beginning and
low levels at the end. In the same way, congeners can be associated to certain fractions
of the distillation where their concentration is higher, according to their physicochemical

characteristics such as vapor pressure and solubility in ethanol and water 8.

Traditionally, batch distillation output is separated into three consecutive
fractions: head, heart and tail. Heart fraction is the main product of the process, while
head and tail fractions can be redistilled or used for a purpose other than food 1. A

theoretical example of the distillation behavior of ethanol and congeners is shown in

~5~
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Figure 1.3. Consequently, distillation strategies focus on concentrating congeners with
positive organoleptic characteristics in the heart fraction, and congeners with negative
aroma (off-flavors) in head and tail fractions, all with an acceptable alcoholic yield. Based
on this premise, the degree of control of each distillation system determines the ability or
possibilities of finding optimal strategies, depending to the raw material composition and
the knowledge of producers.
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Figure 1.3. Representation of the output levels of ethanol (% v / v) and congeners
classes (without specific units) during head and heart fractions of a batch column

distillation. Data was adapted from a preliminary study.

1.5. Young wine spirits

The definition of a wine spirit according to the European Legislation is as
follows ©:
(1) Produced exclusively by the distillation at less than 86 % vol. of wine or wine fortified
for distillation or by the re-distillation of a wine distillate at less than 86 % vol.

(if) Containing a quantity of volatile substances equal to or exceeding 125 grams per
hectoliter of 100 % vol. alcohol.

(iif) Having a maximum methanol content of 200 grams per hectoliter of 100 % vol.
alcohol.

This open description allows for countless production models, since it does not

specify distillation techniques or pre and post treatments, such as aging or maceration. A

~6~
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young wine spirit is considered a wine spirit without any post treatment other than its
dilution with water to obtain the desired alcohol by volume (typically from 35 to 45 %
vol.), except for some styles of wine spirits were water cannot be added such as Peruvian
Pisco °. Young wine spirit can be later used for production of spirits aged in wood (such
as brandy), liqueurs (such as mistelle), fortified wines (such as vermouth) or cocktails
(such as Pisco sour), as well as for direct consumption. Peruvian Pisco and some Chilean
Piscos are the best known young wine spirits ¢, although there are other young wine spirit

all over the world often named as “white brandies” °.

1.5.1. Congeners of young wine spirits

The aroma composition of spirits comes from the interaction between the volatile
compounds and consumer’s olfactory system, which will determine the acceptance of the
product. In young wine spirits, the origins of aroma compounds are the grapes,
winemaking (mostly alcoholic fermentation) and distillation process. In addition, spirits
compounds are associated to head, heart and/or tail fractions, and many have similar
chemical structure. In order to standardize the concentration range, it is common to
quantify congeners in grams per hectoliter of pure ethanol (g-hL™ a.a.), since dilution
factor usually varies between spirits producers, or in milligrams per liter of ethanol at 40
% vol. (mg-L™ 40 % v/v), since the commercial standard spirits have and alcohol by
volume of 40 %. Table 1.1 gives a summary of all studied congeners during the present

thesis, which are presented in the following sections according to their chemical structure.

1.5.1.1. Aldehydes

Acetaldehyde (ethanal) is the major aldehyde from alcoholic fermentation and it
may be found in high levels in wine spirits. Since acetaldehyde has a low vapor pressure
and high solubility in ethanol, the highest concentration is found in first distillation
fractions. Considered as an off-flavor, often defined as pungent odor, acetaldehyde is one
of the main reasons why it is important to perform an optimal head-cut to avoid its aroma
predominance in heart fraction. Acetaldehyde reacts with ethanol to form acetal (1,1-
diethoxyethane) in acid media 2*, with an equilibrium concentration ratio of 10:1 approx.

This reaction has a positive effect, since the aroma of the acetal is not so unpleasant °.

The presence of furfural (furan-2-carbaldehyde) is associated with the reactions

~7 ~
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of Maillard between amino acids and residual sugars, which are favored in hot acid media

as happens during distillation 22%, Therefore, distillation time, pH and heating power

influence its formation, and its almond-like and burnt aroma is a clear indicator of a bad

performance of the tail cut. Furfural and other compounds from the Maillard reaction can

also originate from winemaking %, but normally at pleasant and much lower levels.

