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The gas-liquid partition coefficients of ethyl acetate and ethyl hexanoate have been measured in
water and aqueous sucrose solutions from 25 to -10 °C by dynamic headspace. Experiments were
carried out on sucrose solutions at temperatures where no ice formation was possible. Results showed
that when sucrose concentration increased, aroma volatility increased except for ethyl hexanoate
and in the highest sucrose concentration solution (57.5%). A quasi-linear temperature decrease on
aroma volatility was observed in sucrose solutions from 25 to around 4 and 0 °C. Then, from 0 to
-10 °C, aroma volatility did not decrease: ethyl acetate volatility remained constant but that of ethyl
hexanoate increased. Enthalpy of vaporization and activity coefficients of the aroma compounds were
calculated.
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INTRODUCTION

In a general way, flavor release from foods depends on many
parameters. For instance, as the serving temperature was
increased from-14 to-7.8°C, vanilla flavor was more marked
(1). The same authors observed ice cream also became sweeter
as the serving temperature was raised. Sherbets and ice creams
of high sugar concentrations or pronounced flavor were liked
better when served at temperatures below-12 °C.

Various sensory evaluations on ice creams or frozen desserts
have been carried out. Several parameters such as ice cream
eating temperature or ice cream ingredients, such as fat and
sucrose, have been the object of sensory evaluations.

Moreover, the flavorings used in those sensory studies on
ice cream were flavor extracts, which are complex mixtures of
aroma compounds. Each of those aroma compounds may
interact with the nonvolatile constituents of the matrix. These
physicochemical interactions depend on the nature of both the
aroma compounds and the nonvolatile components of the matrix.
In addition, structural and rheological properties of the matrix
influence the retention or release of volatile compounds.
Therefore, the study of physicochemical interactions of flavor
compounds in simple media definitely could give deeper
information on the specific flavor-matrix interactions.

Various observations and works dealing with aroma retention
in frozen and freeze-dried food have been carried out. Most of
the studies dealt with fruits, vegetables, seafood, meat, and some
processed food products. For instance, the evolution of straw-
berry flavor compounds during frozen storage is the subject of

several studies (2-4). The storage of strawberry after 1 month
of storage at-18 °C resulted in different trends of behavior
depending on the aroma compound nature. On the one hand, a
sharp decrease in esters concentration (C< 9 such as methyl
2-methylbutanoate, ethyl butanoate, and butyl acetate) but an
increase in nerolidol concentration was observed. On the other
hand, frozen storage did not affect key flavor compounds such
as mesifurane and Furaneol (2).

Aroma compound behavior in frozen food (in fact, in all
foodstuffs) depends on their chemical nature. Their volatility
had been reported in terms of flavor compound polarity: the
more polar molecules showed an enhancement, whereas the
nonpolar ones showed a volatility depression in sucrose solutions
(5). Several studies at 25°C showed that volatility of various
polar aroma compounds increased as sucrose concentration
increased in the media (6-9). Although some other authors
showed that nonpolar compounds such asd-limonene,n-butyl-
benzene (10), ionone, naphthalene (11), 2-heptanone, 2-heptanal
(6), methyl butanoate, and hexanal (12) decreased in volatility,
sucrose concentration increased (up to 60%) in the aqueous
solution.

Regardless of the above observations, no explanations of the
aroma behavior as a function of temperature have been proposed
yet. Indeed, various physical, chemical, and physicochemical
phenomena are responsible for the aroma behavior in food at
low and subzero temperatures: physicochemical interactions
with other food constituents and molecular mobility (mass
transfer and diffusion).

The actual state of knowledge on aroma property variations
in food at low and subzero temperatures appears in both natural
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and processed food products. However, to better understand
these variations, data on physicochemical interactions and
mobility of aroma in food at those temperatures are needed.
Moreover, it seems that the structure and physical state of food
strongly influence aroma retention and release. Indeed, physi-
cochemical characteristics data at low temperatures complement
the aroma release study, especially when physical changes take
place in food.

Therefore, the objective of this work was to measure the gas-
liquid partition coefficients of aroma compounds as a function
of temperature (low and subzero) in simple media, as a first
approach. Water and aqueous sucrose solutions were chosen to
study aroma volatility from 25 to-10 °C.

