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Several experimental methodologies exist for measuring volatilities; however, results show great
dispersion and sometimes lack of agreement between different methods. The aim of our study was
to compare the performance of three static headspace methods (vapor phase calibration, VPC; phase
ratio variation, PRV; and liquid calibration static headspace, LC-SH) for determining gas/liquid partition
coefficients of two aroma compounds in hydroalcoholic multicomponent solutions at infinite dilution.
Comparison with literature data based on static and dynamic methods showed that PRV is simpler
than VPC and LC-SH and that VPC and PRV are more accurate than LC-SH, which presented a
significant bias (50% lower values).
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INTRODUCTION coefficient can be considered as constant and is ngte@he

Flavor perception and distillation of alcoholic beverages are Producty” - P (eq 1) is also called the Henry's constant, He.
governed by the way aroma molecules distribute between gas Aroma components are present in alcoholic beverages at very
and liquid phases. This is defined by the vapliquid equi- low concentrations, and they often have extremely low solubility
librium (VLE), which is characterized by the partition coefficient in water; thus, aromas in these kinds of mixtures are normally
of a volatile compound between a vapor phase and a liquid found in the infinite dilution range. Unfortunately, measuring
phase. This coefficient is denotégand is expressed by the infinite dilution activity coefficients in these hydroalcoholic
ratio between the compound concentration in gas pr@gﬁé [ solutions is difficult, since they contain numerous aroma
in (mol or g)/nf] and compound concentration in the sample compounds and chanol interferes with headspace measurements
[C!iq in (mol or g)/nf] at equilibrium. VLE can also be @asitis also volatile. Furthermore, ethanol, even at a relatively

quantified by the partition coefficient expressed in molar low concentrati_on (10%_v/v), signi_ficantly reduces the volatility
fractions, also called absolute volatiliti<;§, or by the activity of the aromas in the mixtureZ, given that most of them are

coefficient (), which represents the deviation from ideality. hydrophobic. Ir\ addition, physicochemical interactions may exist
Both parameters are related by: between volatile compoundg,(3). As a consequence, suitable

methods for studying alcoholic beverages have to be sensitive
v PP enough in the infinite dilution region in hydroalcoholic solutions
K = Yi_ 7t im ) and should be able to measure volatilities in multicomponent
D¢ P systems.

A number of experimental methods are available for the direct
with X andy; as molar fractions in liquid and gas phases, measurement of gadiquid partition coefficients leading to the
respectivelyPyr, as the vapor pressure of pure comporieait determination of activity coefficients at infinite dilutigr. The
a given temperatur@ (Pa), andPr as the total pressure (Pa). methods are often complementary since they cover different

In the particular case of infinite dilution [concentration values ranges of relative volatilities. The most frequently used methods
lower than 104 mole fraction, in food research)], the activity for measuring volatility can be classed into three groups:
differential methods, dynamic headspace, and static headspace,
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dew point 6) or pressure differencé). These techniques are The aim of this work is to compare the results of three static
quite precise but not suitable for° measurements in multi-  headspace methods in terms of accuracy and simplicity, within
component systems. One drawback of these methods is thehem and with literature results, for ethyl hexanoate and isoamyl
sensitivity to errors in the liquid composition measurem@it ( alcohol in hydroalcoholic solutions. We have chosen these

Dynamic headspace methods allow one to obtainy/they molecules because they have been extensively studied and
bubbling an inert gas carrier through a binary dilute solution, Pecause of their perception relevance in alcoholic beverages (
such as the exponential dilution method (8), which has been 28). Moreover, these two compounds have very different
frequently used to study aroma vapdiquid equilibria ©, 10), physicochemical properties (water solubility, volatility), which
or the headspace stripping at equilibrium methad13) will allow us to define a range of validity of the three methods.
which, contrary to the exponential dilution method, needs an 1he results are discussed in terms of experimental errors
external calibration by injection of liquid standard solutions into associated with opera_ltlng.c_:ondltlons and with the determmqtlon
the gas chromatograph. On the other hand, gas/liquid elution©f the range of applicability of each method for calculating
chromatography is used to find infinite dilution activity coef- infinite dilution partition coefficients in hydroalcoholic solutions
ficients by measuring the elution time of the dilute species N Multicomponent mixtures.

(solute) in an inert carrier stream through a column composed
of the abundant species (solvent) (14). EXPERIMENTAL PROCEDURES

Static headspace methods are based on measurements per- Hydroalcoholic Aroma Solution Preparation. Each sample was
formed at thermodynamic equilibrium between liquid and gas Prepared by weighting an aroma quantity (ethyl hexanoate [CAS no.
phases. Two methods without use of an external calibration areéi3s‘66'0129§(;/°1p3‘)‘]rg§$'d”Ch? Xlrd's_or‘?)my'dat'ﬁ(’ho'l [3'rt”(eth3t’"1'b“ttﬁ”°' |

