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As concentracdes de 39 compostos organicos foram determinadas em trés fracdes (cabega,
coragdo e cauda) obtidas da destilagdo em alambique do caldo de cana fermentado. Os resultados
foram avaliados utilizando-se andlise de variancia (ANOVA), teste de Tukey, andlise de
componentes principais (PCA), agrupamento hierarquico (HCA) e andlise discriminante linear
(LDA). De acordo com PCA e HCA, os dados experimentais conduzem a formacgao de trés
agrupamentos. As fracdes de cabeca deram origem a um grupo mais definido. As fragdes coracdo e
cauda apresentaram alguma sobreposi¢@o coerente com sua composicao em dcidos. As habilidades
preditivas de calibracdo e valida¢do dos modelos gerados pela LDA para a classificacio das trés
fracdes foram de 90,5 e 100%, respectivamente. Este modelo reconheceu como corag@o doze de
treze cachagas comerciais (92,3%) com boas caracteristicas sensoriais, apresentando potencial
para a orientagdo do processo de cortes.

Concentrations of 39 organic compounds were determined in three fractions (head, heart
and tail) obtained from the pot still distillation of fermented sugarcane juice. The results were
evaluated using analysis of variance (ANOVA), Tukey’s test, principal component analysis (PCA),
hierarchical cluster analysis (HCA) and linear discriminant analysis (LDA). According to PCA and
HCA, the experimental data lead to the formation of three clusters. The head fractions give rise to
a more defined group. The heart and tail fractions showed some overlap consistent with its acid
composition. The predictive ability of calibration and validation of the model generated by LDA
for the three fractions classification were 90.5 and 100%, respectively. This model recognized as
the heart twelve of the thirteen commercial cachagas (92.3%) with good sensory characteristics,
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thus showing potential for guiding the process of cuts.
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Introduction

According to the Brazilian Cachaga Institute, the
volume of sugarcane spirit (cachaga) exported was around
9.8 million liters in 2011 and generated US$17.28 million
in revenue. Currently, Germany, the United States, Portugal
and France are the main importers.!

With the increasing demand for high-standard quality
cachaga, the adoption of a more efficient production
technique is a challenge that needs to be overcome by
producers. Cachaga chemical composition and its sensory
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quality depend mainly on sugarcane juice, alcoholic
fermentation and the subsequent wine distillation
procedures.>”’

Usually, in small-scale production (artisanal sugarcane
spirits), the distillation process occurs in alembics (pot
stills). During this process, the distillate is separated into
three different fractions, through operations named cuts,
to improve the beverage quality. The alcohol content in
the distillate collected from the first cut (head fraction)
reaches the range of 70.0 to 55.0% (v/v) or a volume
equivalent to 5-10% of the total distillate volume.® The
second fraction, the heart (the noble distillate), begins to
be collected when the alcohol content reaches 55% (v/v)
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and ends up around 38% (v/v), which corresponds to
75-80% of the total distillate volume. The last fraction,
the tail, is collected when the alcohol content of distillate
is below 38% (v/v), which corresponds to about 10%
of the total distillate volume.® Usually the head and tail
fractions are discarded or used by some producers in
the next distillation batch. All the alcohol content data
are collected at a temperature around 20 + 3 °C. This
is a traditional separation procedure in Brazil and was
probably inspired by the colonizer experience with grappa,
bagaceira and whiskey production. In small distilleries,
each ton of sugarcane processed can produce 80 to 120
distillate (heart fraction) liters.

It is known for different distilled alcoholic beverages
that the cutting processes, applied during alembic
distillation, can influence the chemical composition and
consequently affect the product quality.”'5 A part from a
few examples, in case of sugarcane spirits obtained through
alembic distillation, a quantitative analysis of the cutting
process fractions has not received the deserved attention
compared to what is described for other distillated spirits.
Cardeal er al.'® monitored the alembic distillation process
by fingerprint chromatogram analysis without using
chemometrics tools. Alcarde et al.'” evaluated the secondary
components of sugarcane spirits during double distillation
process in a rectifying still in order to verify the cut point
according to the ethanol concentration between head and
tail fractions. Scanavini et al.'® presented the application
of a differential distillation model for the simulation of
cachaga production in alembic.