MATERIALS AND METHODS

Material. Aroma Compounds.To better understand aroma volatility
from aqueous solutions at low and subzero temperatures, two aroma
compounds from the same chemical family [ethyl acetate (EA) and
ethyl hexanoate (EH)] were selected (Table 1). Both aroma compounds
were supplied by Aldrich-Sigma Co. with a minimum purity of 98%.
Because this work dealt with low and subzero temperatures, the flavor
compounds were selected to avoid aroma crystallization at the studied
temperatures. Neither of the aroma compounds freezes at-10°C, which
is the lowest temperature of analysis (Table 1).

Preparation of Aqueous Solutions.The solutions of analysis were
distilled water and aqueous sucrose (Prolabo) solutions at two
concentrations: 30 and 57.5% (sucrose weight/solution weight, w/w).
Pure sucrose (99%) was dissolved in distilled water at the given
concentration and stirred at room temperature using a magnetic stirrer.
Sucrose concentrations were chosen to study sucrose concentration
effects on aroma volatility at both positive and negative temperatures,
without ice crystals. The freezing point of each sucrose solution was
previously determined from the water-sucrose state diagram (13). The
calculated freezing points of 30 and 57.5% (w/w) sucrose solutions
were-3 and-10°C, respectively. Prior to aroma release determination,
a 50 ppm (microliters of aroma/liter of solution) concentration of each
aroma compound was added at room temperature in the studied
solutions.

Methods. Measurement of Gas-Liquid Partition Coefficients of
Aroma Compounds.The exponential dilution headspace technique was
used to measure the air-liquid partition equilibrium of aroma com-
pounds in both water and aqueous sucrose solutions. This technique
was chosen because it reaches aroma equilibrium in less time than a
static headspace technique. That was convenient for our study because
thermodynamic equilibria at low and subzero temperatures may take
long periods to reach the equilibrium state. Another advantage of this
technique is that aroma quantification in the liquid phase is not
necessary (14,15).

A given volume of the solution (∼10 mL) was poured into a
headspace glass tube to determine the flavor compound volatility. The
headspace tube was put into a thermostated bath where temperature
(T) was controlled (T ( 0.1°C) by a Julabo cryobath FH-45 (Seelbach,
Germany). Experiments were carried out at both low and subzero
temperatures: 25, 10, 4, 1, 0,-5, and-10 °C.

Once the solution achieved the temperature of analysis, a stripping
gas (nitrogen) was bubbled through the solution at a constant flow rate
of 30 mL min-1; 1 mL of the headspace was injected at regular time
intervals into a gas chromatograph (GC) until aroma exhaustion. A

Chrompack CP9000 GC with a flame ionization detector (FID) was
used in all of the experiments. A Shimadzu C-R6A Chromatopac
integrator was coupled to the GC. The column was a packed column
of 3 m length and 2.2 mm internal diameter, 10% carbowax 20M, and
100-120 mesh. Analysis conditions were as follows: oven temperature,
100 and 120°C isotherm; detector temperature, FID, 200°C; injector
temperature, 190°C; nitrogen (carrier gas) flow rate, 30 mL min-1;
hydrogen flow rate, 23 mL min-1; air flow rate, 232 mL min-1;
headspace nitrogen (stripping gas) flow rate, 30 mL min-1.

The gas-liquid partition coefficients of aroma compounds were
calculated by the exponential dilution method (14, 15). Equation 1
allowed us to calculate the molar air-liquid partition coefficient of
aroma compoundi at infinite dilution (Ki

∞):

t is time (s),R is the ideal gas constant (8.3142 J mol-1 K-1), T is
temperature (K),DN2 is stripping gas flow (m3 s-1), N is aroma moles
number in the liquid phase,PT is total pressure of the system (Pa),St0

andSt are peak surfaces of the compoundi in the air phase at timet0
andt, respectively; andKi

∞ is related to the mass partition coefficient
Kmassby the equation

whereMsolventis the molar mass of the solvent or liquid phase (g mol-1)
and Mair is the molar mass of air with moisture (g mol-1) obtained
from the air moisture diagram (25). From both Dalton’s and Henry’s
laws, the activity coefficient (γi∞) of a volatile compoundi at infinite
dilution is related to the air-liquid partition coefficient, expressed as
the molar fraction, by the equation

wherePi
s is the saturated vapor pressure of compoundi.