: L ; : no. 123-51- % pure, Aldrich) and the solvent (water or ethanol
the phase r_atIO varla'Flon (PRV) mpft.hOd use(_:l in environmental or hydroalcoholic solution) on a high precision balance (PRECISA 404
studies, which establishes the part|t.|on coefficient based on theA’ 0.001 g precision). The hydroalcoholic solutions were prepared by
fact that the headspace concentration changes as a function ofyeignting deionized water (milli-Q system, Millipore Waters, France)
the phase volume ratio (gas and liquid phases), while the and pure ethanol (ethanol 99% RPE, Carlo Erba) and mixing them to
partition coefficient remains constarity 16), and the equilib- obtain the adequate v/v concentration according to literature 28ja (
rium partitioning in closed system (EPICS) method, which In the case of multicomponent samples, solutions were prepared from
allows one to determine the Henry constant by measuring gasa concentrated solution (20 000 ppm v/v) in ethanol of the 15 aroma
headspace concentration ratios from palrs of sealed bottlescompounds: dlmethyld|su|f|de (99% pure, AId”Ch),dlmethyl trisulfide
having different liquid volumes but the same quantity of volatile (957 pure, Acros), allyl isothiocyanate (99% pure, Aldrich), benzal-
compound (17). The EPICS method limiting factor is that the dehyde (99% pure, Aldrich), hexanal (98% pure, Aldrich), 2-phenyl-

D - - . o ethanol (98% pure, Sigma), isoamyl alcohol (99% pure, Aldrich),
precision of the method is associated with the difficulty of . -0 (99% pure, Lancasten)is-3-hexenol (98% pure, Sigmay),

delivering equal quantities in the two bottles specifically for |ina100l (97% pure, Aldrich), geraniol (98% pure, Aldrich);terpineol
volatile compounds with very low solubility in water. (95% pure, Sigma), ethyl butyrate (95% pure, IFF), ethyl hexanoate

Static headspace methods that use external calibration deter{99% pure, Aldrich), and isoamyl acetate (99% pure, Aldrich). This
mine the partition coefficient by analyzing the headspace using concentrated mixture of 15 aroma compounds was storeeBat’C
gas chromatography and establishing the volatile Concentrationand dllutec_i for the preparation of the multicomponent solutions with
by calibration with an external standard. The vapor phase concentrations of either 20 or 50 ppm for each compound.

. . Gas Chromatography Headspace AnalysisGlass vials (20 mL,
calibration (VPC) method uses an external vapor standard for Chromacol, France) were filled with aliquots of the volatile compound

calibration (18,19). For this purpose, the pure component is gqjytion. The liquid volume introduced in the vial ranged from:&0
completely vaporized in the vial prior to injection. Whitehead  to 10 mL depending on the headspace method. Vials were sealed using
and SandlerZ0) have modified the calibration by using a pure Teflon/Silicone septa in metallic caps (Varian, France). After equilibra-
component at different temperatures and determining the tion at 25°C for at least 4 h (time necessary to reach equilibrium in
relationship between solute vapor pressure and peak area. Thétatic conditions), a 2 misample of headspace was automatically
partial pressure in equilibrium with the dilute solution is Withdrawn using a 2.5 mL gastight syringe, preheated t6G3n an
determined from the saturated pressure calibration curve. Last,2Utomatic headspace sampler CombiPal (CTC Analytics, Switzerland),
'and analyzed on a Hewlett-Packard 6890 series gas chromatograph

th.e liquid callbrathn §tat|c headspace (LC-SH) m.elthod calibrates using a flame ionization detector (FID). The injection was direct, and
with an e?(terr_lal liquid standard. It has been utilized for years the injector temperature was settled at 260and injection rate at 100
(21) and is still frequently used®®). uL s7%. Only one headspace injection was made per vial, and three
Methods most frequently used for aroma research are staticvials were analyzed for each solution. A 53t x 30 m capillary

and dynamic headspace techniqu®),(which often show lack ~ BP20 column (df= 1 um) was used with a carrier gas (helium) flow
of agreement (224). In addition, it is very difficult to assess rateoof 6.7 m_L min?, Th_e oven temperature program was _|sothermal
the experimental discrepancies since aroma studies do nof80 °C) for binary solution {; = 3.8 and 4.4 min, respectively, for

. e . ethyl hexanoate and isoamyl alcohol). For the multicomponent mixture,
provide sufficient details of the methodology used. However,

. ) . ' _the oven temperature program was set from 40 (2 min) téCG3@at 4
the use of dynamic headspace methods becomes impractical With in and from 80 to 206C at 8 °C/min (T=10.5 and 11.2 min

volatile solvents and with solutes with low values of partition respectively, for isoamy! alcohol and ethyl hexanoate). Peak areas were
coefficients (25). Moreover, in the case of multicomponent measured using the Hewlett-Packard Chemstation integration software.
systems, they may be unsuitable due to the delay introduced Static Headspace Method Sensitivity to Operation Parameters.

by the chromatographic separation step. A systematic study of the impact of operating conditions on the

Although static headspace methods are flexible enough to Néadspace analysis was performed. The four parameters tested were
e - - as follows: (i) the filling rate of the gas syringe (10, 100, or 300
be used to measure volatilities in multicomponent mixtures, they

