Salt Effect on the Vapor/Liquid

Equilibrium of Wine
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The effect of CaCl,, CoCl,, CuCl,, and NaCl on the vapor/liquid equitibrium of the main constituents of wine has
been studied in a concentration range of 0 to 9.2 mol/kg CaCl,, 0 to 1.0 mol/kg CoCl,, 0 to 4.8 mol/kg CuCl,, and
0 to 4.4 mol/kg NaCl. it was observed that as the concentration of salts in wine increases, the equilibria shift to-
ward a vapor phase richer in volatile components, increasing the separation facilities. Also, a possible catalytic
effect has been found for the CuCl, to detect an increased concentration of methyl and ethy! acetates in vapor

phase, diminishing the acetaldehyde concentration.

Spain, owing to its wine surplus, is a producer of ethyl
alcohol. Part of this alcohol is consumed by the wine
industry itself in raising the alcohol content of wines.
This requires rigorous control of the components accom-
panying the ethanol, which means that in some cases, the
concentration of some of them must be reduced or even
eliminated.

Another part of the surplus alcohol is used as fuel,
although there are prospects of transforming it into
anhydrous aleohol for use as vehicle fuel or to improve
gasolines. This requires highly versatile installations,
which are difficult to obtain for mechanical and financial
reasons. This, combined with problems arising from the
energy crisis, means that a large number of distillation
plants are lying idle because they are not profitable and
the investment needed to reconvert them would be too
heavy.

There is a need for new operating methods which
allow greater separation in the distillation plants with
lower energy consumption. These methods include the
addition of electrolytes to the raw material which alter
the composition of the vapor/liquid equilibrium, thus
obtaining greater separation among the components
(2,3). In some azeotropic systems, the equilibrium can be
broken, leading to greater separation with corresponding
energy savings (1).

The aim of the present work was to study the effect of
CaCl,, CoCl,, CuCl,, and NaCl on some of the main
components of wine, such as ethanol, acetaldehyde,
methyl and ethyl acetates, methanol, n-propanol, i-buta-
nol, n-butanol, and i-amyl alcohols, in the vapor/liquid
equilibrium.

The reason for using these salts lies in the expected
enhancement of the volatility of some of the above-
mentioned components, which would facilitate their sep-
aration. Again, these components were considered of
particular interest for distillation processes since they
normally accompany ethanol in top products and are thus
denominated “congeners”.

Materials and Methods
An equilibrium still was used, as illustrated in Figure
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1. This apparatus permits the determination of the
concentrations of the wine components in equilibrium in
the liquid and vapor phases, rectification being prevented
as the two currents follow different routes. The equilibri-
um is detected when the temperature of the vapor (mea-
sured on the thermometer T') remains constant. One hour
after reaching equilibrium, the samples were taken. These
were cooled by passing through coolant (C) (to prevent
any escape of volatiles) by way of the three-way valve (V),
then analyzed. All experiments were conducted in dupli-
cate.

-

Fig. 1. Equilibrium still. H - heater, B - boiler, T - thermometer,
C - coolants, V - three-way vaive, R - receiver.
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The composition of the samples was determined using
a Perkin-Elmer gas chromatograph model 881. The chro-
matographic peaks were quantified with a Hewlett Pack-
ard integrator model 3390A. A 2 m X 1.8 mm i.d. stainless
steel chromatographic column was used. The stationary
phase was composed of Carbowax 1500 supported on
chromosorb 80 - 100 mesh.

Analytical conditions were as follows: dual flame
ionization detector; injector temperature, 200°C; detector
temperature, 150°C; oven temperature, 90°C; carrier gas,
nitrogen; flow rate, 30 mL per minute; and internal
standard, 2-pentanol.

The raw material used was sherry-type wine, whose
characteristics and composition (with reference to eth-
anol and its congeners) are expressed in Table 1, along
with those of its vapor in equilibrium, which will be used
later for comparison. Most noticeable is the enormous
difference between the concentrations of ethanol and
those of the other congeners, the former being ca 1000
times greater.