The study described herein aims to learn more about
the spirit secondary compound composition in the three
different fractions produced in the alembic distillation
process, and thus eventually infer how the cuts procedure
would influence the cachag¢a quality with a different
approach.

Experimental
Samples

The chemical profiles of the samples were determined
for the three fractions of the distillate (head, heart and
tail). Altogether, 14 alembic distilled cachaca samples
from different Sao Paulo State producers were evaluated
in the present study. The still operations were performed
by the producers following their own tradition. None of
the distilled samples were submitted to the aging processes
and they were all stored in glass bottles under refrigeration
(4 °C) and analyzed within three to four months. Thirteen
highly ranked non aged commercial cachagas previously
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evaluated trough chemical and sensory analysis’ were used
for the LDA model evaluation.

Reagents

All reagents were of analytical grade standards (Fluka,
Sigma-Aldrich, St. Louis, MO, USA). All solvents
(methanol, ethanol, dichloromethane and acetonitrile) were
of HPLC grade (Mallinckrodt Baker, Xalostoc, Tlaxcala,
Meéxico), and all water used was deionized using a Milli-Q
system (Millipore, Bedford, MA, USA).

Distillation apparatus

The copper alembic apparatus were purchased from
Brazilian manufacturers and operated by the distillery
staff following the respective technical specifications. The
alembic distillation process was carried out in single pot
stills with similar geometries with capacities ranging from
180-250 L. Direct fire was used for heating alembics where
the temperature ranged from 75-90 °C. The fractions were
collected at the rate of 40 £ 9 mL per min. The cutting
process was carried out according to the alcoholic content,
which was monitored during the sample distillation.

Analytical method description

Higher alcohols and acetic acid®

The presence of methanol, propanol, isobutanol,
1-butanol, 2-butanol, isoamyl alcohol and acetic acid was
determined through direct injection of 1.0 uL aliquots of
the sample (spiked with 4-methyl-1-propanol, internal
standard - 126 mg L") into a gas chromatograph system
(Hewlett-Packard, HP 5890-A GC) using a flame ionization
detector (FID) and a HP-FFAP column (cross-linked
polyethylene glycol esterified 50 m x 0.20 mm X 0.33 um
film thickness). The inlet and detector temperatures were
250 °C. The injected volume was 1.0 puL, and the split ratio
1:20. The oven temperature program was 55 °C (5 min);
2 °C min™! to 100 °C (3 min), 5 °C min™! to 190 °C (30 min);
5 °C min to 220 °C (15 min); oven temperature program
(HP-20M) 45 °C; 1 °C min™' to 100 °C (3 min), 5 °C min’'
to 190 °C (30 min); 5 °C min™' to 220 °C (15 min). The
compound identification and quantification were made
through authentic standard addition method.

Aldehydes and ketones®

Acetylacetone, formaldehyde, 5-hydroxymethylfurfural
(5-HMF), acetaldehyde, acrolein, furfuraldehyde,
propionaldehyde, butyraldehyde, benzaldehyde,
isovaleraldehyde, valeraldehyde and 2,3-butanedione
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(diacetyl) were analyzed as their 2,4-dinitrophenyihydrazones
(aldehyde-DNPHs) using an HPLC Shimadzu model
LC-10AD equipped with a UV-Vis diode array detector
(Shimadzu SPD M6A, wavelength = 365 nm). The HPLC
separation was performed with a Shimadzu Shim-Pak
C18 column (25 cm x 4.6 mm i.d. x 5.0-um particle size)
and gradient system of water and methanol/acetonitrile
(80:20, v/v) solution. The injection volume was 20.0 puL
and the following gradient (methanol/acetonitrile)-water
was used: (methanol/acetonitrile) (8:2)-water 60:40 (v/v)
isocratic for 9 min (1.0 mL min'), from 60:40 to 95:5in 16
min (1.1 mL min™), from 95:5 to 60:40 in 9 min (1.0 mL
min™'), 60:40 isocratic for 15 min (1.0 mL min'). The
compound identification and quantification were carried out
through relative retention time comparison and authentic
standard addition.

