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Abstract - This work reports experimental tests using commercial spirits that were diluted and had their 
initial composition modified in order to better measure the distillation behavior of selected minor compounds 
of importance for the quality of alcoholic beverages. Such compounds were added to the commercial cachaça 
and the corresponding model wine, obtained after the spirits’ dilution, was distilled. In this way a more 
precise distillation profile could be determined for those minor compounds. The alembic heating was 
performed by electrical resistance and the corresponding heat transfer coefficient was determined by 
analyzing the thermal behavior of the still during the distillations. A simulation algorithm was developed, 
including the mass and enthalpy balances as well as the heat transfer flux to the boiling wine. Good agreement 
between experimental and simulated results was obtained for the distillate rate, alcoholic graduation, 
temperature and most minor component profiles. 
Keywords: Cachaça; Distillation; Simulation; Heat transfer coefficient. 

 
 
 

INTRODUCTION 
 

Brazilian sugar cane spirit, also called “cachaça”, 
is a beverage obtained from the distillation of 
fermented sugar cane juice (wine), with an alcoholic 
graduation between 38% v/v and 48% v/v (Brasil, 
2005). It is the world’s third most consumed spirit by 
volume, and its consumption is increasing on the 
international market because of its exotic and special 
flavor. Nowadays, Brazilian production of sugar 
cane spirit is estimated at 1.3 billion liters per year. 

Cachaça is produced by fermentation of the sugar 
cane juice, followed by distillation and aging. 
Fermentation exerts the main influence on product 
quality, because minor components, such as 
alcohols, organic acids, carbonyl compounds and 

esters, are generated during this step and are 
responsible for the spirits flavor (Lurton et al., 
1995). 

Ethanol is responsible for the beverage’s body. 
Higher alcohols, such as isoamyl alcohol, represent 
the main group in terms of the spirits´ flavor 
(Nykänen, 1986). Some compounds can be 
considered to be indicators of cachaça quality. The 
propanol level is usually low in spirits of good 
quality (Almeida and Barreto, 1972). The 
acetaldehyde concentration must be low, as it is 
related to the “hangover” syndrome (Nascimento et 
al., 1997). The methanol level should be controlled 
because it causes severe intoxication.  

Cachaça quality is also influenced by the 
distillation, since in this step ethanol is concentrated 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

https://core.ac.uk/display/296700037?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 
 
 
 

430                                       H. F. A. Scanavini, R. Ceriani and A. J. A. Meirelles 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

in the distillate and the level of minor compounds is 
simultaneously determined. The traditional distillation 
of wine is carried out in a pot still working as a 
differential distillation unit. The main cut of the 
distillate, the heart, is concentrated in ethanol and 
corresponds to the final product (Yokoya, 1995). Two 
further cuts are usually obtained, the head, which 
contains the largest amounts of the minor compounds 
with higher volatility (acetaldehyde, methanol and 
ethyl acetate), and the tail, used for recovering the 
residual ethanol still present in the wine. 

Although ethanol distillation is a widely 
investigated subject, the influence of minor 
compounds on the distillation path is an almost 
ignored theme. In a previous work of our research 
group (Scanavini et al., 2009), cachaça distillation 
was investigated by conducting experiments in a 
small scale alembic heated by direct fire and taking 
into account seven minor components. The 
experimental runs were reproduced by simulation 
based on a differential distillation algorithm and a 
good agreement was achieved between the 
experimental and the simulation results in terms of 
temperature and alcoholic graduation profiles, and 
also heart concentrations of the main congeners.  

Other works reported the use of computer 
simulation to study beverage distillation. Osório et 
al. (2004, 2005) worked with Pisco, a distilled drink 
typical of Chile and Peru, optimizing the process in 
terms of the preferences of enologists and the best 
operational conditions of the distillation column. 
They included in the simulations six to eight minor 
components, but only in the latter work did they 
carry out a comparison of the simulated results with 
a very limited set of experimental data. In fact, they 
compared only the recoveries of three components in 
the heart fraction, ethanol and two minor ones. 
Gaiser et al. (2002) discussed the use of the 
commercial software Aspen Plus for simulating the 
production of grain whisky, typically manufactured 
in a continuous distillation. Batista and Meirelles 
(2011) simulated an industrial unit for continuous 
cachaça distillation, taking into account ten minor 
components and performed a comparison with 
results of an industrial equipment. Zavala-Loria et al. 
(2011) worked with an alcoholic mixture and 
proposed a thermodynamic model, considering 
reflux and efficiency, to simulate batch distillation of 
ideal and non-ideal mixtures. 