Table 1. Compositions of wine used as raw material and its vapor in

equilibrium.
Concentration (mM)

Component Wine Vapor
Acetaldehyde 7.74 38.16
Methyl acetate 0.03 0.59
Ethyl acetate 0.59 12.22
Methanol 1.72 4.84
Ethanol 2.80 x 103 11.18 X 103
n-Propanol 1.48 4.9
i-Butanol 0.78 6.21
n-Butanol — —
i-Amyl alcohols 2.54 20.02

The salts used were analytical grade CaCl,, CoCl,,
CuCl,, and NaCl.

Solubility was determined considering the quantity of
water added with the hydrated salt, so that the salt

concentration in the wine is expressed as moles of
anhydrous salt per kilogram of solvent (wine plus water
from salt hydration).

The salts CaCl, and CoCl, were chosen for their
known solvation capacity (5,7). In principle, this should
upset the vapor/liquid equilibrium of the components of
the wine as the amount of water available in the solution
diminishes.

CuCl, was studied because many industrial distilla-
tion apparatuses are made of copper, which is attacked
and dissolved during the operation resulting in the pres-
ence of this salt, albeit in small proportions, during the
distillation process. In addition, the solvation effect of
CuCl, is well known (4), so that along with the possibility
of its acting as a catalyst during the process (8), it was an
attractive subject of study.

Finally, NaCl was used because its low cost makes it
interesting from the industrial viewpoint, especially in
southern Spain.

Results and Discussion

Effect of the salts on ethanol equilibrium: Since,
apart from water, ethanol is the major and most impor-
tant component of wine, the first study was of the effects
of the salts on its vapor/liquid equilibrium. Figure 2
shows the ethanol concentration in the vapor phase in
equilibrium with the liquid phase, as against the salt
concentration in the wine, for the four salts used. It can
be deduced from this figure that the effectiveness of
ethanol separation in wine, taken as the ethanol concen-
tration in the vapor phase at maximum concentration of
salt in the wine, is similar for CaCl,, CoCl,, and NaCl (14
mol/L) and lesser for CuCl, (13 mol/L). The levels
reached agree with those found for the hydroalcoholic
mixtures with the same composition as the wine (molar
fraction 0.06) saturated with the same salts (4,5,6,7),
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Fig. 2. Ethanol concentration in the
vapor phase vs. salt concentration in
the liquid phase.

CACL2
COCL:Z

Cuey
NaCu

8 9

SALT CONCN (MOL/KG)

Am. J. Enol. Vitic., Vol. 37, No. 4, 1986



which would indicate that it is unnecessary to reach
saturation of the salts to achieve maximum separating
efficacy.

To express the experimental data found to the vapor/
liquid equilibrium of ethanol in the presence of salts, the
following equation can be used:

y=a+belnx (Eq. 1)
where y = the concentration of ethanol in equilibrium in
the vapor phase (expressed in mol/L), x = the concentra-
tion of salt in the boiling liquid (expressed as mol/kg of

solvent), and a and b = the particular coefficients of each
salt.

Table 2 shows the values of the coefficients a and b in
Equation 1 for each of the salts and the logarithmic curve
adjustment, r, calculated from the experimental data. The
physical meaning of coefficient a is the concentration of
ethanol in the vapor phase where the concentration of
salt in the wine equals 1 mol/kg, and it denotes the
separating power of the salt. The coefficient b denotes the
effect produced by the increase in concentration of the
salt in the liquid phase on the ethanol content of the
vapor.

In order to determine the accuracy of Equation 1, the
data of ethanol concentration in the vapor phase calculat-

Table 2. Calculated and experimental (4,5,6,7) ethanol
concentrations (M) in vapor phase for liquid saturated with salts.

Coefficients of Eq. 1 Calculated

Salt a b r using Eq. 1 Experimental
CaCl, 13.02 0.664 094 14.79 15.13
CoCl,y 13.93 0.020 0.95 13.97 13.91
CuCly 1264  0.200 0.96 13.06 13.20
NaCl 12.77 0.710 1.00 14.12 14.37
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Fig. 3. Efficiency factor of ethanol vs. salt concentration in the
liquid phase.
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ed for salts at saturation in wine have been compared
with the experimental data found for hydroalcoholic
mixtures with ethanol compositions the same as that of
wine and saturated with the same salts (4,5,6,7). The
results of this comparison also appear in Table 2.