Table 1.1. Brief summary of properties and information of the studied volatile compounds during the thesis

projects &,

Compound CAS Chemical Flavor Associated  Main formation
name number  structure quality fraction origin
Water 7732-18-5  Water No odor Heart/Tail Raw fruit
Ethanol 64-17-5  Alcohol Alcoholic Head/Heart ~ Fermentation
Acetaldehyde » 75-07-0  Aldehyde Pungent, sweet Head Fermentation
Acetal 105-57-7  Aldehyde  Fruity, sherry-like Head Fermentation
Methyl acetate 79-20-9 Ester Solvent-like Head Fermentation
Isoamyl acetate 123-92-2 Ester Fruity, banana Heart Fermentation
Ethyl acetate 141-78-6 Ester Solvent-like Head Fermentation
Ethyl butyrate 105-54-4 Ester Fruity, floral Head Fermentation
Ethyl hexanoate 123-66-0 Ester Fruity, apple Head/Heart ~ Fermentation
Ethyl octanoate 106-32-1 Ester Fruity, pineapple ~ Head/Heart ~ Fermentation
Ethyl decanoate 110-38-3 Ester Floral, brandy-like ~ Head/Heart ~ Fermentation
Ethyl carbamate ® 51-79-6 Ester No odor Head/Heart Distillation
Ethyl lactate 687-47-8 Ester Lactic Tail Fermentation
Furfural 98-01-1  Aldehyde Almond, burnt Tail Distillation
B-phenylethanol 60-12-8  Alcohol Rose-like Tail Fermentation
Limonene 138-86-3  Terpene Terpenic, lemon Heart Raw fruit
Linalool 78-70-6  Terpenol  Terpenic, Muscat Heart Raw fruit
o-terpineol 08-55-5  Terpenol Terpenic Heart Raw fruit
B-citronellol 106-22-9  Terpenol Terpenic Heart Raw fruit
Geraniol 106-24-1  Terpenol  Terpenic, geranium Heart Raw fruit
Nerol 106-24-1  Terpenol Terpenic Heart Raw fruit
2-butanol 78-92-2  Alcohol Alcoholic Heart Fermentation
1-propanoal 71-23-8  Alcohol Fusel-like Heart Fermentation
2-methyl-1-propanol 78-83-1  Alcohol Alcoholic Heart Fermentation
1-butanol 71-36-3  Alcohol Alcoholic Heart Fermentation
2-methyl-1-butanol 137-32-6  Alcohol Fusel-like Heart Fermentation
3-methyl-1-butanol 123-51-3  Alcohol Fusel-like Heart Fermentation
1-hexanol 111-27-3  Alcohol Mown grass Heart Winemaking
Methanol ® 67-56-1  Alcohol Alcoholic Head/Tail Winemaking
Acetic acid 64-19-7  Fatty acid Vinegar-like Heart/Tail Fermentation

2 This information is generic and is based on the existing consensus 3. ® Toxic compounds which levels
are regulated in some countries 63637,
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1.5.1.2. Aliphatic and aromatic alcohols

Higher alcohols (1-propanol, 2-methyl-1-propanol, 2-methyl-1-butanol 3-methyl-
1-butanol and B-phenylethanol) are produced during wine fermentation, as metabolites
from the degradation of amino acids. Except B-phenylethanol which tends to distill during
last fractions and has a positive rose-like flavor, higher alcohols tend to distill during heart
fractions and are called “fusel alcohols” due to their fusel-like off-flavor, although its

aroma can be positive in low concentrations 3.