Ethyl carbamate?

The determination of the ethyl carbamate concentration
was performed through sample direct injection without
previous treatment into a gas chromatograph model GC17A
(Shimadzu, Tokyo, Japan) hyphened to a mass selective
detector model QP 5050A (Shimadzu, Tokyo, Japan) using
electron impact (70 eV) as the ionization source. The mass
spectrometer detector operated in SIM mode (m/z 62), and
propyl carbamate was used as an internal standard (150 ug L™).
The inlet and detector interface temperature were 250 and
230 °C, respectively. The oven program temperature used was:
90 °C (2 min); 10 °C min™! for 150 °C (0 min); 40 °C min™
for 230 °C (10 min). The injected volume was 1.0 pL in
the splitless mode. The ethyl carbamate quantification
was carried out through authentic standard addition.

Esters'®

Ethyl acetate, ethyl butyrate, ethyl hexanoate, ethyl
lactate, ethyl octanoate, ethyl nonanoate, ethyl decanoate,
ethyl laurate and isoamyl octanoate were analyzed by direct
sample injection. The volume of 1uL was injected into a gas
chromatography model GC17A (Shimadzu, Tokyo, Japan)
hyphened to a mass selective detector model QP 5050A
(Shimadzu, Tokyo, Japan) using electron impact (70 eV) as
the ionization source, using 4-methyl-2-pentanol as internal
standard. The target analytes were separated through a
capillary column coated with an esterified polyethylene
glycol phase (HP-FFAP; 50 m x 0.20 mm x 0.33 pm film)
(Hewlett-Packard, Palo Alto, CA). The temperature of
the injector and detector interface was 220 °C. The oven
temperature was programmed from 35 to 180 °C at a rate
of 5 °C min! and then raised at 20 °C min" increments
from 180 to 220 °C (5 min), using split mode (1:15). The
esters were quantified through standard calibration curve.
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Organic acids®

Nine organic acids (lactic, glycolic, pyruvic, succinic,
capric, citramalic, lauric, myristic and palmitic) were
analyzed in distilled samples. The methodology was
based on the evaporation of 20 mL cachaga to dryness at
room temperature and the subsequent addition of 200 uL.
derivatizing solution, which contained 100 pL of N-methyl-
N-trimethylsilyltrifluoroacetamide (MSTFA) and 100 uL
of nonanoic acid (internal standard, 100 mg L) in an
acetonitrile solution. A Hewlett-Packard 5890 model gas
chromatograph (GC) equipped with flame ionization
detector (FID) was used with a capillary column DB-5
(5%-phenyl-methylpolysiloxane) with dimensions of
50 m x 0.20 mm X 0.33 um. The oven temperature program
used was: 60 °C (2 min) to 100 °C at a programming rate
of 25 °C min™' and raised at 10 °C min"' increments from
100 to 300 °C (5 min), using split mode (1:15). The acids
were identified by authentic standard addition method and
quantified through standard calibration curve.

Multivariate and statistical analysis

Principal components analysis (PCA) reduces the
dimensionality of the data through linear combinations of
the original independent variables. It allows the maximum
amount of variance in the data set to transform into a
smaller number of components and allows the data to be
observed graphically by grouping samples according to
their similarities.”! For hierarchical cluster analysis (HCA),
an agglomerative hierarchical method is used to join the
clusters, indicating the level of similarity between them.
In this procedure, Ward’s linkage method was used to
determine the distance between clusters and the Euclidian
distance for their amalgamation. Linear discriminant
analysis (LDA) is one of the parametric classification
methods of pattern recognition that uses linear boundaries
to define the groups.?? The generated LDA calibration model
was composed of the 21 samples. The predictive ability of
the LDA model was evaluated through cross-validation,
using 9 unknown fractions as a test samples.