In the present work a new set of experimental 
tests is reported using commercial spirits that were 
diluted and modified by the addition of minor 
components in order to better measure their 

distillation behavior in a model wine. In this way, 
additional effects that could occur in the distillation 
of a real fermented must were excluded, as for 
instance methanol generation associated with the 
presence of methoxylated pectin. On the other hand, 
the selected model system is sufficiently complex to 
represent a real wine in an approximate way, since it 
contains all minor components important for the 
quality of spirits. The alembic heating was 
performed by electrical resistance and the 
corresponding heat transfer coefficient was 
determined, allowing the calculation of the 
vaporization rate in the simulation algorithm. The 
experimental and simulated results were compared 
for the alcoholic graduation, temperature and for all 
the minor component profiles. The comparison was 
also performed for the head and heart cuts. Such a 
detailed comparison of experimental and simulated 
data helps to highlight the aspects to be improved in 
the use of simulation tools for studying spirit 
distillation and its quality. In fact, the reliable use of 
simulation tools for describing purification processes 
applied to products whose quality is related to minor 
components of utmost importance still requires 
further investigation. This is the case of alcoholic 
beverages, but also of aromas, cosmetics, perfumes, 
and edible oils. 
 
 

MATERIAL AND METHODS 
 
Experimental Trials 
 

In order to study the thermal behavior of the still, 
five experiments were performed using different 
solutions: (1) distilled water; (2) 96% v/v ethanol 
and (3) three diluted sugar cane spirits (cachaça), 
with approximately 9% v/v ethanol. The still was 
thermally insulated, using a thermal blanket, in order 
to avoid heat losses to the environment. A scheme of 
the insulated still is shown in Figure 1. It was 
considered that the insulation does not allow any 
significant heat exchange between the equipment and 
the surroundings. 

The choice of solutions for the two first 
experiments was made by considering that both 
water and ethanol (96% v/v) would not change 
composition during the distillation, that is, any 
sample of distillate obtained would have the same 
composition. For this reason it was not necessary to 
analyze the composition along the distillation path 
and the heat transfer coefficient could be easily 
evaluated. 
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Figure 1: Simple still: (a) heat system; (b) thermometer; (c) the dashed line represents the 
thermal blanket used for insulation; (d) condenser (e) temperature sensor under the still. 

 
In order to improve the description of the minor 

compounds distillation, and also to analyze the 
thermal behavior of a real distillation, experiments 
were performed with an already distilled spirit, 
which was diluted and had its initial composition 
modified. For these experiments, multidistilled 
commercial cachaça was used. 

Firstly, those cachaça samples were analyzed in 
order to determine the alcohol content, volatile acidity 
and composition. On the basis of these values, the 
composition modification and dilution were 
conducted. The modification of composition was done 
through the addition of minor compounds 
(acetaldehyde, acetic acid, ethyl acetate, isoamyl 
alcohol and methanol) in known concentrations. 
These concentrations were defined based on the range 
of values for wine compositions found in the literature 
(Oliveira, 2001; Oliveira et al., 2005; Scanavini et al., 
2009) and the limits of concentrations established by 
the Brazilian legislation for cachaça (Brasil, 2005).

The values are presented in Table 1. 
The aim of modifying the spirits´ composition 

was to obtain concentrations of minor compounds of 
an order of magnitude close to the maximum values 
reported in the literature (Table 1), so that their 
distillation paths could be followed with higher 
precision. 

Three experiments with three different samples of 
the same brand of cachaça were performed. In case 
of the first wine (W1), the cachaça sample was 
diluted and modified in its acetaldehyde, ethyl 
acetate, methanol and acetic acid contents. As can be 
seen in Table 1, the contents of almost all minor 
compounds were close to the maximum values 
reported in the literature. The only exception is ethyl 
acetate, where the composition modification 
exceeded the maximum value. In the case of wines 
W2 and W3, the cachaça samples were diluted and 
modified in their contents of methanol, acetic acid 
and isoamyl alcohol. 

 
Table 1: Brazilian Legislation for cachaça and wine compositions 

 

Compound Cachaça Legislation 
(mg/100 mL AAa) 

Wine Composition 
in the literature 

(mg/100 mL AA)b 
W1

c W2
c W3

c 

Alcohol Content (% v/v) 38 – 48 8 – 10 8.88 8.80 8.72 
Volatile acidity (in Acetic Acid) ≤ 150.0 7.1 – 1152.0 1062.68 1209.99 1162.47 
Acetaldehyde ≤ 30.0 6.6 – 96.1 97.79 2.69 9.33 
Ethyl Acetate ≤ 200.0 6.0 – 14.4 638.32 123.25 52.94 
Methanol ≤ 20.0 ND 32.17 21.57 34.56 
n-propanol NSd 7.2 – 78.4 82.96 50.35 73.34 
Isobutanol NS 16.0 – 56.9 92.63 53.89 85.66 
Isoamyl Alcohol NS 31.4 – 218.0 153.25 232.67 219.50 
Sum of Higher Alcohols ≤ 360.0 31.4 – 329.0 328.84 336.91 378.50 

a AA = Anhydrous Alcohol;  bOliveira, 2001; Oliveira et al., 2005; Scanavini et al., 2009; 
c Cachaças after composition modification and dilution, compositions also in (mg/100 mL AA); d NS = not specified. 
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It should be observed that the initial acetic acid 
and methanol contents were modified in all wines. 
The initial concentrations of the minor components 
with higher volatility (acetaldehyde and ethyl 
acetate) were modified only in W1. The initial 
concentration of the main higher alcohol (isoamyl 
alcohol) was modified in W2 and W3. 