Methanol, 1-butanol and 2-butanol do not contribute to the aroma of wine spirits,
due to their high odor thresholds. Methanol is formed as a result of the enzymatic
degradation of pectin of grapes, petiole of other parts of Vitis vinifera plant. Methanol is
potentially toxic and its legal limit for wine spirits is 200 g/hL a.a. according to wine spirit
definition in the European legislation. However, this concentration limit is higher for
other types of spirits made from other raw materials °. Methanol is considered a head
compound, although its relative concentration (g/hL a.a) is greater both in head and in tail
fractions 2¢?’. 1-butanol and 2-butanol are formed during the fermentation of must sugars
and are characteristic substances of some fermented beverages as wine. Furthermore, 1-
hexanol is formed during pre-fermentative steps of winemaking, being a typical
compound of wine and pomace spirits that can be a varietal marker for assessment of
wine origin 28, although it may be found in other spirit beverages. Its aroma is easily

recognizable by its green character reminiscent of grape marc 2.

1.5.1.3. Monoterpenes

The synthesis of terpenic compounds occurs during grape ripening and they are
found in wine both in free form and as glycoside precursors 2. White wine varieties of
Vitis vinifera Muscat, Malvasia and Gewurztraminer are expected to have high levels of
monoterpenes, although it is detected in many other varieties *. Among terpenic
compounds, it is common to consider linalool (3,7-dimethylocta-1,6-dien-3-ol) the most
relevant for its high levels and low odor threshold, followed by geraniol ((2E)-3,7-
dimethyl-2,6-octadien-1-ol). Isomeric with geraniol is nerol ((Z)-3,7-dimethyl-2,6-
octadien-1-ol). On the other hand, a-terpineol (2-(4-methyl-1-cyclohex-3-enyl)propan-2-

ol) can be detected with high levels in spirits made from terpenic grapes, however its
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higher odor threshold reduces a lot its flavor relevance *. Limonene (1-methyl-4-(1-
methylethenyl)cyclohexene) and B-citronellol (3,7-dimethyloct-6-en-1-ol) have also been

studied in the present thesis, of which there is little information reported in literature .

Monoterpenes play a very important role in the aromatic profile of wine spirits,
especially with aromatic wine spirits 2°. Therefore, terpenic compounds are intended to
be distilled during heart fraction, although their vapor pressures and water solubility vary
considerably among them. Their aroma is usually included in an overall descriptor called
“terpenic”, given their similar aroma that reminds the smell of Muscat and Malvasia wine,
citrus notes, as well as flower-like odor such as rose and geranium. These compounds

tend to react under distillation conditions (hot acid media) to form more stable compounds
16,32-35

1.5.1.4. Esters and fatty acids

The origin of esters and fatty acids is mostly microbiological, produced during
alcoholic fermentation by yeasts and other microorganisms. In addition, the ester
formation is favored through the chemical esterification of carboxylic acids and ethanol,
given the high levels of ethanol in spirits (>30% v/v), or other minor alcohols such as

methanol and amy! alcohols 3.

The positive fruity odor in wine spirits mostly comes from short chain ethyl esters
(C4-Cao) and isoamy!| acetate (3-methylbutyl acetate). On the other hand, ethyl acetate and
methyl acetate provides a glue-like odor, which is one of the most relevant off-flavors in
spirits drinks. These esters present very high volatility and show a high solubility in
ethanol; thus tend to distil during the first fractions. As general rule, the smaller the
molecule is, the greater its volatility. For this reason, to optimize ester aroma, the
distillation strategies focus on separating the ethyl acetate and methyl acetate during the
head fraction and keeping the rest of the esters in the heart fraction, since differences
between their volatilities may allow it. Apart from ethyl acetate that is the major ester,
the rest are usually found in low concentrations but above their respective odor thresholds
318 'Within the group of short chain esters present in alcoholic beverages, ethyl carbamate
(without smell) has gained relevance in recent decades by being a carcinogen compound
of Group 2A according to IARC 3. Its presence in spirits is much more relevant than in

~10 ~
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other fermented beverages because its formation from cyanate or urea is favored by
copper (11), in addition to the high levels of ethanol of spirits .