" . s™Y); (ii) the gas injection rate (100, 250, or 680 s™Y); (iii) the volume
are less sensitive than dynamic methd) @nd some of them 545 hetween the gas phase and the liquid phase in 20 mL headspace

require a Ca”brf'ﬂmn (VPC, LCjSH’ IEIC-)- The vapor calibration  gjass vials was varied from 220 to 2.2 corresponding to a liquid volume
method is particularly expensive since pure aroma compoundfrom 0.050 to 10 mL; and (iv) the time to reach equilibrium after the
vials are required. solution preparation: once the hydroalcoholic solution containing ethyl
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Table 1. Semiempirical Coefficients of Antoine’s Law (A, B, C) for the
T.4e-4 7 Determination of Saturated Vapor Pressure of the Pure Volatile
— Compoun Different Temperatur
z e pound at Different Temperatures
= 1264 - o —
® T aroma compound (temperature
g I validity range [°C]) A B C ref
§ 1004+ ethyl hexanoate (=9 to 130) 7277 1651270  209.213 12
2 isoamy! alcohol (10 to 130) 7921 1666375 200158 41
o e water
§ 8065 - e water/ethanol 20%
=3 8000
]
T 50e-5 -
6000 -
4,0e-5 T T T T ©
] 5 10 15 20 25 o
©
Phase ratio ( = Vg / VI) < 4000 -
Figure 1. Reciprocal of peak area (1/A) vs phase ratio () for ethyl Q >
hexanoate in water/ethanol systems at 25 °C.
2000 -
hexanoate was prepared at room temperature, the vials were filled and
2 mL of their headspace was injected every 30 min for more than 15
h. Each of the above parameters was varied one at a time. 0 T T T T
Infinite Dilution Volatility Measurements. PRV Method Glass Y 50 100 150 200 250
vials (20 mL) were filled with variable volumes (from 0.05 to 2 mL) Saturated vapor pressure (Pa)

of solutions containing the aroma compound infinitely diluted (10, 20,
and 50 ppm) in water or in wateethanol mixtures. At equilibrium, a

2 mL sample of headspace was withdrawn from each vial and injected
into the gas chromatograph. Ettre et dl6) have established the ] )
following equation, based on mass balance equations, which allows usPressure, anr, the total pressure, in the vial (1 atm)]. The molar

Figure 2. Calibration curve of integrated peak area vs vapor pressure
for pure ethyl hexanoate. Linear correlation coefficient = 0.996.

to obtain the partition coefficierit: partition coefficientK;, was obtained by a linear regression on the data
of the gas molar fraction vs the liquid molar fraction, taking into account
1 1 1 1 all of the different mixtures for which measurements took place. The
A WE + m B @ variancz_e ofK; then corresponds to the variance of the slope of the linear
i i regression.

LC-SH MethodConditions were similar to those used for the VPC
method: glass vials (20 mL) were filled with 5 mL of solutions
containing aroma compounds infinitely diluted in watethanol
mixtures. A 2 mL sample of headspace was withdrawn from each vial
at equilibrium and injected into the GC-FID. To obtain the headspace
molar fraction ), a liquid calibration was performed. For this purpose,
glass vials (1 mL) were filled with solutions containing aroma
compounds infinitely diluted in waterethanol mixtures. Two micro-
liters of liquid sample was withdrawn and injected into the GC-FID.
A linear regression was fitted to data of the mass of aroma injected vs
the FID response. The slope was used as a calibration parameter,
accounting for the sensitivity of the FID detector. The response of the
GC-FID was assumed to be the same when injecting a liquid or a gas
sample.

Similar to the VPC method, the molar partition coefficief, was

whereA is the peak area obtained at equilibriuims the proportional
factor, 8 is the Vy/V, ratio with V4 the headspace volume aimthe
liquid volume of the sample. _

Using the linear equation A/=a + b - 8, with a = [1/(f; - clay]
(1/k) andb = 1/(f - C'), the b/a ratio corresponds to the partition
coefficient expressed as a concentration rakip For example, the
reciprocal of the chromatographic areas for ethyl hexanoate was plotted
against the phase ratjd (Vy/Vi) (Figure 1). A high linear correlation
was obtained in water and in 20% (v/v) hydroalcoholic solutiongfor
smaller than 25. Th value can be converted into the ratio of molar
fractions (K) following the conversion procedure proposed by Sander
(30).

VPC Method.Glass vials (20 mL) were filled with 5 mL of the
liquid solution containing aroma compounds. After 12 h, the headspace

in equilibrium with the solution was analyzed in the same conditions . . : ;
q Y | obtained by a linear regression on the data of the gas molar fraction vs

as with the PRV method. To determine the aroma compound partia the liquid molar fraction. The typical headspace concentrations vs liquid
pressure corresponding to the FID signal, a gas calibration was used. q T  typical asp 1Svsig
sample concentrations obtained with this method can be sdégure

This calibration was performed using the pure aroma compound. Glass 4
P gthep P 3. This figure shows the results obtained when plot@f& vs C[ in

vials (20 mL) were filled with 200uL of pure ethyl hexanoate or . : 0 .
isoamyl alcohol and equilibrated at different temperatures ranging from the case of ethyl hexanoate in water or in a 20% (v/v) hydroalcoholic