All the multivariate analysis was performed in the data
matrix for the 3 alembic fractions that was structured using
all sets of data of Table S1 (Supplementary Information
section). The matrix contained 42 rows, which represented
the number of cacha¢a samples, and 39 columns,
which corresponded to the analyzed chemical variable
concentrations. The ND (not detected) in data set matrix
was fixed at zero (0.00). As pre-processing, data set in the
X-matrix were autoscaled prior to analysis.

Variance analyze (ANOVA) was previously used for
the identification of the statistically significant differences
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among the secondary compound mean concentration
values in the alembic fractions. The ANOVA results were
checked using Tukey’s test. PCA, HCA, LDA, ANOVA
and Tukey’s test were applied using Minitab 15.1.1
release software (MINITAB® and the MINITAB logo™
are trademarks of Minitab Inc.). Since many variables
are involved along the all production process, the median
values were considered more reliable than the mean values
for comparison purposes of the three fractions chemical
profile.”

Results and Discussion
Quantitative chemical profile

Figure 1 presents the median values for secondary
composition concentration (mg L") and alcoholic content
(%, vIv) for the three spirit fractions produced by alembic
distillation. The median concentration values for the 39
organic compounds analyzed in each alembic fraction are
presented in Table S2 (Supplementary Information section).
The results shown here indicated a quantitative difference
for the major compounds analyzed in the three spirit
fractions produced during the alembic distillation process.

According to Figure 1, the head fraction presents
higher concentration of alcohols (total alcohols in Figure
1) when compared to the other fractions. The methanol,
propanol, isobutanol, 1-butanol and isoamyl alcohol is
presented higher concentrations in the head fractions.
Isoamyl alcohol was the most abundant compound among
the alcohols analyzed.

The ethyl acetate and ethyl lactate are the major
ester compounds present in cachagas according to
Nascimento ef al.'” All esters, other than ethyl lactate, were
found in higher concentrations in the head fraction rather
than in the other fractions. Ethyl lactate, the most soluble
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in water among the esters evaluated, was predominant in
the heart and tail fraction. Therefore, the increase observed
for the total ester concentration in tail fraction in Figure 1
is due to the presence of ethyl lactate.

As can be seen in Figure 1, aldehydes are present in higher
concentrations in head fraction. All aldehydes analyzed,
except 5S-HMF and furfuraldehyde, were predominant in the
head fraction, in which acetaldehyde was found to be the
major compound. The 5-HMF and furfuraldehyde, which
are more soluble in water than in ethanol, differently from
the other aldehydes, presented higher concentrations in the
heart and tail fractions. The aldehyde acetylacetone was not
observed in any sample analyzed.

Ethyl carbamate is more soluble in ethanol than in
water and was mainly found in the head fraction (Figure 1).
The median values for ethyl carbamate concentrations
were 65.0, 26.0 and 24.0 pug L' for the head, heart and tail
fractions, respectively. The results suggest that a tuning in
the first cut could be used to reduce the concentration of
this unwanted compound in the heart fraction.?*

The sum of acetic and lactic acid concentrations
accounts for more than 90% of the total organic acid content
in the alembic fractions. The sum acetic, lactic, glycolic,
succinic and citramalic acids, more soluble in water than in
ethanol and with boiling points ranging from 112-235 °C,
presented higher concentrations in the tail fraction than in
the head fraction. The acetic acid in heart fraction presented
similar concentration to the tail fraction, showing the
difficulty in remove it through the cutting process.

An opposite behavior was observed for capric, lauric,
myristic and palmitic acids. Despite its higher boiling
points (ranging from 225-270 °C), regarding to the other
acids, the later compounds were predominant in the head
fraction since they are more soluble in ethanol than in
water. These findings are in similarity with the described
by Léauté! for cognac.