The efficiency factor of ethanol separation is defined
as its concentration in the vapor phase (mol/L) divided
by the concentration of salt in the wine (mol/kg). Figure 3
shows this efficiency factor as against salt concentration.
It can be observed that the efficiency factor increases in
the direction CoCl, > CaCl, ~ CuCl, > NaCl. This
indicates that to obtain a given ethanol separation, the
required concentration of salt in the wine is least for
cobalt salt, somewhat greater for calcium and copper
salts, and greatest for sodium salt.

On the other hand, the difference in magnitude of the
efficiency factors, and hence the separation obtained,
increases as the concentration of salts in the wine de-
creases. This is a very important factor in regards to cost.
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Fig. 4. Temperature, ethanol concentration, and congeners
concentration in the vapor phase vs. CaCl, concentration in the
liquid phase.

Since the vapor in equilibrium with the wine is
progressively enriched in ethanol as the concentration of
salts present increases (becoming poor in water), the
temperature of equilibrium should decrease as a conse-
quence of the greater volatility of ethanol (Fig. 4, 5, 6, 7).
Nevertheless, it should be noted that although the ex-
pected decrease does occur, it is not the same for all the
salts, since these upset the vapor/liquid equilibria of the
other congeners in the wine in a different way.

Effect of the salts on the equilibrium of the
congeners: After observation of the effect of the differ-
ent salts on ethanol equilibrium, the next step was to
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Fig. 5. Temperature, ethanol concentration, and congeners
concentration in the vapor phase vs. CoCl, concentration in the
liquid phase.
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Fig. 6. Temperature, ethanol concentration, and congeners
congcentration in the vapor phase vs. CuCl, concentration in the
liquid phase.

study the effect wrought on the vapor/liquid equilibria of
the other congeners.

The experimental data can be seen in Figures 4, 5, 6,
and 7, which show the concentration of the congeners
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Fig. 7. Temperature, ethanol concentration, and congeners

concentration in the vapor phase vs. NaCl concentration in the
liquid phase.
(mmol/L) as against the concentration of each salt in the
wine (mol/kg). On the basis of these data and by compari-
son with the data given in Table 1 for the vapor in
equilibrium with the wine without salt, the following can
be deduced.

In the case of CaCl,, the concentrations of acetalde-
hyde, methyl acetate, ethyl acetate, and methanol in-
crease along with the salt concentration in the liquid
phase, following an evolution similar to that of ethanol
(with the exception of ethyl acetate which, from a salt
concentration of 1 mol/kg onwards, does not vary owing
to its exhaustion).

The equilibria of the less volatile congeners (such as
n-propanol and i-butanol) are not affected by the salt,
while in the i-amyl alcohols, there are slight decreases in
concentrations when salt concentrations increase. These
effects may be due to an increase in the solubility of those
components in the liquid phase as the salt is solvated by
the water, thus reducing the presence of water in the
medium so that this phase tends toward a higher alcohol
content in which they are more soluble.

With CoCl,, behavior is similar to that found with
CaCl, except that the highest levels of congener concen-
tration in the vapor are attained with noticeably lower
salt concentration (0.4 mol/kg vs. 2 to 3 mol/kg) (Fig. 5).
Following an evolution similar to that of ethanol, the
concentration of the more volatile congeners varies with
the concentration of CoCl, in the wine.

CoCl, also produces a slight fall in the concentration
of the medium- and low-volatility congeners (i.e., within
the range of methanol-i-amyl alcohols). This is undoubt-
edly due to the high power of cobalt to solvate and form
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coordination compounds; as a result, its separating effi-
ciency is far greater.

When the salt dissolved in wine is CuCl,, there are two
effects which can be considered peculiar (Fig. 6): 1) the
progressive disappearance of acetaldehyde from the vapor
phase in equilibrium with the liquid phase as the concen-
tration of CuCl, increases in the wine; and 2) the progres-
sive increase in the levels of methyl and ethyl acetates in
the vapor, reaching levels higher than those obtained if
all the wine content in these components were to pass on
to the vapor phase (2.4 and 35 mmol/L, respectively) and
clearly indicating that formation of these two congeners
must take place in the process.