During the experiments, flow rates were 
measured over the time necessary to obtain 50 mL 
of distillate. These flow rates, in mL/s, were 
transformed into molar flows (mol/s) and 
subsequently into rates of heat transfer Q (J/s), on the 
basis of the enthalpies of vaporization (in J/mol) 
evaluated at the boiling temperatures of each 
collected sample. 

In the case of the diluted spirits, the distillation of 
each compound important to the spirit quality was 
monitored by GC analysis, density and volatile 
acidity. These analyses were conducted for each 100 
mL sample obtained by combining two subsequent 
distillate samples of 50 mL.  

The following temperatures were measured 
during the experiments: the temperature inside the 
still (the boiling temperature of the solution, Tb), the 
room temperature, the resistance temperature (TR) 
and also the temperature under the still during 
distillation (Tu). This last temperature represents the 
temperature of the exterior side of the metal sheet at 
the still bottom. The resistance temperature was kept 
constant at 318°C in all experiments. 
 
Physical and Chemical Analysis 
 

The alcohol content was determined by 
measuring the mixture relative density at 20°C, in a 
Anton Paar densimeter. Considering that the minor 
compounds represent a maximum of 0.7% in mass 
of the collected samples, they do not interfere 
significantly in the density values and the 
corresponding alcoholic graduations changed no 
more than 0.2 oGL as a consequence of their 
presence, so that measuring the alcohol content 
through density is a reliable procedure. The volatile 
acidity was determined by the volumetric method 
suggested by Amerine and Ough (1974). According 
to this method, the wine or distillate sample must be 
further distillated under direct steam injection so 
that the volatile acidity is withdrawn from the 
sample and then titrated using a standard NaOH 
solution. The volatile acidity was calculated and 
expressed in terms of acetic acid. The other minor 
compound compositions were determined by gas 
chromatography (Shimadzu GC 17 A gas 
chromatograph,), with flame ionization detector 

(FID), on a DB-WAX column (30m x 0,25 mm x 
0,25 mm), with an AOC-20i automatic injector. The 
method was based on the one described in Oliveira et 
al. (2005): Helium was used as the carrier gas, the 
linear velocity kept constant at 30 cm/s with a 
temperature ramp of 35°C for 8 min, then an 
increase to 65°C at a rate of 1°C/min and an increase 
to 200°C at a rate of 30°C/min, remaining at the final 
temperature for 5 min; the split ratio was 1:50 and 
injection volume 1.5 µL. External standard curves 
were used to determine the compound amounts. 
 
Simulation Program 
 

The simulation program was based on the 
algorithm suggested by Scanavini et al. (2005) and 
by Ceriani and Meirelles (2004). The batch 
distillation in the alembic was considered to be a 
multicomponent differential distillation without the 
occurrence of reflux. In the case of the vapor-liquid 
equilibrium calculations, it was assumed that the 
liquid and vapor phases are nonideal. The activity 
coefficients were calculated by the NRTL equation 
and the fugacity coefficients were evaluated using 
the virial equation and the Hayden O’Connel 
approach, as described elsewhere (Scanavini et al., 
2009). 

The algorithm used is based on the following set 
of Equation: 
Enthalpy balance in the still bottom: 
 

u bQ (UA).(T T )= −             (1) 
 

L
v

dHQ v.H L
dt

= +             (2) 

 
Mass balance in the still bottom: 
 
dL v
dt

= −                 (3) 

 
i

i
d(Lx ) v.y

dt
= −               (4) 

 
Equilibrium relationship: 
 

i i i i vpi.y .P .x .Pϕ = γ              (5) 
 
Mass balances in the distillate receiver: 
 
dD v
dt

=                 (6) 
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i
1

dD v.y
dt

=                (7) 

 
where Q is the heat transferred to the boiling wine 
(J/s), Tu is the heat source temperature evaluated 
from the temperature under the still (°C), Tb is the 
wine boiling temperature (°C), U is the heat transfer 
coefficient (W/m2°C), A is the heat transfer area 
(m2), v is the vaporization rate (mol/s), Hv is the 
vapor phase enthalpy (J/mol), L is the total amount 
of liquid in the still (mol), HL is the liquid phase 
enthalpy (J/mol), t is time (s), xi is the liquid phase 
mole fraction of component i, yi is its vapor phase 
mole fraction, ϕi and γi are the fugacity and activity 
coefficients, respectively, P is the total pressure (Pa), 
Pvpi is the vapor pressure of component i (Pa), D is 
the total amount of distillate (mol) and Di is the total 
amount of component i in the distillate (mol).  
 