2412

65 26 24 53 43 23

Total esters Total Total
aldehydes acidity

Total alcohols

Ethyl Alcohol
carbamate content

Figure 1. Median concentration (mg L) of secondary composition, ethyl carbamate (ug L') and alcoholic content (%, v/v) in the three fractions produced

in alembic distillation.
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It would be very interesting to correlate the data of
sugarcane distilled spirit fractions with the other spirits
such as grappa, bagaceira, orujo and rum. However,
this is not an easy task since only cacha¢a and rum
are sugarcane products, being the others originated
from grapes. Unfortunately, at least as far as we know,
there are not at the moment available data to perform a
reliable comparison. There are few accessible reports
which despite well conducted, were not performed in the
same experimental conditions and therefore not allow
comparisons. Furthermore, besides being originated from
diverse raw material, the spirit production process follows
different procedures dictated by local practices, including
different yeast, fermentation process and distillation
apparatus design. The comparison between cachaga
and rum, considering just the commercial product (heart
fraction) points out that despite being sibling spirits, both
have their own identity due to the all production process
by itself.”

Despite of all these difficulties, as example and with
information purposes, Table S3 (SI section) exhibits some
chemical concentration data for select compounds in
cachaga and bagaceira for the head, heart and tail fraction
and for the heart fraction of orujo, bagaceira, grappa and
rum.'> 22 According to these results, except for capric
acid, the concentrations of lauric acid, ethyl acetate,
ethyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl
decanoate, ethyl dodecanoate, methanol, acetaldehyde,
propanol, 1-butanol and 2-butanol on general, independent
of the fraction (head, heart and tail) are present in
higher concentration in bagaceira than in cachaca.
Capric acid concentration is only higher in the cachaca
than in bagaceira when the head fraction is concerned.
Similar trend is observed comparing the heart fraction
(commercial product) chemical composition of the other
spirits. Exceptions for runs (Cuban and non Cuban) which
presented the smaller propanol concentration than all the
other distilled spirits.

ANOVA and multivariate statistical analysis

Before the multivariate statistical analysis were
performed, ANOVA test (p-value) was used to observe
if there are any significant statistical differences among
the secondary compounds mean concentration from
the head, heart and tail fractions at the 95% confidence
intervals. Tukey’s multiple comparison method was used
to corroborate with ANOVA test results. Table S4 in the
SI section shows the p-value results (p < 0.005) for the
mean concentration values of each chemical compound
for each pair of alembic fractions. The high standard
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deviation values observed, which cannot be attributed to
experimental analytical errors, strongly suggest that the
cachaga production process is not uniform by itself. This
is not unexpected since in the production there are many
independent variables whose strict control is very difficult
to assure.

For the thirty nine compounds analyzed, only ethyl
decanoate, ethyl octanoate, ethyl nonanoate, isoamyl
alcohol and the alcoholic content presented statistical
differences when comparing their concentrations among
the head, heart and tail. The other remaining compounds
presented significant differences only between two of the
fractions (see Table S4 in the SI section).

The ANOVA test results here reported would be useful
to classify the forty two samples dealt with in this work.
However, the production process by itself is not uniform and
new variables could be introduced. It would be desirable
a more general approach in which not only compounds
with significant differences in their concentrations were
considered.

PCA and HCA were applied to the database in the
Table S1 in the SI section to observe the similarities
among the three alembic fractions. The PCA score
plot (Figure 2a) shows the clustering between the
samples according to the similarities of their chemical
composition. The head fraction cluster, despite being
more disperse than the other two, does not overlap with
the heart fraction. Some overlap was observed between
the clusters corresponding to the heart and tail fractions
mainly due to the similarity in their acid composition. So,
the PCA analysis indicates that the cutting between these
two fractions was not so efficient to remove the acidity
excess from the heart fraction.

The loading plot (Figure 2b) illustrates the behavior
of the 39 analyzed organic compounds in the head, heart
and tail fractions. The total variance obtained by the sum
of the first seven principal components was 74.8%. The
PC1 (30.3%) showed that esters (except ethyl lactate),
alcohols, aldehydes (except S-HMF and furfuraldehyde),
ethyl carbamate and fatty acids were the most representative
variables responsible for head fraction definition. The
acetic, lactic, glycolic, pyruvic, succinic and citramalic
acids, ethyl lactate and 5-HMF correlated negatively with
the other compounds in PC1, which may be responsible
for the partial tail fraction separation.