To be sure that no experimental artifacts were the cause of the
observed behavior, experiments were repeated from at least three up
to five times.

Statistical Analysis.Comparison of square means and Duncan’s
groups of results was carried out by using the statistics software SAS
8.2 (17) with ap < 0.01.

RESULTS

Aroma Volatility from Water and Sucrose Solutions at
25 °C. Volatilities of EA and EH in water and aqueous sucrose
solutions at 30 and 57.5% were measured at 25°C (Figure 1).
The higher the sucrose concentration is, the higher the mass
partition coefficient (Kmass) of EA is. The EH volatility in water
is ∼3 times higher than that of EA. However, in the 30% sucrose
solution, the EH volatility is only twice higher than EA volatility.
Finally, in the 57.5% sucrose solution, EA and EH volatilities
are not significantly different, 11.60 and 13.63, respectively. It
seems that as sucrose concentration increases in the solution,
the difference between aroma volatilities is reduced to similar

Table 1. Physicochemical Characteristics of Aroma Compounds

saturated vapor pressurec (Pa) at

chemical compound
purity
(%)

molar
wt (g/mol)

melting
pointa (°C)

log Pb at
25 °C 25 °C −5 °C −10 °C

ethyl acetate, C4H8O2 99.5 88.11 −83.40 0.67 12510 2374 1723
ethyl hexanoate, C8H16O2 99 144.22 −67.50 2.79 215 20 13

a Fenaroli (31). b Log P: molecule hydrophobicity expressed by the logarithm of the liquid−liquid partition coefficient between water and 1-octanol. From Rekker (32).
c Covarrubias-Cervantes et al. (25).
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values. In contrast, EH volatility in the 57.5% sucrose solutions
is lower than in the 30% sucrose solutions.

Aroma Volatility from Water and Sucrose Solutions as a
Function of Sucrose Concentration.Aroma volatility as a
function of sucrose concentration at 4 and 0°C is shown in
Figure 2. When sucrose concentration was increased to 57.5%
at 4 and 0°C, aroma volatility was higher, being more important
for EH than for EA. In the 57.5% sucrose solution at 25°C
(Figure 1), the EH partition coefficient drops to a value similar
to that of EA. The latter presents no significant difference
compared to EH in the 57.5% sucrose solution at 4 and 0°C.

Aroma Volatility from Water and Aqueous Sucrose
Solutions as a function of Temperature.The gas-liquid
partition coefficients (Kmass) of EA and EH were measured in
water and 30 and 57.5% sucrose solutions as a function of
temperature (Figure 2). All of the gas-liquid partition coef-
ficients were measured in aqueous sucrose solutions without
ice crystals. Aroma volatility from water was measured down
to 1 °C. The 30% sucrose solution freezing point being-3 °C,
experiments were carried out down to 0°C. In 57.5% sucrose
solution, aroma volatility was determined down to-10 °C
because the freezing point of this solution is-10 °C.

It was observed that the volatility from water and 30% sucrose
solution of both EA and EH decreases with temperature down
to 1 and 0°C, respectively. Values are significantly different
(with ap < 0.01) between 25 and 4, 1, or 0°C, but not between
4, 1, and 0°C. Although differences between partition coef-
ficients of the two compounds decrease as sucrose concentration
increases, the later is true up to values of the same order of
magnitude of volatility between aroma compounds, which is
achieved in the 57.5% sucrose solution.

The temperature effect on partition coefficients of the two
ethyl esters in a 57.5% sucrose solution displays different
behaviors depending on the aroma compound: EA shows a
decrease in partition coefficient between 25, 10, 4, 0, and-5
°C; significant differences (p < 0.01) between values at 25,
10, 4, and 0°C were obtained. Values at 0 and-5 °C are not
significantly different; however, an increase in volatility is
observed at-10 °C, with a partition coefficient as high as that
obtained at 4°C.