 

RESULTS AND DISCUSSION 
 

Figure 2 shows the curves of the wine 
temperature from the beginning of heating, the 
vaporization rate, in mol/s, and the values of UA for 
experiment W2. During the distillate withdrawal, the 
boiling temperature does not show a large variation, 
but increases continuously, as a consequence of the 
decreasing concentration of ethanol in the wine. The 
vaporization rate remains almost constant along the 
distillation period. The behavior observed for the 
UA-values shows a slightly larger variation, but the 
measured changes around the average value were 
never higher than ± 5%. 
 

 
Figure 2: Profiles of temperature, vaporization rate 
(v) and UA-values for experiment W2. 
 

The UA-values were estimated on the basis of the 
measured vaporization rates for all experimental 

runs. In the case of the diluted spirits distillations, 
the effect of the wine and distillate changing 
compositions were taken into account through the 
wine boiling temperatures and the distillate heat of 
vaporization. 

The calculated UA-values depend on the 
specified temperature difference between the heat 
source and the wine temperature. Industrial alembics 
are normally heated by direct fire or steam. In small 
scale experiments, the use of electrical heating 
makes it easier to control the heat transfer and, 
consequently, the vaporization rate. In each one of 
these cases, the heat source temperature will be 
different, affecting the estimated UA-values (see Eq. 
(1)). In order to avoid this problem, the heat source 
temperature was assumed to be the temperature of 
the exterior side of the still bottom (Tu), as measured 
in the experimental runs. In the case of the water 
boiling, this temperature was 202°C and for the 
hydrated alcohol or diluted spirits distillations, it was 
equal to 197°C. The calculated UA-values are given 
in Table 2. 
 
Table 2: Values of the heat transfer coefficients 
UA  
 

Experimental run 
UA 

(W / °C) 
Water 4.84 ± 0.23 
Ethanol 4.07 ± 0.15 
W1 4.35 ± 0.20 
W2 4.32 ± 0.16 
W3 4.31 ± 0.14 

 
Thus, simulations were carried out in order to 

reproduce the experiments with wines W1, W2 and 
W3. In these simulations, an average value for UA 
calculated on the basis of the results shown in Table 
2 was used (4.38 W/°C). 

 Figure 3 gives the alcoholic graduation profiles 
and indicates that the simulation provided results 
very close to the experimental alcohol content. The 
deviations between experimental and simulated 
values are shown in Table 3.  

Figure 3 also shows the temperature profile for 
the distillation of wine W3. Table 4 gives the average 
deviations and also the initial (Tinitial) and final (Tfinal) 
temperatures obtained in each case. The simulated 
values are very close to the experimental ones, 
presenting a maximum deviation of 0.70% (W3). The 
initial boiling temperatures of the mixtures gave the 
highest deviations among all points, with values 
between 2.0 and 2.7%.  
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Figure 3: Distillate alcoholic graduation and wine 
temperature profiles for W2 and W4 distillations, 
respectively. 

 
Table 3: Distillate alcoholic graduation in the experimental and simulated runs 

 
Experiment GLinitial GLfinal Average Deviation (%)a 
Experimental 56.6 7.6  W1 Simulation 54.0 8.7 7.2 
Experimental 56.4 7.8  W2 Simulation 54.9 8.6 5.4 
Experimental 56.1 7.3  W3 Simulation 54.7 7.9 4.6 

aAverage Deviation: ∑
=

−
=

N

1n exp

simexp

r
rr

*
N

100AD , where N is the total number of experimental 

points, rexp is the experimental result and rsim the simulated one.  
 

Table 4: Boiling temperatures in the experimental and simulated runs 
 

Experiment Tinitial (°C) Tfinal (°C) Average Deviation (%) 
Experimental 88.5 96.9  W1 Simulation 90.3 97.3 0.64 
Experimental 88.8 96.7  W2 Simulation 90.5 97.3 0.68 
Experimental 88.8 96.9  W3 Simulation 90.6 97.4 0.70 

 
 

The mass concentration profiles of each component 
considered in the experimental runs and in the 
simulations are shown in Figures 4 to 7. In general, a 
good proximity was observed between the 
experimental and simulated concentration profiles, 
with the exception of isoamyl alcohol and acetic acid.  

The most volatile compounds, acetaldehyde and 
ethyl acetate, shown in Figure 4, had distillation 
profiles that were well described by the simulations, 
but the initial experimental values were always lower 
than the simulated ones. In the case of acetaldehyde, 
it is possible that there was some loss of this 
compound by evaporation during the condensation of 

the distillate fractions. The boiling point of 
acetaldehyde is very low (Tb = 21°C), and the 
condensation was carried out using only running 
water for cooling. 