9 to 25°C for 12 h. After equilibration, 100L of headspace was solution. It also shows a linear dependence betw@&fand C'? in
analyzed in the gas chromatograph. Each FID response at eachOrder to accesk through the slopes.
temperature was associated with a vapor pressure calculated from Data AnalysisWe assumed that the mekrvalue obtained for each

Antoine’s law (31) (eq 3): method had at-student distribution (few samples from a normal
distribution). The standard deviation (SD) and the 95% confidence
S B interval were obtained for LC-SH and VPC methods by using the
logP”=A— C+ (T-273) ®) regression function in the data analysis package of Microsoft Excel
97. For PRV, theK value was obtained by averaging the results of
wherePS is the vapor pressure (mmHgd,is the temperature (ifC), different series, each one with a regression as stated in eq 2. The SD
andA—C are the three Antoine constants definedrable 1 for both and the 95% confidence interval of the mean were obtained by using

Compoundsy ethy| hexanoate and isoamy| alcohol. It was found that the descriptive statistics function from the data software preViOUSIy
for the range of conditions considered here the detector response (purénentioned.

component peak areas) and the vapor pressure were linearly proportional The comparison between thé values obtained by two different
(Figure 2). These calibration curves were used to determine the aroma methodologies, for exampl&, and K, was done by constructing a
compound molar fraction in the headspageq pi/Pr with p;, the partial new variableKnew = Ka — Kp. This new variable also hadtsstudent
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Figure 3. k; calculation using LC-SH. Relationship between C%z and C'ia ] P
for ethyl hexanoate in water and 20% ethanol (v/v). Figure 4. Influence of sample volume on ethyl hexanoate headspace

concentration (a 100 ppm solution in water for a total vial volume of 20
distribution with a SD and degrees of freedom (df) given by32f mL).

5 ) mL, since in this case we needed to measure the headspace
SDyew= +/SD;” + SD, (4) concentration in the zone sensitive to changes in the liquid
. volume.
df e,y = Min(df,df,) (5)

Comparison of the Three Static Headspace Methods for
Infinite Dilution Volatility Measurements. Infinite Dilution

Next, we tested the Ho probability (probability that the mean is zero) \/p|atility Measurements in WateFhe measurements of parti-
lc\’/'lc. the distribution of the subtraction of means (function T.DIST I tjon, coefficients at infinite dilution were first performed in water

icrosoft Excel 97). at 25°C with the three methods, namely, PRV, VPC, and LC-

SH. Table 2 shows results for single and multicomponent

RESULTS AND DISCUSSION mixtures, in the case of ethyl hexanoate alone in water or in

Effect of Operating Conditions on Headspace Concentra-  the presence of the 14 other aroma compounds, called multi-
tion. We first studied the influence of some parameters of the component mixtures. Statistical analysis for the mean distribu-
headspace injection that could affect headspace analysis. Thdion is included. PRV and VPC methods show very similar
gastight syringe filling rate was tested between 10 and/800  results. Moreover, the 95% confidence intervals of ethyl
s1, and the rate of injection into the gas chromatograph was hexanoate overlap and the Ho test shows that the probability
tested between 100 and 6@0Q s L. No effect of filling rate of theK mean value obtained with the PRV method is identical
was observed in our headspace samples in the range studied0 VPC's one, which is 0.92. On the other hand, the LC-SH
In contrast, increasing rates of injection resulted in a loss of method always gives partition coefficients lower than half of
volatile compound, with maximum headspace concentration those obtained by the two previous methods. The 95% confi-
detected at 10QL s~1 and a minimum at 60QL s~1. For these dence intervals help illustrate this, and the Ho test between PRV
reasons, we have chosen in our experiments to fill the syringeand LC-SH shows the very low probability of ther mean
at 100uL s* and to perform injection into the chromatograph Values being equal [p(Hoy 0.007].
at 100uL s Moreover, the values obtained for multicomponent mixtures

The kinetics of volatile liberation, i.e., the time required to are similar to those obtained for single component mixtures,
reach equilibrium inside the vial, was also studied. We noticed for all of the methods tested. It can be seen for ethyl hexanoate
that headspace concentration increased logarithmically, reachinghat the 95% confidence intervals overlap for the three methods
a maximum and constant value between 240 and 300 minwhen comparing single vs multicomponent results. However,
approximately (between 4 and 5 h). The experiments were donethe Ho test for each method is not very conclusive, since the
with a 50 ppm solution of ethanol/water 20%, equilibrate@at  p(Ho) is 0.36, 0.22, and 0.61 for PRV, VPC, and LC-SH,
= 20 °C (not shown). Hence, after the vials were filled, they respectively.
were equilibrated at 25C for at least 4 h before injection into As seen inTable 2, our results for volatilities of ethyl
the GC-FID. hexanoate in water at 2& with three static headspace methods