These facts can be explained by supposing that CuCl,
acts on the acetaldehyde in the boiling liquid, transform-
ing it into the corresponding acetates. This transforma-
tion would be in direct proportion to the presence of salt
in the medium and could work in two ways:

MCl2 i cOOH CHy-CH,OH _»CH3-COO-CH,-CH,
¥ CH3OH <CH3-COO-CH3

CUCL2

c
CH3-COH

CH,-COH

CH,OH

CH5-COO-CH,4

The first is an oxidation reaction where for each mole
of acetaldehyde that disappears, a mole of acetic acid is
formed and is subsequently esterified with ethanol or
methanol, giving the corresponding acetates in concen-
trations proportional to their respective formation con-
stant.

The second is a self-oxidation/reduction reaction in
which two moles of acetaldehyde are consumed to form
one of acetic acid and another of ethanol. Immediately
after, the acid is esterified.

Since most industrial distillation apparatuses are
made of copper, which is attacked by SO, dissolved in
wine to generate Cu’' ions, the foregoing may explain
why the top products of distilling processes show such
high methyl and ethyl acetate contents.

Again, as occurs with CaCl,, medium-volatility com-
ponents are not affected by the presence of CuCl,. On the
other hand, i-amyl alcohols evolve significantly. In fact
for low CuCl, concentrations, the i-amyl alcohols content
of the vapor falls as the salt concentration rises as a result
of the increased solubility of this component in a more
water-poor liquid medium (as occurred in the case of
CaCl,). However, for CuCl, concentrations higher than
0.3 mol/kg, the effect was inverted. At these salt levels,
the concentrating effect of the compound in the medium
is stronger than the effect of heightened solubility and so
there is an increased presence of i-amyl alcohols in the
vapor.

The nature of the effects produced by the presence in
the wine of NaCl on the composition of the vapor phase
in equilibrium depends on the concentration of the salt
(Fig. 7).

For concentrations of this salt below 0.5 mol/kg, the

CH3‘COOH + CH3-CH20H —’CH3-COO'CH2-CH3
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concentration of the more volatile congeners increases
along with the concentration of this salt in the liquid
phase; thus, the salt’s behavior is similar to that of CaCl,
and CoCl,. On the other hand, for concentrations of the
salt above the value stated, increases in salt concentra-
tions lead to a fall in the levels of acetaldehyde in the
vapor, giving way to increased concentrations of ethyl
acetate with no perceptible presence of methyl acetate.
Thus, within this range of concentration, NaCl behaves
like CuCl,, that is to say like an esterifying salt but
selective in character.

Regarding the rest of the congeners, the behavior of
this salt is similar to that of CaCl, excepting i-amyl
alcohols, which remains constant in the vapor phase over
the whole range of concentrations of the salt in the wine,
owing to the salt’s poor solvating power.

Conclusions

When the salts are dissolved in aqueous medium,
such as wine, they break up into ionics species which
undergo solvation, resulting in the restructuring of the
water (9). The practical effect is the removal of water
from the medium, as a result of which the effective
concentration of the other components present in the
liquid phase increases, and consequently their concentra-
tion alters in the vapor phase in equilibrium. It is clear
that the presence of the salts in the wine causes the wine’s
volatile components to move towards the vapor phase
and enrich it.

Nevertheless, the removal of water from the medium
also causes an increase in the solubility of some congeners
(i.e., i-amyl alcohols) which as a result are held more
firmly in the liquid phase. It is the compromise between
those two opposing effects which determines the behavior
of these components and consequently whether their
concentration increases or decreases in the vapor phase.

The concentration of ethanol in the vapor phase
evolves according to a logarithmic expression with the
concentration of the salt dissolved in the wine in equilib-
rium with the vapor. This function depends on the type
of salt dissolved, so that what is called the efficiency
factor of the salts varies in the order CoCl, > CaCl, ~
CuCl, > NaCl

Worthy of note is the catalytic action of CuCl,, which
causes a fall in the presence of acetaldehyde in the vapor
phase with a corresponding rise in methyl and ethyl
acetates. This effect is very important from the stand-
point of industrial use of ethanol.

Finally, it should be stressed that all the foregoing
took place in an equilibrium still (i.e., single-stage) from
which we may suppose that the effect of the salt will be
much greater in industrial columns with their multiple
contact stages, the separation much greater, and the
consequent energy saving considerable.
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