Figure 5 shows the results for the methanol 
profiles. For this compound, the simulation results 
indicate higher distillate concentrations in 
comparison with the experimental values at the 
beginning of the distillation, which decreases along 
the process, with values changing from 8x10-5 to 
3x10-5 g/g. In the experiments, the concentrations 
also decrease through the process, but starts at a 
higher value, of the order of 10-4 g/g.  
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Figure 4: Distillate acetaldehyde and ethyl acetate 
profiles during distillation. 

 
 

        
Figure 5: Distillate methanol and isoamyl alcohol 
profiles during distillations. 

 
According to literature reports (Madrera and 

Alonso, 1996; Cortés et al., 2002; Cortés et al., 
2005; Claus and Berglund, 2005), methanol distillate 
concentrations showed an unexpected increase in 
concentration at the end of the distillation. This 
behavior is different than would be expected due to 
methanol’s high volatility and low boiling point: it 
should distill mainly at the beginning and its 
concentration steadily decreases along the distillation 
path. Despite the somewhat larger differences 
observed in our results between methanol’s 
experimental and simulated concentration values, in 
comparison to the prior profiles, the results for 
methanol are still in good agreement and do not 
confirm those literature reports of an unexpected 
increase in its concentration at the end of the 
distillation. Considering that those literature works 

investigated alembic distillation of real fermented 
musts, a possible explanation of the observed 
behavior might be an eventual influence of other 
compounds on methanol volatility or an eventual 
methanol generation by, for instance, pectin 
degradation during real wine distillation. 

These three compounds, as the most volatile ones, 
are mostly withdrawn in the head fraction. As said 
previously, it is important to separate methanol and 
acetaldehyde from the spirits since they are 
undesirable for cachaça quality. Normally, the head 
cut used for extracting these compounds from the 
product corresponds to 1 - 2% of the volume added 
to the still bottom. This means that, in these 
experiments, a volume between 72 and 144 mL 
should be separated. But the analyses of the samples 
were done every 100 mL, so the head cut was 
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contained in for the first 200 mL of distillate. For the 
experimental results, if a volume in this range is 
separated, this would be enough to withdraw the 
largest amount of these compounds in the head 
fraction.  

For ethyl acetate in W1, the experiment in which 
this compound´s initial concentration was modified, 
200 mL of head was not enough to make the spirit 
conform the Legislation, since a content of 205.8 
mg/100 mL AA was obtained. 

Considering that, when 200 mL was taken as the 
head fraction, this was not enough to reduce the 
contents of some lighter components in the heart 
fraction to within the required values, such as in W1 
(ethyl acetate), the simulation results can be used as 
a tool to determine when the cut should be done in 
order to distill the spirit according to the Legislation 
limits.  

The higher alcohols propanol and isobutanol did 
not have their initial contents modified as they were 
already close to the maximum values found in the 
wine compositions reported in the literature. Their 
profiles are shown in Figure 6. For isobutanol, the 
simulation showed higher values right from the 
beginning, except for the first experimental point; 
but the experimental and simulation results are very 
close. It should be noted that isobutanol 
concentrations at the end of the distillation have 
values below the experimental detection limit. The n-
propanol profile was even better described by the 
simulation, although in the beginning the simulation 
results are higher and in the end the curves invert the 
prior behavior.  
 

 
Figure 6: Distillate isobutanol and n-propanol 
profiles for W2 distillation. 
 

As pointed out before (Table 1), there are no 
specific Legislation limits for these two higher 

alcohols in separate. So the cuts should be analyzed 
for all the higher alcohols together, which also 
includes isoamyl alcohol. 

Figure 5 also shows the distillate profiles of 
isoamyl alcohol. The experimental curve of this 
higher alcohol crosses the simulation results and 
presents lower final concentrations. The larger 
differences between simulation and experiments 
could be attributed to an inappropriate prediction of 
isoamyl alcohol volatility. According to the 
experimental profiles, it can be seen that this higher 
alcohol is actually more volatile than the simulation 
predicts. In fact, despite its relatively large carbon 
chain, isoamyl alcohol is a light component in a 
water–rich environment, such as alcoholic wine. In 
such an environment, this compound’s activity 
coefficient is very large and probably its value was 
not well predicted by the NRTL equation. According 
to the simulation results, isoamyl alcohol should be 
more accumulated in the heart fraction than indicated 
by the experimental results. Different experimental 
data sets can be found in the literature for the binary 
mixture isoamyl alcohol and water (Gmehling and 
Onken, 1981; Cho et al., 1984; Dechema online, 
2010) and, from a quantitative point of view, they do 
not always agree. In fact, those data exhibit relatively 
large differences in the region of low isoamyl 
alcohol concentration, the region of interest in the 
present case. The set of parameters available in the 
Aspen Plus database was used in the present work 
and considered to be the most reliable source at the 
time. Although alternative sources of parameters 
could be tested and eventually allow lower 
deviations between experimental and simulated 
distillation results, such a decrease in the deviations 
does not discriminate between errors due to the 
phase equilibrium data and those related to the 
distillation process itself. In fact, compensation of 
errors could occur in such a case, suggesting that 
new equilibrium data for this binary mixture are 
probably required to solve the conflict between the 
already available experimental data. 