According to Figure 2a, three tail fractions (S05, S22
and S35) exhibited heart fraction characteristics. From
these three fractions, two (S05 and S22) were collected
above the recommended alcoholic content level (39.7 and
44.16% (v/v), respectively) and exhibit lactic and acetic
acid concentrations below the median concentration
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Figure 2. PCA of head, heart and tail fractions from alembic distillation.
(a) Score plot; (b) loading plot.

values observed for heart fractions (41 and 108 mg L™,
respectively). The third tail fraction (S35) was collected at
31% (v/v); however, it presented a lower acid concentration
than the expected on the basis of the other samples, and
thus exhibiting in these aspect characteristics which
resemble more a heart than a tail fraction. Sample S34
from the heart cluster presented higher lactic and acetic
acid concentrations (116 and 120 mg L', respectively)
and alcohol content (32.8%, v/v) below the expected
value. From the fractions of distillates from wines S31
and S29, only one (head S31) was correctly classified in
the head cluster (Figure 2a); the other five define a fourth
cluster which mix head, heart and tail fractions. This can
be explained considering the composition similarity of
fractions regarding to acetic, lactic acid, ethyl acetate and
ethyl lactate (Table S1 in the SI section), suggesting that
these samples had some problem during the fermentation
and distillation process.'* %28

The acid concentration may compromise the cachagas
quality. Indeed, the heart samples (S33 and S34) that are
borderline between heart and tail exhibit alcoholic content
lower than 38% (v/v) (see Table S1 in the SI section).
Therefore, the cutting process during this step should be
anticipated before the final alcohol content in the distilled
sample reaches 26% (v/v), which is the median value found
for the analyzed tail samples (see Table S2 in the SI section).
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This procedure will reduce the final product volume, but
a balance between quality and productivity should dictate
the action of the producers. Thus, the relationship between
the cutting process and the sensorial effect of acidity should
also be evaluated. As can be observed in Table S1 (SI
section) the presence in the heart fraction of compounds
that affect the cachaca quality as ethyl acetate, methanol,
acetaldehyde, ethyl carbamate, propanol (depending on
their concentrations) and others with head and tail fraction
characteristics can be reduced to reasonably compatible
concentrations after the cutting application.

Figure 3 shows the dendrogram analysis for the
three distillate fractions based on their chemical profile
similarities. As observed in the PCA analysis, the samples
from the head did not exhibit similarities with the other
two fractions, whereas there was some similarity between
the heart and tail fractions. The similarities regarding
to the chemical profile for distillates from wines S31
(samples: 1,2, 3) and S29 (samples: 10, 11, 12) confirm the
information obtained from the PCA treatment. The same
is true for the heart fractions S33 and S34 (samples 5 and
14, respectively), which were included in the tail sample
cluster and for the tail fraction S35 (sample 42) included
in the heart fraction cluster.

Dendrogram
Ward linkage; Euclidean distance

47.807

31.877

Distance

Wines 29 and 31

15.93

Tail I I Heart
1

0.00
Samples

Figure 3. HCA dendrogram for head, heart and tail fractions from alembic
distillation.

Statistical model construction e application to commercial
cachaga samples

Aiming to contribute in the improvement of the
characterization of spirit fractions and consequently
the cutting in the alembics distillation, the samples and
variables that better represented their respective fractions,
chosen from the PCA and HCA plots (Figures 2 and 3)
and from ANOVA analysis, were used to build a more
representative model. For the model construction, the
variables no highly correlated were selected by LDA
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analysis. Lactic acid, ethyl acetate, alcoholic content,
isoamyl alcohol, capric acid, lauric acid, myristic acid
and palmitic acid were used as standard variables.
LDA was then applied to this data set to generate a
classification model for the three alembic fractions. A
data cross-validation was used to avoid the generation
of an optimistic model and thus increase its prediction
ability.?!-?* The calibration model to identify head, heart
and tail fractions was built up with 21 samples being
seven samples for each fraction. According to Table 1, this
model presented efficient prediction ability for 90.5% of
the samples and was validated with other nine different
fractions whose origins were 100% correctly fitted.