We further studied the influence of the liquid sample volume show agreement between PRV and VPC but not with LC-SH.
introduced into the 20 mL vial on aroma compound headspace Further comparison against literature values shows even higher
concentration as described by Ettre and Kollb)( Results dispersion (Table 3). The comparison can be done considering
presented ifrigure 4 showed that the headspace concentration the activity coefficients)*), the molar partition coefficien),
above the hydroalcoholic solution of ethyl hexanoate was or the concentration partition coefficienk)( since literature
maximum for a liquid volume equal to or higher than 5 mL. results are often expressed using only one of these variables.
Increasing the volume of the liquid sample in the vial did not The parameters used for conversions between these three ways
result in higher headspace concentrations. Therefore, for ourto express volatility are either well-known standard constants
VPC and LC-SH experiments, we have chosen a sample liquid (R, T, Pr, MW, and p) or the saturation pressure of the pure
volume of 5 mL, since in this case the headspace concentrationcompound at the corresponding temperatxg)( The observed
is independent of the liquid sample volume. On the contrary, dispersion withirK andk values was similar, showing that the
for PRV experiments, we have chosen volumes inferior to 5 conversion procedure does not introduce additional errors. This
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Table 2. Experimental Values for Ethyl Hexanoate Partition Coefficients K (mol/mol/mol/mol) in Water at 25 °C, with Three Static Headspace
Methods, PRV, VPC, and LC-SH, for a Single or a Multicomponent Mixture?

PRV VPC LC-SH
ethyl hexanoate K SD K SD K SD
single component 36.21 3.01 35.88 0.99 16.20 0.39
(26.64—-45.78) (33.53-38.24) (15.32-17.08)
multicomponent 40.05 1.85 43.84 5.89 15.17 191
(34.16-45.94) (29.91-57.77) (10.85-19.49)

2 SD, standard deviation. Numbers in parentheses, 95% confidence interval for mean K value.

Table 3. Literature Values for Ethyl Hexanoate Volatility in Water at 25 °C?

standard Pgat y® recalculated with K (mol/mol/ k (mg/L/ liquid concn range
y® at25°C Pzt at 25 °C from ref 12 mol/mol) mglL) (ppm or mg/kg) method ref
dynamic HS methods

(=) (=) 26 323 58.20 4.33E-02 20-1000 exponential dilution 33
14 634 346.13 22 610 49.99 3.72E-02 30 exponential dilution 34
26 428 (=) 20 682 45.73 3.40E-02 20-1000 exponential dilution 11
13300 (=) 13300 29.41 2.19E-02 30 exponential dilution 10

15481 346.73 23960 52.98 3.94E-02 30-1000 exponential dilution 9
(=) (=) 20682 45.73 3.40E-02 20-1000 gas stripping at equilibrium* 11
16 195 223.98 16 192 35.80 2.66E-02 100 gas stripping at equilibrium* 12
18 954 (=) 18 954 4191 3.12E-02 40 gas stripping at equilibrium* 13

static HS methods

6300 (=) 6300 13.93 1.04E-02 2-10 modified VPC 27
11336 223.93 11336 25.06 1.86E-02 10 liquid calibration 35

a Experimental values appear in bold font, calculated values using all parameters from the same work are in bold italic font, calculated values using R, T, P;, MW, and
p are in italic font, and calculated values using Psy at 25 °C from ref 12 are in normal font. For ref 35, y> is given at 27 °C and recalculated with Psy obtained with
experimentally determined Antoine’s equation parameters and with experimentally determined k. (*) The gas stripping at equilibrium method required a liquid calibration. (=)
Value not given.

is expected, since only standard constants are used here. Othough Conner et al2{) did not use liquid calibrations, their
the other handPs; measurements show high dispersion in the K values (Table 3) are much lower than ourBable 2). We
literature; therefore, conversion betweérandy* is likely to have shown that the time required to reach equilibrium is
introduce errors. It can be seenTable 3 that there is a 50%  approximately 4 h, while in the latter work they have only
difference between the minimum and the maximBsgg values waited around 30 min; this may explain the differences.

used iny> calculations. Moreover, the table shows differ- Figure 5B shows that the above discussion regarding static
ences higher than 300%. We have then recalculatefbr all methods is also applicable to isoamyl alcohol, which is much
of the works using a giveRsa value (refl2, in the third column  |ess volatile than ethyl hexanoate witfiKaaround 1 in water at

of Table 3). Here, the differences in the calculated values of 25°C, determined with PRV and VPC methods. Few literature
v dropped from 300 to 200%, showing the significant influence data are available regarding this compound. With a static
of the dispersion of th&s, values. headspace method, van Ruth et 8B)have obtained a value
In addition, Table 3 shows that volatility values obtained with  of gas—liquid partition coefficient at 37C of k = 1.2, that is
dynamic headspace methods are systematically higher than thosé sayK = 1.62 in molar fractions ratio. Considering the higher
obtained with static headspace methods (LC-SH and modified value of temperature in their work, we may conclude that our
VPC). This is so, since in dynamic methods the headspaceexperimental determinations at 2& for this compound are
sample is injected using calibrated automatic gas valves, whichquite consistent with their work. Sancho et @4) have obtained
avoid gas losses. In contrast, in static headspace methodsfor isoamyl alcohol gy of 206 with an exponential dilution
headspace samples are injected using gastight syringes, whicmethod. Using thig® and a value oPsy 0f 442 Pa at 25C
may introduce measurement errors due to leaks and adsorptior(Table 1), we obtained & value of 0.89, which is similar to
of aroma compounds on its wall®g, 36), which may become  ourK values obtained with PRV and VPC; hence, these methods