Short-chain fatty acids are in equilibrium with the esters, where acetic acid is the
most relevant due to its high concentration, vinegar-like off-flavor odor and potential to
form ethyl acetate which has a lower odor threshold. Fatty acids have low vapor pressure
and high solubility in water, which presumably should be distilled during tail fractions.
However, acids are also present in head and heart fractions due to their reversible
equilibrium with esters, and vice versa. Wine spirits also contain longer-chain esters and
acids, although they are more abundant in other types of raw materials (such as pear and

pomace brandies) 34°,

1.5.2. Wine spirits analysis

Being a food product, wine spirits should be chemical and sensory analyzed.
Densimetry (measured by pycnometer, electronic density meter using frequency
oscillator or hydrostatic balances) is the official and standardized method to determine
the ratio of the two major compounds, ethanol and water, of spirits *!. Regarding the
analysis of congeners, given their high volatility, it is common to use gas chromatography
with mass spectrometry (GC-MS) or flame ionization (GC-FID) detectors 303142-44
although other methodologies are also used such as liquid chromatography “° or
colorimetry 2’. Thanks to novel analytical techniques (such as headspace solid phase
micro-extraction method followed by GC-MS analysis *°), more and more accurate

compositional results can be obtained.

Even so, the relationship between compound concentration and consumer’s
perception stills unclear. The ratio between chemical concentration and odor threshold
concentration, named odor activity value (OAV), is acommon method used to predict the
odor intensities of volatile compounds from chemical analysis. OAV is a measurement
linearly proportional to concentration, however the relationship between odor intensity
and concentration responds to a sigmoidal function . In any case, apart from the odor-
concentration correlation, it is also necessary to take into account the odor interactive
effects among the compounds, such as enhancement or suppression of odors 4%, and the
olfactory fatigue of strong-smelling agents, such as ethanol in spirits *°. Therefore, given
the difficulty of predicting consumer perception, it is important to verify chemical

~11 ~
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analyses with sensory analyses and vice versa.

Moreover, after distillation, spirits need a period of time to stabilize its aroma
compounds before put them on the market, a fact to take into account when performing
chemical and sensory analyses. A clear example is Peruvian Pisco, which must rest a
minimum of 3 months in inert recipients after distillation according to Peruvian regulation
19 in order to improve organoleptic properties. A similar procedure is carry out for
cachaca and rum not aged in oak ! and for blanc Armagnac ?°. However, scientific
information on this topic is scarce and the existing one focuses on other types of no-aged

spirits 13,

1.6. Modeling and statistical analysis

To describe or predict processes which theoretical models are unknown or more
laborious than what is required, heuristic or designed experimentation is used and
analyzed by the principle of causality, usually called as “cause and effect”. In statistical
language, the “causes” (i.e. operational variables of distillation process such as heating
power, cooling system, device components or raw material characteristics) are called
factor, predictor, input, independent or exploratory variables. On the other hand, the
“effects” (i.e. variables that define the product such as congeners’ concentration,
professional sensory evaluation or consumer acceptability) are called response, output or
dependent variables. Therefore, the aim of using advanced modeling and statistical
techniques in distillation strategies studies is to understand or predict the effect of known
factors on the responses that defines the spirit drink of study. Causality logic can also be
applied between responses (i.e. the effect of the composition on the acceptability of the
product).

Design of experiments (DOE) is a widely used technique to plan an experimental
procedure which aims to model the variation of one or more quantitative variables
(responses) under some controlled conditions (factors). DOE are optimized to be analyzed
with regression models and the best known is the full factorial design (FFD), which
studies the effect of all possible combinations of 2 or more factors at 2 levels. Figure 1.4
shows a DOE with 2 factors, where squared symbols represent the experimental points of
a FFD. The main idea of DOE is to test the effect of controlled factors at a specific range

using their limit values, in order to predict the responses at all possible intermediate
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levels. Thus, for FFD in Figure 1.4, 1 and -1 are the limits of both factors. In addition,
the experiments must be run randomly and replicated to ensure validity, reliability, and
replicability. Modeling is usually carried out with polynomic regressions. In the case of
FFD, linear equation with interactions between factors is used. Over time, different
designs have been proposed to include more data points while minimizing the number of
experiments. One of the most complete DOE is the central composite design (CCD),
which consist in a 2-level fractional factorial design with a center point and axial points.
These additional data points allow 3 to 5 levels per factor, where usually only the central
point is replicated to minimize experimentation. All points in Figure 1.4 configure a CCD
example with 2 factors, where each symbol is an experimental point. Should be noted that
axial points locations are similar to FFD points but with a 45 degrees rotation, a design
characteristic called “rotatability”. Other common design characteristic for axial points
locations are “orthogonality” and “face centered”. As can be appreciated, the arrangement
of the experiments allows a subsequent polynomic regression with linear, quadratic and
interaction coefficients that may predict a response at all intermediate levels. This
modeling methodology is usually called response surface methodology (RSM), since
allows the creation of very visual tools such as surface and contour plots. Furthermore,
more complex DOE can be constructed and considered, depending on the type of study

and level of accuracy °*.