In a subsequent step, the self consistency of this model
was checked using thirteen high quality commercial
cachagas (non aged), representative of a “very good heart
fraction” whose sensory and chemical qualities have been
previously established by a trained panel of sensory analysts
and by a group of cachaca consumers.” Twelve samples
(92.3%) were correctly fitted in the heart fraction cluster
(Table 1). Only the sample SA was misclassified due to its
high isoamyl alcohol concentration (1190 mg L', Table S5

Table 1. Classification of brazilian cachaga fractions distilled in copper
alembics (pot stills) using linear discriminant analysis (LDA)

Model construction True group

Head Heart Tail
Total number of samples 7 7 7
Samples with correct classification 6 7 6
Individual correct proportion 0.857 1.0 0.857
Number of samples = 21
Number of samples correct = 19
Proportion correct = 90.5%
Model validation True group
(unknown samples) Head Heart Tail
Total number of samples 3 3 3
Samples with correct classification 3 3 3
Individual correct proportion 1.0 1.0 1.0
Number of samples = 9
Number of samples correct =9
Proportion correct = 100%
Test of model with commercial True group
cachagas (heart fractions) Head Heart Tail
Total number of samples 0 13 0
Samples with correct classification 0 12 0
Individual correct proportion - 0.923 -

Number of samples = 13
Number of samples correct = 12

Proportion correct = 92.3%

Variables: lactic acid, ethyl acetate, alcoholic content, isoamy! alcohol,
capric acid, lauric acid, myristic acid, palmitic acid.

J. Braz. Chem. Soc.

in the SI section).

To visualize the fitting of the thirteen high quality
commercial samples in the model generated by LDA,
PCA plots (Figure 4) were build up using analytical data
for lactic acid, ethyl acetate, alcoholic content, isoamyl
alcohol, capric acid, lauric acid, myristic acid and palmitic
acid for 11 heads, 11 tails and 24 (11+13) heart fractions.
It must be recalled however that the head samples (S31,
S29, S22), heart fractions (S31, S29, S34, S09) and tail
fractions (S35, S08, S05, S22, S29 and S31), which were
misclassified due to distillation or fermentation errors, were
removed from the PCA analysis. As can be observed in
Figure 4, the three clusters were quite well defined and the
previous overlap between tail and heart fractions (Figure
2) now was not observed. Table 2 was built up taking into
account the well grouped samples in the score plot of
Figure 4 and displays for each compound its respective
concentration range in each one of the three fractions.
These concentration range could be used as a proposition
of a guide for the fractions quality evaluation. Therefore,
all together, these results strongly suggested that the model
generated here is a conceivable pattern reference for the
cutting process guidance.
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Figure 4. PCA of samples and fractions used in the LDA model. (a) Score
plot; (b) loading plot.
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Table 2. Median and range of concentration for organic compounds (mg L) in head, heart and tail fractions