important when operating in the ppm ran@). seem to work well in this case also.
However, our PRV and VPC result$gble 2) are as good Normally, physicochemical interactions between aroma com-
as those obtained with dynamic HS methotlakfle 3). If it is pounds at the infinite dilution zone are neglected. Nevertheless,

assumed that headspace injection measurements are subjectebme studies have shown the existence of such interactions.
to the same relative error, it can be easily shown that the VPC Bohnenstengel et al3) have shown that when adding large
method eliminates the bias introduced by gas leak and adsorp-amounts of a component in a solution containing between 100
tion, since theK calculations consider the ratio between those and 200 mg L' of other components, interactions between
measurements. In addition, as shown in the Supporting Informa-aroma compounds seem to influence the headspace concentra-
tion, the bias due to the use of syringes is also eliminated with tions of each aroma compound. Besides, it has been shown that
the PRV method. Our LC-SH result¥dble 2) matched those  on hydroalcoholic solutions, when ethyl esters are present in
low K values found in the literature for the same methbal(e concentrations above their solubility, they cause agglomerations
3). These values are much lower than those obtained with thethat affect other aroma volatilities (Z9). Although, it is
dynamic headspace methods, highlighting the detrimental effectworthwhile noting that the above findings do not consider the
of using liquid calibrations for quantifying gas injections. Even infinite dilution zone for all of the species.
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50 10 (v/iv) and 20% (v/v) ethanol led to partition coefficient
A —\Vater reductions of 35+ 3 and 66+ 3%, respectively. Considering
(== Ethanal 10 % (viv) the deviations to the averages values, one may conclude that
40 I Ethanol 20 % {viv) A ) o
the retention effect of ethanol is similar for both aroma

molecules, even if their absolute volatilities in water are initially
very different.

Measuring absolute volatilities in multicomponent mixtures
is difficult with methods that require concentration values of
the liquid sample, like VPC and LC-SH. This is so since
Lﬁr : volatilization of aroma compounds occurs during liquid sample

30 A

20 A

preparation and weighing errors are almost unavoidable even
with high precision balances. On the other hand, PRV seems
the most suitable method to measure absolute volatilities in
multicomponent systems. It does not require an external
LC-8H calibration and does not use liquid concentration measurements
in the calculation of absolute volatilities. PRV only requires

B e that the compounds are at infinite dilution and that the exact
[ Ethanol 10 % (viv) amount of liquid sample is delivered into the vial, since the
I Ethanel 20-% () measurement of the phase ratio () may become an important
source of error.

e £ r In summary, we have shown that absolute volatilities in

Ethyl Hexanoate partition coefficient, Ki

-37%

hydroalcoholic mixtures at infinite dilution can be measured
accurately with PRV and VPC methods, since in both procedures
the errors due to gas leaks and adsorption in gastight syringes
are eliminated. On the other hand, the LC-SH method presents
bias inK determination, since headspace injections are calibrated
with liquid injections, which have different leak and adsorption
patterns. In addition, the three tested methods are suitable to
observe the ethanol retention effect up to 20% v/v for two
different volatile aroma molecules. The use of the PRV method
in the presence of more than 20% (v/v) ethanol is not advisable
due to the reduction of absolute volatility. In this case, changes
in headspace concentration are not sensitive enough to variations
in the volume of the liquid sample in the vidlg).

Existing LC-SH data can be better appraised thanks to the

Our results showed that a 15 component mixture at infinite €xperimental comparison presented in this work. Despite its
dilution, either in water (Table 2) or in 20% v/v ethanol (not Widespread use in aroma research, since it is a low cost and
shown), presented no significant differences for ethyl hexanoate Simple method, LC-SH always underestimate absolute volatility
partition coefficients, when compared to single component values.
mixtures. We assumed that if interactions exist between aroma ) ) ) .
compounds, these should be reflected on the volatility of ethyl ~ Supporting Information Available:  Analysis of the effect
hexanoate or isoamyl alcohol. Hence, on the basis of these®f €xperimental headspace error in the PRV method. This
preliminary results, we can conclude that little or no interactions Material is available free of charge via the Internet at http://
exist between aroma compounds in spirits at the infinite dilution PUPs.acs.org.
region. However, care must be taken since the number of aroma
components quantified in real spirits is at least five times larger LITERATURE CITED
than 15 40); hence, a specific study of interactions would
require an even higher number of components in the mixture.

Infinite Dilution Volatility Measurements in WateEthanol

-B5%

0.5 1

Isoamyl alcohol partition coefficient, Ki

0.0

PRV VPC LC-SH

Figure 5. Ethyl hexanoate (A) and isoamy! alcohol (B) partition coefficients
[K (mol/mal)/(mol/mol)] at 25 °C in water, in 10% ethanol (v/v), and in
20% ethanol (v/v), with three static headspace methods: PRV, VPC, and
LC-SH.