Nonlinear regression and other statistical analyses may be used for modeling
specific DOE designs. Artificial neural networks (ANN) is a widely used tool to build
nonlinear mathematical models, inspired by how biological brains work. ANN has
become very popular since does not require a prior specification of suitable fitting
functions, unlike most methodologies *°. In relation to DOE, some studies have shown

that ANN models may have better predictions of CCD responses than RSM °6-%8,

Furthermore, DOE are usually designed for modeling and optimize more than one
response. For example, during spirits evaluation, the concentration of each compound is
a numerical response. Therefore, a multiple criteria decision in needed since, normally,
no single solution exist that optimizes all responses simultaneously. In these cases, multi-
objective optimization can be used to explore designs with several responses. Especially
for CCD, desirability functions are widely used. This technique consist in transforming

each response model into a range of acceptability values between 0 (undesirable) and 1
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(very desirable). Then, to obtain an overall desirability that relate several responses, the
geometric mean of the individual desirability values is calculated. With this data

processing, optimization proceeds on determining the factor values that maximize an
overall desirability >0,

2
2
1 [ | ]
N
§ 0 L 2 o L 2
(&)
L
-1 [ | ]
2
-2
-2 -1 0 1 2
Factor-1

Figure 1.4. Example of a 2-factor Design of Experiments with full fractional design

points (M), central point (®) and axial points (4).
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1.7. Scientific and technological objectives

The main objective of this thesis has been to describe and optimize the distillation
and evolution of wine congeners in young spirits during and after the process to obtain

products with selected organoleptic characteristics.
This main goal have been divided into four partial objectives.

1. Describe the effect of the controlled variation of the internal reflux of a batch
column with an internal partial condenser (BCPC) on congeners’ distillation
to:

a. Obtain products with high levels of terpenic compounds.
b. Compare BCPC capabilities with traditional alembic distillation.

2. Develop and test a regression model for a BCPC to predict and optimize the
effects of:
a. The internal reflux during distillation first fractions (head).
b. The pH of the initial fermented beverage in the boiler.

c. The volumes of the distilled fractions (head and heart).

3. Explore the aroma interactions between four relevant compounds of wine

spirits to correlate chemical concentration and sensory analysis.

4. Study the evolution of a bottled spirit during one year to:
a. Report the effects of different temperature, light and pH levels on the
composition of a bottled spirit.
b. Identify the storing practices that can improve or deteriorate the spirit

after its production.
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1.8. Novelty of the project

In industrial distillation (continuous distillation), much progress has been
achieved in terms of separation and purification of volatile compounds, which can later
be diluted or mixed again. However, most spirits legislation does not encourage such
practices, since tends to demand traditional methods. In addition, obtaining a multi-
compound product from a single operation reduce process and transportation of reactants,
a fact that promotes the “local food movement” so socially extended. For both reasons,
the improvement of traditional processes with advanced operational and statistical

technologies is needed.

Furthermore, the study of operational strategies for batch distillation can be
applied to many other fields where aromas are distilled, since it undoubtedly helps to
better understand the distillation of minor compounds. In addition, advanced statistical
techniques were used for this project, which had barely been applied before for the study
of spirits production. Besides, information in scientific literature on the evolution of
volatile compounds of wine spirits and the aroma interaction between them is close to nil.
Unfortunately, these and many other issues related to post-production of spirits have been
little investigated. In the same way that wine research has been very extensive during the
last decades, knowledge about wine byproducts must also be updated.