Head fraction

Heart fraction Tail fraction

Compound” - - -

Median Range Median Range Median Range
Ethyl acetate 422 1080-262 63.4 226 -19 26 80-15
Ethyl butanoate 1.14 5.4-0.64 <LOD 0.61-<LOD <LOD <LOD
Ethyl hexanoate 2.16 7.2-1.03 <LOD 1.3-0.53 <LOD <LOD
Ethyl lactate 13.8 22-3.8 27.3 226-7.2 28.5 270-20
Ethyl octanoate 10.9 42-0.84 1.4 5.6-0.8 <LOD <LOD
Ethyl nonanoate 0.15 0.74-0.31 <LOD <LOD <LOD <LOD
Ethyl decanoate 16.9 46.8-3.1 32 3.1-1.2 <LOD <LOD
Isoamyl octanoate 0.08 0.51-0.07 <LOD <LOD <LOD <LOD
Ethyl dodecanoate 291 7.23-1.25 0.79 6.24-0.32 <LOD <LOD
Lactic acid 13.5 63.3-1.5 48.3 400-2.14 89.5 174-25
Succinic acid 0.03 0.07-0.16 0.08 0.5-0.08 0.10 1.67-0.05
Capric acid 5.85 54.8-1.1 0.09 1.7-0.09 <LOD 1.1-0.3
Lauric acid 1.06 8.54-0.25 0.15 0.5-0.02 0.08 0.08-0.06
Myristic acid 0.60 1.3-0.30 0.11 0.40-0.04 0.10 0.3-0.1
Palmitic acid 1.97 8.4-1.0 0.61 2.7-0.03 0.35 0.72-0.10
Citramalic acid <LOD 0.3-0.1 <LOD 0.4-0.05 0.13 0.75-0.13
Acetic acid 49.0 83-35 103 250-24 94.7 328-69
Methanol <LOD 414-53 15.6 22-32 12.1 20-8.8
Propanol 232 623-142 187 762-93 49 530-29
Isobutanol 415 554-107 182 307- 50 19 72.6-5.3
Butanol 6.63 17.6-2.8 3.45 8.9-1.87 <LOD 3.4-09
Isoamyl alcohol 1814 2070-1174 735 1224-394 70.9 168-20
Ethyl carbamate (ppb) 30 580-65 <LOD 75-52 <LOD 94-21
Alcoholic content 52.9 65-50 41.3 47.4-39 21.6 31-15.5
Acetylacetone <LOD 0.8-0.0 <LOD 0.34 <LOD 0.04-0.0
Formaldehyde <LOD 0.8-05 <LOD 0.34-0.22 0.01 0.02-0.004
5-HMF 0.12 0.25-0.05 1.21 20.4-0.03 0.08 0.5-0.01
Acetaldehyde 0.08 1.2-0.02 0.5 3.6-0.05 0.2 0.5-0.06
Acrolein 19.3 51-9.5 61.8 236-0.6 0.01 0.01-0.004
Propionaldehyde 0.08 0.44-0.06 0.04 1.37-0.06 0.03 0.05-0.006
Butiral/Isobutiraldehyde 0.19 0.5-0.03 0.02 0.16-0.001 0.03 0.04-0.009
Furfuraldehyde 0.46 3.43-0.16 0.12 4.78-0.004 0.01 0.03-0.02
Benzaldehyde 0.11 1.55-0.06 <LOD 0.15-0.001 <LOD 0.04-0.01
Valeraldehyde 0.4 1.25-0.1 1.72 8.6-0.04 <LOD <LOD
Diacetyl 0.65 2.64-0.2 <LOD 5.75-0.09 0.01 0.26-0.001

*Compound selected according to LDA and PCA plot. The heart fraction includes data from the commercial and alembic heart fraction. LOD = Limit of

Detection

Conclusions

The quantitative chemical profile of head, heart and
tail fractions of alembic cachacas is described using
a considerable volume of analytical data. The cutting
process markedly influences the alembic sugarcane spirit
secondary compound concentrations. The dispersion
observed in the PCA and HCA plots of the three alembic
fractions showed that the process deserves more attention
regarding cutting optimization and standardization.
Chemical compounds produced in excess during the
fermentation step as ethyl acetate and ethyl carbamate,

which can affect the sensorial and chemical cachaga
qualities, can be efficiently controlled by the judicious
cut application between head and heart fractions through
alcoholic content control. The way in which cuts between
heart and tail fractions are usualy collected, may lead to
an increase in acidity in the heart fraction, thus negatively
affecting the spirit quality. For the samples that exibited
higher acidity, the cut between heart and tail fractions
could be anticipated.

The PCA, HCA data and the LDA model here described
showed to be useful tools to discriminate and recognize the
alembic fractions conveniently cut and thus could be used to
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help on improving the alembic distillation process quality.
On principle this procedure could be adapted to alembic
distillation of other spirits than cachacga.

Supplementary Information

Complete analytical data for the analyzed samples are
available free of charge at http://jbcs.sbq.org.br as PDF file.
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