(1) Alessi, P.; Fermeglia, M.; Kikic, I. Significance of dilute region.
Fluid Phase Equilib.1991,70, 239—250.
(2) Conner, J. M.; Paterson, A.; Piggot, J. R. Interactions between

Mixtures. The effect of ethanol [up to 20% (v/v)] on aroma ethyl esters and aroma compounds in model spirit solutidns.
partition coefficients was studied using the three static headspace Agric. Food Chem1994,42, 2231—2234.

methods previously discussed for watéigure 5 gives the (3) Bohnenstengel, F.; Soltani, N.; Baltes, W. Headspace analysis
results obtained for ethyl hexanoate (A) and isoamyl alcohol with large sample volumes. Influence of sample device volume,
(B) in the presence of 10 (v/v) and 20% (v/v) ethanol. Whatever analyte concentration and sample matfixChromatogr. AL993

the method, an increasing quantity of ethanol in the mixture 655, 249—-255.

leads to lower partition coefficient values, a result that was also  (4) Raal, J. D. Characterization of differential ebulliometers for
observed by Conner et al. (27). measuring activity coefficientsAIChE J. 200Q 46, 210-

. . . 220.
There is no major difference between the three methods used, (5) Eckert, C. A.; Sherman, S. R. Measurement and prediction of

§ince e_aCh method gives Similgr reduction in volatility with limiting activity coefficients.Fluid Phase Equilib.1996,116,
increasing presence of ethanéligure 5). Indeed, for ethyl 333—342.

hexanoate, this reduction is on the average of-38% in 10% (6) Alessi, P.; Fermeglia, M.; Kikic, I. A differential static apparatus
(v/v) ethanol and 58t 3.5% in 20% (v/v) ethanol with the for the investigation of the infinitely diluted regioRluid Phase

three methods. In the case of isoamyl alcohol, the presence of Equilib. 1986,29, 249—256.



Comparison of Methods for Measuring Aroma Compound Volatiles

(7) Sandler, S. I. Infinite dilution activity coeficcients in chemical,
environmental and biochemical engineeriRlyid Phase Equilib.
1996,116, 343—353.

(8) Leroi, J. C.; Masson, J. C.; Renon, H.; Fabries, J. F.; Sannier,
H. Accurate measurement of activity coefficients at infinite
dilution by inert gas stripping and gas chromatograig. Eng.
Chem.1977,16, 139—144.

(9) Dufour, C.; Bayonove, C. Interactions between wine polyphenols
and aroma substances. An insight at the molecular l8vAlgric.
Food Chem1999,47, 678—684.

(10) Jouenne, E.; Crouzet, J. Effect of pH retention of aroma
compounds by-lactoglobulin.J. Agric. Food Chem2000,48,
1273-1277.

(11) Landy, P.; Courthaudon, J. L.; Dubois, C.; Voilley, A. Effect of
interface in model food emulsions on the volatility of aroma
compoundsJ. Agric. Food Chem1996,44, 526—530.

(12) Le Thanh, M.; Lamer, T.; Voilley, A.; Jose, J. Determination
des coefficients de partage vapeur-liquide et d’activite de
composes d'arome a partir de leurs caracteristiques physico-
chimiques.J. Chim. Phys1993,90, 545—560.

(13) Lubbers, S.; Charpentier, C.; Feuillat, M.; Voilley, A. Influence
of yeast walls on the behaviour of aroma compounds in a model
wine. Am. J. Enol. Vitic.1994,45, 29-33.

(14) Knoop, C.; Tiegs, D.; Gmehling, J. Measurement of “gamma
infini” using gas—liquid chromatography. 3. Results for the
stationary phases 10-nonadecanone, N-formylmorpholine, 1-pen-
tanol,m-xylene, and toluengl. Chem. Eng. Dat&989,34, 240—
247.

(15) Ettre, L. S.; Kolb, B. Headspace-gas chromatography: the
influence of sample volume on analytical resutbromatograph-
ia 1991,32, 5-12.

(16) Ettre, L. S.; Welter, C.; Kolb, B. Determination of gas—Iliquid
partition coefficients by automatic equilibrium headspace-gas
chromatography utilizing phase ratio variation methodology.
Chromatographial993,35, 73-84.

(17) Gosset, J. M. Measurement of Henry’s law constants for C1 and
C2 chlorinated hydrocarbonEnviron. Sci. Technol1987,21,
202—208.

(18) Hussam, A.; Carr, P. W. Rapid and precise method for the
measurement of vapor/liquid equilibria by headspace gas chro-
matographyRadiat. Eff. Defects Solids985, 793—801.

(19) Kolb, B.; Welter, C.; Bichler, C. Determination of partition
coefficients by automatic equilibrium headspace gas chroma-
tography by vapor phase calibratioBhromatographial992,

34, 235—240.

(20) Whitehead, P. G.; Sandler, S. |. Headspace gas chromatography

for measurement of infinite dilution activity coefficients of C4
alcohols in waterFluid Phase Equilib.1999,157, 111—-120.