Finally, the methodologies used in this project are relatively simple to apply and
available to all businesses. Therefore, the improvement of regional and traditional
techniques such as batch distillation, which may be displaced from global market for
marketing reasons, offers more opportunities for small and medium-sized enterprises to

stand out and compete with the beverage canons.
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Chapter 2

FLORAL AROMA IMPROVEMENT OF MUSCAT SPIRIT BY PACKED
COLUMN DISTILLATION WITH VARIABLE INTERNAL REFLUX

A study published in: Food Chemistry 2016, 213, pp. 40-48

2.1. Abstract

The organoleptic quality of wine distillates depends on raw materials and the
distillation process. Previous work has shown that rectification columns in batch
distillation with fixed reflux rate are useful to obtain distillates or distillate fractions with
enhanced organoleptic characteristics. This study explores variable reflux rate operating
strategies to increase the levels of terpenic compounds in specific distillate fractions to
emphasize its floral aroma. Based on chemical and sensory analyses, two distillate heart
sub-fractions obtained with the best operating strategy found, were compared with a
distillate obtained in a traditional alembic. Results have shown that a drastic 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 levels of negative aroma
compounds. Therefore, this sub-fraction presented a much more noticeable floral aroma

than the distillate obtained with a traditional alembic.

2.2. Introduction

Wine spirit is an alcoholic beverage obtained from the distillation of fermented
grape musts. The quality of the distillate depends on both the raw materials and the

distillation process used.

The grape variety used to produce the wine could provide varietal compounds,
such as terpenes and terpenols in the case of Muscat or Malvasia grape varieties, that give
wine floral aroma characteristics *. Pisco is one of the most relevant terpenic spirit, so
distillers aim to preserve the floral and fruity aromas, a factor traditionally associated with
the variety and quality of grapes 2. However, large chemical composition differences
between aromatic Piscos have been observed 3. Among floral and fruity aroma

compounds, linalool is the most relevant compound in Pisco 4, although its characteristic
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aroma is also related to the sensory perception of other molecules °. In addition, terpenic
compounds present high reactivity in catalyzed and hot acid media ®2 and tend to distil
in early fractions of the distillation °, thus these compounds cannot be easily concentrated
in the heart cut (commercial distillate fraction). Muscat distillates such as Pisco contain
other non-terpenic compounds with important sensory attributes °, whose distillation

behaviors vary throughout the process °.

The traditional distillation with a copper Charentais alembic (French Style) allows
limited intervention during the distillation process (only the heating power in the boiler
can be manipulated) to modify the composition of the distillate. A more flexible system
is the batch distillation column (German Style) in which the reflux rate can be varied in a
wide range. However, none of these systems allows a rapid variation of the internal reflux
of the system during distillation. An interesting alternative is the use of a boiler coupled
with a rectification column, equipped with an internal partial condenser that allows rapid
control of the reflux rate of the column by manipulating the cooling flow rate 1%,

Several studies have compared the spirits obtained by classical alembics and
columns with an internal partial condenser. Kiwi and pear fermented juices and grape
pomace have been tested with both methods of distillation >4 and showed that column
distillates presented better fruit and floral characteristics and less solvent-like and toxic
compounds (head compounds). In addition, Garcia-Llobodanin et al. (2011) * found
differences between both methods. The partial reflux column system produced heart
fractions of distillate with high levels of esters and higher alcohols, although they
observed a lack of reproducibility of the distillation. No previous studies have tested
specific variable reflux policies focused on concentrating or removing specific positive

or negative compounds in certain distillate fractions.

Therefore, the aim of this study was to develop variable reflux strategies to
concentrate terpenic compounds in the heart fraction of the distillate. Hence, non-
aromatic wine was doped with several terpenic compounds to study the
extraction/distillation kinetics. Moreover, using chemical and sensory analyses, Muscat
wine (non- doped) spirits obtained with the optimum column strategy and with a

traditional alembic were compared.
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2.3. Material and methods