For the volatile acidity, measured in terms of 
acetic acid (Figure 7), the experimental and 
simulation curves showed the largest deviations. The 
experimental data are of the order of 10-4, while the 
simulations are of an order of 10-5. Despite the 
differences between the curves, it should be noted 
that the simulation results show a trend of increasing 
acetic acid concentration, the actual behavior 
observed during the experimental distillation. 
Among the minor compounds considered, this acid is 
the least volatile, so its content increases more at the 
end of the distillation, being more concentrated in 
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the tail fraction. For this minor compound, the heart 
cut is the one that determines its quantity in the 
cachaça.  

The differences between experimental and 
simulated contents of acetic acid could be explained 
by the fact that the experimental volatile acidity 
should be, according to the Legislation, determined 
by titration and expressed only in terms of acetic 
acid. However, there are other organic and inorganic 
acids present in cachaça, and not considered in the 
simulation. Those acids surely contributed to 
increase the experimental values. Besides acetic acid, 
there are other volatile organic acids that are normal 
byproducts of the alcoholic fermentation, such as 
formic, butyric, and propionic acids, present in small 
quantities (Cardoso et al., 2003; Nascimento et al., 
1998; Nykänen and Nykänen, 1991; Amerine et al., 
1972). For instance, formic acid is more volatile than 
acetic acid, so it will distill first, increasing the 
distillate acidity. On the other hand, volatile 
inorganic acids, such as carbonic and sulfurous acids 
can also be present in the wine. Carbon dioxide is 
produced during fermentation and sulfur dioxide can 
be used for sugar bleaching, so that residues of these 
volatile components may be present in cachaça, also 
contributing for the higher acidity values observed in 
the experimental runs. 

In order to improve the understanding of the 
volatile acidity behavior during alembic distillation, 
two actions should be considered in future 
investigations. In the case of the experimental runs, a 
series of other acids should be monitored, since prior 
investigations have detected their presence in spirits 
(Cardoso et al., 2003; Nascimento et al., 1998; 
Nykänen and Nykänen, 1991; Amerine et al., 1972). 
In relation to the simulation approach, those acidic 
compounds should be incorporated in the software 

and the capacity of the equilibrium modeling to 
correctly predict their volatility behavior should also 
be evaluated. 

As cited previously, the experimental distillates 
were separated in cuts: the head corresponded to 
the initial 200 mL of distillate, while the heart 
ended when the distillate reached about 38% v/v 
ethanol. The only experiment that did not present a 
spirit within specifications for all the compounds 
was W1. In the case of W1, the ethyl acetate content 
(205.8 mg/100 mL AA) was above the Legislation 
limit (200 mg/100 mL AA). As should be noted, W1 
had its initial ethyl acetate composition changed by a 
significant amount. In fact, if the concentrations of 
several minor compounds in the wine were close to 
or above the maximum values reported in the 
literature, the use of a simple distillation process may 
not be able to produce spirits within the required 
quality limits. In this case, the use of a batch 
distillation with reflux would probably be the best 
alternative in order to improve the separation of 
minor compounds in specific cuts.  

The same cuts were made in the W2 and W3 
simulations, maintaining the experimental cut times. 
Table 5 presents the experimental and simulated 
cuts. The W2 simulation showed a cachaça within 
the Legislation limits, and concentrations close to the 
ones obtained experimentally, with exception of 
acetic acid and ethyl acetate in W2. For acetic acid, it 
was observed that its concentration in the simulated 
spirits (2.6 mg/100 mL AA) was much lower than 
the experimental ones (101.6 mg/100 mL AA). This 
was expected, since in the profiles (Figure 7) it can 
be seen that the program provided a much lower 
content than in the experimental distillate, despite the 
fact that the initial acid content was modified in all 
experimental runs. 

 
 

Table 5: Experimental and simulated cut compositions 
 

Experimental Simulation 
W2 W3 W2 W3 Data 

Head Heart Head Heart Head Heart Head Heart 
Time (s) 690 4876 706 4534 690 4876 706 4534 
GLaccumulated (% v/v) 54.4 38.1 54.1 38.9 54.2 40.1 54.0 40.7 
Composition (mg/100 mL AA) 
Acetaldehyde 7.1 0.5 10.0 1.3 9.4 1.6 32.4 5.6 
Ethyl Acetate 150.9 21.2 154.6 21.7 518.5 50.4 219.1 21.8 
Methanol 15.2 16.7 15.9 16.8 12.6 16.0 20.1 25.2 
n-Propanol 66.8 54.3 73.6 59.8 70.9 51.8 103.2 76.6 
Isobutanol 101.0 53.0 109.6 56.5 98.8 53.8 157.3 87.5 
Isoamyl alcohol 548.9 234.1 536.4 228.4 191.1 228.6 181.2 215.2 
Acetic Acid 60.9 101.6 56.6 108.6 1.8 2.6 1.7 2.4 
Sum Higher Alcohols 716.7 341.4 719.6 344.7 360.7 334.3 441.7 379.4 
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Figure 7: Distillate Volatile Acidity profiles, in 
acetic acid for W2 distillation. 