In the case of EH, partition coefficients also decrease from
25 to 4°C; then an increase in volatility is observed from 4 to
-10 °C. No significant difference (p< 0.01) is obtained for
values at 10 and-10 °C.

Activation energies (Ea) of the aroma molar partition coef-
ficients in water and 30 and 57.5% sucrose solutions were
calculated as a function of temperature (from 25 to 0°C). An
Arrhenius plot [ln Ki

∞ vs the temperature reciprocal (K-1)]
allows Ea calculations. In a general way, when the sucrose
concentration increases in the aqueous solution, theEa increases,

too. In water, an activation energy of-52 kJ mol-1 was obtained
for EA, which is in agreement with literature data (-47.3 kJ
mol-1) (18). For EH, theEa is -63 kJ mol-1.

When sucrose concentration increases in the solution (30%
sucrose), theEa for both compounds is the same,Ea ) -46 kJ
mol-1. It is observed that theEa of each aroma compound
increases between 2 and 3 times in the 57.5% sucrose solution
with respect to water in the range from 25 to 0°C, with Ea )
-28 and-19 kJ mol-1 for EA and EH, respectively.

DISCUSSION

Effect of Sucrose Concentration on Aroma Volatility.The
sucrose concentration effect on aroma volatility is shown in
Figures 1 and 2. The EA partition coefficient increases with
sucrose concentration up to 57.5% whatever the temperature
of analysis. This is in agreement withEa values observed in
the literature (12,19-21).

In the case of EH, volatility increases with sucrose concentra-
tion except at 25°C, where the volatility was lower in the 57.5%
sucrose solution than in the 30% sucrose solution. It is also
observed inFigure 2 that as the sucrose concentration increases,
aroma partition coefficient values tend to be of the same order
of magnitude as observed for EA. This is true in the range
between 1 and 25°C.

The chemical nature of the aroma compound strongly deter-
mines the aroma-solvent interactions (12, 19). Composition
and nonvolatile solute concentration in solutions may also
influence aroma volatility in different manners. Aroma com-
pound solubility or activity coefficients are physicochemical
parameters that give information about interactions between
aroma and solvent molecules and/or aroma and substrate
molecules (22). Aroma profile modification in sucrose solutions
was observed by Voilley and Sauvageot (23). They reported
that the odor intensity was lower in a 50% sucrose solution
than in water.

The different nature of physicochemical interactions involved
in the ternary systems (water, flavor compounds, and sucrose)
could explain the different aroma behavior in sucrose solutions.

It is well-known that these interactions could modify the
resistance to mass transfer of volatiles, especially if headspace
measurements were done under dynamic conditions. This means
then that the release is determined not only by the partition
coefficient but also by the resistance to mass transfer. The
resistance to mass transfer increases with viscosity of the
medium and with the volatility of the flavor compounds in the
medium. Therefore, it is possible that the resistance to mass
transfer has influenced the dynamic headspace of ethyl hex-
anoate (most volatile compound) over the 57.5% sucrose
solution (most viscous medium) more drastically than the other
headspace concentrations. This may explain why lower con-
centrations of EH are released from the 57.5% sucrose solution
than from 30% solution. The equal release of EA and EH from
the 57.5% sucrose solution at 25°C suggests that, at this
temperature, the release of both compounds is diffusion
controlled (24). At lower temperatures, the release of the flavor
compounds will be less diffusion controlled because of the lower
volatility at lower temperatures.

Effect of Temperature on Aroma Volatility. In Table 1,
the volatility of the pure aroma compounds (saturated vapor
pressure) is given at 25,-5, and-10 °C. Volatility increases
exponentially as temperature increases and as the aliphatic chain
carbon number decreases (25).However, the behavior is
modified because of the influence of cosolutes or solvent. In
the case of both water and the 30% sucrose solution, the

Figure 1. Volatility of aroma compounds from aqueous sucrose solutions
at 25 °C.
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volatility of EA and EH followed the same decrease as tem-
perature decreases to 1 and 0°C, respectively, near their freezing
points.