2.3.1. Wines.

Experiments were performed at the Department of Chemical Engineering of the
Rovira | Virgili University. Two white wines were used: a Vitis vinifera Macabeo
produced in the experimental cellar “Mas dels Frares” of the University (Tarragona,
Spain), and a Vitis vinifera Muscat kindly donated by Dalmau Hermanos y Cia. Suc. S.A.
(Tarragona, Spain). The basic oenological parameters of Macabeo and Muscat wines
were: alcohol degree 10.8 and 12.6 % (v/v), pH 3.31 and 3.32, and glucose + fructose
concentration < 0.10 and 0.43 g/L, respectively. Since Macabeo wine contains very low
amounts of terpenic compounds, it was doped with six representative terpenic
compounds; limonene, linalool, a-terpineol, B-citronellol, geraniol and nerol, all of them
of food grade quality (Sigma-Aldrich; Saint Louis, USA). The doses were 4 mg/L for the
three most volatile compounds (limonene, linalool, a-terpineol) and 6 mg/L for the others,
according to their volatility and the results of preliminary tests. These levels are much
higher than those usually found in Muscat wine; the aim was to enhance the sensitivity of
the chemical analysis to clearly observe the impact of the different strategies on the
evolution of the terpenic compounds during distillations. Physical-chemical
characteristics and terpenic compound levels of the wines (doped Macabeo and Muscat)
before distillation are shown in Table 2.1.

Table 2.1. Terpenic compounds proprieties and their concentrations in the wines before distillation

Compound M()(Is;mrgT)ssa BOIII?‘?CS)OW 10g Kaus’ Macgsgg (\jvineb M,\:g::-adtovsiiib
Limonene 136 176 457 412 0,07 nd.
Linalool 154 197 297 4,03 +0.06 210 +0.00
a-Terpineol 154 220 2.98 4.2340.20 252 +0.14
8-Citronello 156 204 3.91 6.07 +0.19 1.60 £0.08
Geraniol 154 230 356 6.13 +0.13 0.306 +0.028
Nerol 154 225 347 6.11 +0.11 0.117 £0.002

aData extracted from EPI Suite database 2. ®Concentrations are expressed in mg/L.

2.3.2. Distillation systems

Column distillation system assays were performed in a distillation boiler (50 L)

heated with two electrical resistances and coupled with a stainless steel distillation
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column with a copper mesh. The distillation column was equipped with a total condenser
(on the top) and a partial condenser with variable flow (controlled with a peristaltic pump)
to control the internal reflux of the column. In addition, the system was equipped with
several temperature sensors (in the boiler, at different levels of the distillation column and
in the partial cooling water system). Details of the distillation column have been
previously described in Garcia-Llobodanin et al. (2011) 1. The process was controlled
with  Lab-view software (LabVIEW 8.6.1, National Instruments). Before
experimentation, the peristaltic pump of the partial condenser was calibrated between 0
and 200 mL/min.

Traditional distillation system assays were performed in a 20 L copper Charentais

alembic heated by an electrical hotplate.

2.3.3. Distillation processes

First, column distillation assays were performed with doped Macabeo wine, in
order to determine the behavior of the terpenic compounds and other relevant compounds.
Then, based on the obtained results, column and alembic distillation assays were

performed with Muscat wine.

For column distillation, 25 L of wine (Macabeo or Muscat) were placed in the
boiler. In case of Macabeo wine, terpenic compounds were added 12 hours before
distillation. Total condenser’s cooling flow rate was constant at 1.7 L/min. Partial
condenser’s cooling flow rate ranged from 0 to 180 mL/min and was modified during
distillation according to two different strategies (STR-1 and STR-2) detailed in Table 2.2.
Electrical resistances operated at a constant power of 2400 W until the temperature below
the partial condenser raised to 72 °C; then the power was reduced and kept constant at
960 W. The first 200 mL of distillate were collected in 50 mL fractions and the rest in
100 mL fractions until 3500 mL of distillate. Temperatures were monitored and recorded

every 16 s at different points of the distillation systems.