(21) Buttery, R. G.; Ling, L. C.; Guadagni, D. G. Volatilities of
aldehydes, ketones, and esters in dilute water soluliofgric.
Food Chem1969,17, 385—389.

(22) Nahon, D. F.; Harrison, M.; Roozen, J. P. Modeling flavor release

from aqueous sucrose solutions, using mass transfer and partition

coefficients.J. Agric. Food Chem2000,48, 1278—1284.

(23) Chaintreau, A.; Grade, A.; Mufioz-Box, R. Determination of
partition coefficients and quantitation of headspace volatile
compoundsAnal. Chem1995,67, 3300—3304.

(24) Sancho, M. F.; Rao, M. A.; Downing, D. L. Infinite dilution
activity coefficients of apple juice aroma compoundsFood
Eng.1997,34, 145—158.

(25) Vitenberg, A. G.; loffe, B. V.; Dimitrova, Z. S.; Butaeva, I. L.
Determination of gas—Iliquid partition coefficients by means of
gas chromatographic analysk.Chromatogrl1975,112, 319—
327.

J. Agric. Food Chem., Vol. 52, No. 7, 2004 2027

(26) Fabre, M.; Aubry, V.; Guichard, E. Comparison of different
methods: static and dynamic headspace and solid-phase mi-
croextraction for the measurement of interactions between milk
proteins and flavor compounds with an application to emulsions.
J. Agric. Food Chem2002,50, 1497—1501.

(27) Conner, J. M.; Birkmyre, L.; Paterson, A.; Piggot, J. R.
Headspace concentrations of ethyl esters at different alcoholic
strengthsJ. Sci. Food Agric1998,77, 121—126.

(28) Pefiay Lillo, M.; Agosin, E.; Athes, V.; Bordeu, E.; Casaubon,
G.; Latrille, E.; Martin, N.; Pérez-Correa, R.; Souchon, |. Relation
between odour perception and physicochemical properties of
volatile compounds in chilean Pisco spirit.Fflavour Research
at the Dawn of the Twenty-First Centurize Queg, J. L.,
Etiévant, P., Eds.; Lavoisier: Cachan, France, 2003; pp-686
689.

(29) Perry, R. H.; Green, D. WPerry’'s Chemical Engineers’
Handbook; M. G. Hill: New York, 1984.

(30) Sander, RCompilation of Henry’s Law Constants for Inorganic
and Organic Species of Potential Importance invEonmental
Chemistry, 3rd version. Available online: http://www.mpch-
mainz.mpg.de/~sander/res/henry.html (accessed 2003).

(31) Reid, R. C.; Prausnistz, J. M.; Poling, B. Ehe Properties of
Gases and Liquids, 4th ed.; McGraw Hill Professional: New
York, 1987.

(32) Wild, C. J.; Seber, G. A. R2hance Encounters; John Wiley &
Sons: New York, 2000.

(33) Landy, P.; Druaux, C.; Voilley, A. Retention of aroma com-
pounds by proteins in aqueous solutiéimod Chem1995,54,
387—-392.

(34) Langourieux, S.; Crouzet, J. Study of aroma compotnds
polysaccharides interactions by dynamic exponential dilution.
Lebensm.-Wiss. Techndl994,27, 544—549.

(35) Jung, D. M.; Ebeler, S. E. Heasdpace solid-phase microextraction
method for the study of the volatility of selected flavor
compoundsJ. Agric. Food Chem2003,51, 200—205.

(36) Guitart, R.; Puigdemont, A.; Arboix, M. Rapid headspace gas
chromatographic method for the determination ofl liquid/gas
partition coefficientsJ. Chromatogr.1989,491, 271—280.

(37) Burnett, M. G. Determination of partition coefficients at infinite
dilution by the gas chromatographic analysis of the vapor above
dilute solutionsAnal. Chem1963,35, 1567—1570.

(38) van Ruth, S. M.; Grossmann, |.; Geary, M.; Delahunty, C. M.
Interactions between artificial saliva and 20 aroma compounds
in water and oil model systemd. Agric. Food Chen2001,49,
2409—-2413.

(39) Conner, J. M.; Paterson, A.; Piggot, J. R. Agglomeration of ethyl
esters in model spirit solutions and malt whiskiésSci. Food
Agric. 1994,66, 45-53.

(40) Herraiz, M.; Reglero, G.; Herraiz, T.; Loyola, E. Analysis of
wine distillates made from Muscat grapes (Pisco) by multidi-
mensional gas chromatography and mass spectrondethgric.
Food Chem1990,38, 1540—1543.

(41) Gmehling, J.; Onken, U.; Artl, W.; Grenzheuser, P.; Weidlich,
U.; Kolbe, B.; Rarey, JVapour-Liquid Equilibrium Data
Collection, Part 1; DECHEMA: Dortmund, Germany, 1991.

Received for review September 9, 2003. Revised manuscript received
January 20, 2004. Accepted January 25, 2004. This work was supported
by Grants CONICYT, MECESUP-PUC 9903, French Government, and
by projects ECOS-CONICYT C00BO08.

JF0350257