 
 

Unfortunately, in the case of W3 the simulation 
results for methanol (25.2 mg/100 mL AA) and for 
the sum of higher alcohols (379.4 mg/100 mL AA) 
are outside the Legislation limits (20 and 360 
mg/100 mL AA, respectively). In the case of the 
higher alcohols, only the isoamyl alcohol initial 
content was modified and its profiles were not well 
described by the simulation. However, the content of 
these compounds in the simulated heart cut is not too 
different from the experimental one. For methanol, 
as said before, the simulation predicted a higher 
concentration in the distillate than in the 
experimental run (see Figure 5). It should also be 
noted that the methanol content in W3 is also higher 
than in W2 (see Table 1). 
 
 

CONCLUSION 
 

Although the distillation path of the minor 
compounds is very important for spirits quality, their 
experimental behavior is not yet fully understood, as 
in the case of methanol, and their reproduction by 
simulation tools is also not completely satisfactory. 
In the present work, a series of experiments 
conducted with diluted and modified cachaças 
allows the measurement of heat transfer coefficients 
during distillation and the reliable monitoring of the 
minor compounds’ distillation path. The suggested 
simulation algorithm was able to reproduce correctly 
the distillate amount, the wine boiling temperature, 
the distillate ethanol content and the concentration 
profiles of most minor components. The 
experimental and simulated results for methanol do 
not confirm prior data reported in the literature that 
indicated an unexpected increase in the methanol 

concentration at the end of the distillation. The 
experimental profiles for isoamyl alcohol and 
volatile acidity were not well reproduced by the 
simulation. A better prediction of the vapor-liquid 
equilibrium for isoamyl alcohol and the inclusion of 
further acidic components in the wine composition 
are probably required in order to improve the 
simulation tools. Despite this drawback, the 
simulation provides reliable results for most 
compounds and can help define appropriate distillate 
cuts for guaranteeing spirits quality.  
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NOMENCLATURE 
 
A  heat transfer area  m2

D  total amount of distillate  mol
Di  total amount of component i 

in the distillate  
mol

HL  liquid phase enthalpy  J/mol
Hv  vapor phase enthalpy  J/mol
L  total amount of liquid in the 

still  
mol

P  total pressure  Pa
Pvpi  vapor pressure of 

component i  
P

Q  heat transferred to the 
boiling wine  

J/s

t  time s
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Tb  wine boiling temperature  °C
Tu  heat source temperature 

evaluated as the temperature 
under the still 

°C

U  heat transfer coefficient  W/m2°C
v  vaporization rate mol/s
xi  liquid phase mole fraction of 

component i  
yi  vapor phase mole fraction of 

component i 
 
Greek Letters 
 
γi  activity coefficient of 

component i 
 

ϕi  fugacity coefficient of 
component i  

 

 
 
 

REFERENCES 
 
Amerine, M. A., Berg, H. W., Cruess, W. V. Brandy 

production. In: The technology of wine making. 
3rd. Ed. Westport: The Avi publishing Company, 
17: 600-644 (1972). 

Amerine, M. A., Ough, C. S., Wine and must 
analysis. New York, J. Wiley & Sons (1974). 

Brasil, Instrução Normativa n° 13, de 29 de junho de 
2005. Regulamento técnico para fixação dos 
padrões de identidade e qualidade para 
aguardente de cana e para cachaça. Diário Oficial 
da União, Brasilia, DF, 30 jun. 2005, Seção 1, n. 
124. (In Portuguese). 

Cardoso, D. R., Lima-Neto, B. S., Franco, D. W., 
Nascimento, R. F. Influência do material do 
destilador na composição química das aguardentes 
de cana – Parte II. Química Nova, v. 26, (2), p. 
165-169 (2003). (In Portuguese). 

Ceriani, R., Meirelles, A. J. A. Simulation of batch 
physical refining and deodorization processes. 
Journal of the American Oil Chemists Society, v. 
81, p. 305-312 (2004). 

Cho, T. H., Ochi, K., Kojima, K., Isobaric Vapor-
liquid-equilibria for binary S-systems with limited 
miscibility, water-normal-amyl alcohol and water-
isoamyl alcohol. Kagaku Kogaku Ronbunshu, 
Tokyo, v. 10, n. 2, p. 181-183 (1984). 

Claus, M. J., Berglund, K. A., Fruit Brandy 
Production by Batch Column Distillation with 
Reflux. Journal of Food Process Engineering, v. 
28, p. 53-67 (2005). 