For traditional distillation, 12.5 L of Muscat wine and 5 g of pumice stones were
placed in the copper Charentais alembic boiler. Total condenser cooling flow rate was
constant at 1.8 L/min. Electrical hotplate operated at a constant power of 2900 W until

the first drop, then the power was reduced and kept constant at 2333 W (both values were
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calculated without considering heat loss). As in column distillations, first 200 mL of

distillate were collected in 50 mL fractions and the rest in 100 mL fractions until 2600

mL of distillate.
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Distillation assays were performed in duplicate for doped Macabeo wine and in
triplicate for Muscat wine. Head cuts were decided by sensorial analysis.

2.3.4. Chemical analysis of wines and distilled fractions

Analyses of wine ethanol content and distillation residues were determined by
ebulliometry (electronic ebulliometer, GAB instruments), wine glucose + fructose
concentration by enzymatic bioanalysis (R-Biopharm AG) and wine pH with a pH-meter
(Crison Basic 20). For distilled fractions, ethanol content of each sample was analyzed
with an electronic density meter (Anton Paar DSA 5000M).

Volatile compounds of wines before distillation and distillation residues were
extracted with dichloromethane and analyzed by gas chromatography, using a
methodology adapted from Ferreira, Lopez, Escudero, & Cacho (1998) *°. For the liquid-
liquid extraction, in a 12-mL glass tube, 10 mL of wine were added with 2.5 g of
ammonium sulfate and 0.5 mL of dichloromethane. As internal standard, 50 pL of 2-
octanol (400 mg/L) solution was added. The extraction was carried out for 1 h in an orbital

shaker at 110 rpm. Extractions were done in duplicate.

In the case of distilled fractions, first four samples were grouped in 100 mL
fractions, and the rest in 300 mL fractions. For all fractions, 50 pL of the internal standard
solution were added to 1 mL of each sample (previously adjusted to 40% v/v of alcohol).
In addition, Muscat heart fractions of column and alembic distillations were extracted
with dichloromethane to obtain enough instrumental sensibility for terpenic compounds
using a methodology adapted from Guichard, Lemesle, Ledauphin, Barillier, & Picoche
(2003) and Luki¢ et al. (2010) 17, For the liquid-liquid extraction, 100 mL of distillate
(adjusted to 40% v/v of alcohol), 200 mL of water, 30 g of sodium chloride and 10 mL
of dichloromethane were added in a 500 mL separating funnel. As internal standard, 100
uL of 2-octanol (3900 mg/L) solution was used, and the extraction was carried out for 1
h in an orbital shaker at 110 rpm. Dichloromethane extracts were concentrated with a 20
cm Dufton column in a bain-marie at a constant temperature of 50 °C, until the extracted

became 0.5 mL. Extractions were done in duplicate.
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2.3.5. Chromatographic analysis

Chromatographic analysis was carried out by using a gas chromatograph equipped
with a flame ionization detector (GC-FID) (Agilent 6890) and an automatic sampler
(Agilent 7683). The capillary chromatographic column was a polar column MetaWAX
(60 of length, 0.25 mm ID and 0.5 um of phase thickness) from Teknokroma (Barcelona,
Spain). The temperatures of the injector and detector were 250 °C and 260 °C,
respectively. Separations were performed using two different methods. Quantification
was performed by interpolation into calibrations built with synthetic solutions doped with
all the analytes at different levels. For liquid-liquid extractions, calibration curves were
built by the extraction of synthetic solutions doped with the volatile compounds.
Concentration ranges of the calibration solutions were selected according to typical levels

in commercial spirits 2.

2.3.5.1. Chromatographic method for major and most volatile compounds

For the analysis of acetaldehyde, methyl acetate, acetal, ethyl acetate, methanol,
ethyl butyrate, 1-propanol, 2-methyl-1-propanol, 1-butanol, ethyl hexanoate, 2-methyl-1-
butanol, 3-methyl-1-butanol, 1-hexanol, ethyl lactate and ethyl octanoate, the injection (2
pL) was done in split mode (1:5) and was performed with an oven temperature program
of: 40 °C (5 min), 7 °C/min up to 100 °C (15 min), 3 °C/min up to 140 °C and 2 °C/min
up to 200 °C (5 min). The carrier gas was helium with a column-head flow ramp of 0.5
mL/min (28 min) and 5 mL/min? up to 1.1 mL/min (67 min).

2.3.5.2. Chromatographic method for heavi