The aroma volatility increase from water and sucrose solu-
tions with temperature obtained in this work is consistent with
results observed by Jouquand et al. (26). They observed an
increase of aroma volatility (hexanal, 2-octanone, ethyl bu-

tanoate, 2-heptanone, 2-hexanone, 2-hexenal, 2-butanone, and
1-hexanol) from water when the temperature increased from
60 to 80°C.

Aroma volatility is inversely related to solubility; this is
expressed by the well-known Henry’s law. Hence, an increase
in aroma solubility in the sucrose solutions as a function of
temperature would be expected. Therefore, the molar volatility

Figure 2. Volatility of ethyl acetate and ethyl hexanoate from aqueous sucrose solutions at 0, 30, and 57.5% as a function of temperature.

Figure 3. Volatility, Ki
∞ or Kmol (0), and solubility (]) of ethyl acetate and ethyl hexanoate in a 57.5% aqueous sucrose solution as a function of

temperature (solubility values from ref 27).

Figure 4. Activity coefficients (γi
∞) of ethyl acetate and ethyl hexanoate in aqueous sucrose solutions at 0 (4), 30 (]), and 57.5% (0) as a function

of temperature.

Aroma Volatility of Aqueous Sucrose Solutions J. Agric. Food Chem., Vol. 52, No. 23, 2004 7067



and solubility (27) of EA and EH in the 57.5% sucrose solution
as a function of temperature are compared (Figure 3).

In the temperature range from 25 to 4°C, for both aroma
compounds, solubility and volatility decrease with temperature.
This behavior was expected and can be described by the
Clausius-Clapeyron equation. However, from 4 to-5 and-10
°C, different behaviors for each equilibrium are observed.
Indeed, for EA a maximum solubility is observed at a temper-
ature near that where volatility is the lowest (near-5 °C). The
same trend is observed for EH, although there is a slight shift
of the temperature range where the maximum solubility and
the lowest volatility are observed. This means that the physi-
cochemical interactions (expressed by the activity coefficient,
γi

∞) between the aroma compounds and the solution at this
temperature range (around-5 °C) could be very important. To
verify this hypothesis,Figure 4 gives the activity coefficients
(γi

∞) of EA and EH in the aqueous solutions (0, 30, and 57.5%),
calculated according to the temperature (eq 3). For aroma
compounds in water,γi

∞ decreases as temperature decreases to
1 °C, which can be interpreted as interactions of the same nature
between flavor molecules and water (hydrogen bonds). As the
sucrose concentration increases to 30 and 57.5% in the solution,
γi

∞ increased 2 and 5 orders of magnitude with respect to water,
respectively. Also, as the temperature decreased, the aroma
activity coefficients increased. This shows that aroma com-
pounds establish strong and/or great numbers of interactions
not only when the sucrose concentration increases but also when
the temperature decreases to-10 °C. This occurs at this
temperature and for a 57.5% sucrose solution, where the highest
γi

∞ was observed. The previous results could partially explain
the decrease and then the increase of aroma volatility in the
sucrose solutions as a function of temperature.

Some authors have suggested (28,29) or considered (30) the
influence of the solution’s density to better predict thermody-
namic equilibria such as solubility, partition coefficients, and
Henry’s constants of volatile compounds in aqueous binary
systems as a function of temperature. The density of aqueous
sucrose solutions increases when temperature decreases. If so,
a salting-out effect on aroma would be observed. The latter effect
may be opposite (an increase with the temperature decrease) to
that predicted by the Clausius-Clapeyron equation. To relate
the behavior of a thermodynamic equilibrium, such as partition
coefficient, of aroma in water or in an aqueous solution as a
function of temperature, density should be taken into account.
Further application of such an equation will be adapted and/or
applied on aroma volatility from water and sucrose solutions.

Results obtained in this work could be useful to explain
sensory observations obtained in frozen food such as ice cream
with the aim to better understand the increase of flavor
perception at subzero temperatures. To better understand if there
is a temperature or density effect on aroma volatility, experi-
ments with other aqueous solutions, such as polyols, should be
carried out. The effect of ice or not on aroma volatility should
be also studied in the future in order to clarify the effects of
density and ice content on aroma release from frozen food.
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