Cortés, S. M., Gil, M. L., Fernandéz, E., The 
influence of redistillation in the distribution of 

volatile components of Marc spirit (Aguardiente) 
and its repercussion on the aromatic quality. 
Sciences des Aliments, v. 22, p. 265-275 (2002). 

Cortés, S. M., Gil, M. L., Fernandéz, E., Volatile 
composition of traditional and industrial Orujo 
spirits. Food Control, v. 16, p. 383-388 (2005). 

Dechema online. http://i-systems.dechema.de/detherm/ 
mixture.php. (Accessed in February, 2010). 

Gaiser, M., Bell, G. M., Lim, A. W., Roberts, N. A., 
Faraday, D. B. F., Schulz, R. A. and Grob, R., 
Computer simulation of a continuous whisky still. 
J. Food Eng., v. 51, p. 27-31 (2002). 

Gmehling, J., Onken, U., Vapor – Liquid Equilibrium 
Data Collection. Frankfurt DECHEMA Chemistry 
Data Series (1981). 

Madrera, R. R., Mangas Alonso, J. J. M., Obtención 
de aguardiente de sidra mediante alambique con 
columna de rectificación = Obtention of cider 
spirit by distillation in a rectification column. 
Alimentaria, v. 277, p. 89-93 (1996). (In Spanish). 

Nascimento, R. F., Cerroni, J. L., Cardoso, D. R., 
Lima Neto, B. S., Franco, D. W., Comparação 
dos métodos oficiais de análise e cromatográficos 
para a determinação dos teores de aldeídos e 
ácidos em bebidas alcoólicas. Ciência e 
Tecnologia dos Alimentos, São Paulo, v. 18, (3), 
p. 350-355 (1998). (In Portuguese). 

Nascimento, R. F., Marques, J. C., Neto, B. S. L., 
Keukeleire, D., Franco, D. W., Qualitative and 
quantitative high-performance liquid chromatographic 
analysis of aldehydes in Brazilian sugar cane 
spirits and other distilled alcoholic beverages. 
Journal of Chromatography A, Amsterdam, v. 
782, p. 13-23 (1997). 

Nykänen, L., Formation and occurrence of flavour 
compounds in wine and distilled alcoholic 
beverages. American Journal of Enology and 
Viticulture, Davis, v. 37, (1), p. 84-96 (1986). 

Nykänen, L., Nykänen, I., Distilled beverages. In: 
MAARSE, H. (Ed.) Volatile Compounds in food 
and beverages. New York: Marcel Dekker, INC., 
p. 548-580 (1991). 

Oliveira, E. S., Características fermentativas, 
formação de compostos voláteis e qualidade da 
aguardente de cana obtida por linhagens de 
leveduras isoladas de destilarias artesanais. Tese 
(Doutorado em Tecnologia de Alimentos), 
Faculdade de Engenharia de Alimentos, 
Universidade Estadual de Campinas (UNICAMP) 
Campinas (2001). (In Portuguese). 

Oliveira, E. S., Cardello, H. M. A. B., Jeronimo, E. 
M., Souza, E. L. R., Serra, G. E., The influence of 
different yeasts on the fermentation, composition 
and sensory quality of cachaça. World Journal of 



 
 
 
 

440                                       H. F. A. Scanavini, R. Ceriani and A. J. A. Meirelles 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

Microbiology & Biotechnology, v. 21, p. 707-715 
(2005). 

Osório, D., Pérez-Correa, R., Belancic, A. and Agosin, 
E., Rigorous dynamic modeling and simulation of 
wine distillations. Food Control v. 15, p. 515-521 
(2004). 

Osório, D., Pérez-Correa, R., Biegler, L. T. and 
Agosin, E., Wine distillates: practical operating 
recipe formulation for stills. J. Agric. Food Chem., 
v. 53, p. 6326-6331 (2005). 

Scanavini, H. F. A., Ceriani, R., Cassini, C. E. B., 
Souza, E. L. R., Maugeri Filho, F., Meirelles, 
Antonio, J. A., Cachaça Production in a Lab-
scale Alembic: Modeling and Computational 

Simulation. Journal of Food Process Engineering, 
DOI: 10.1111/j.1745-4530.2008.00352.x (2009). 

Scanavini, H. F. A., Ceriani, R., Cassini, C. E. B., 
Maugeri Filho, F., Meirelles, A. J. A., Computer 
Simulation of a batch still for cachaça production. 
In: ENPROMER, 4°, 2005, Angra dos Reis. Anais. 
Rio de Janeiro, UFRJ, CD-ROM (2005). 

Yokoya, F., Fabricação de Aguardente de cana. Série 
Fermentações Industriais, Campinas, n. 2, p. 92 
(1995). (In Portuguese). 

Zavala-Loría, J. C., Ruiz-Marín, A., Coronado-
Velasco, C., Maximum thermodynamic efficiency 
problem in batch distillation. Brazilian Journal of 
Chemical Engineering, v. 28, (2), p. 333-342 (2011). 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


