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Liquid/Gas Partition Coefficients of Aroma Compounds and n-Alkanes
between Aqueous Ethanol Mixtures and Nitrogen

Albert L. Baner and Otto G. Piringer*

Fraunhofer-Institut ILV, Schragenhofstrasse 35, D-80992 Munich, Germany

Equilibrium liquid/gas partition coefficients between aqueous ethanol solutions and nitrogen were measured
using a cocurrent gas/liquid equilibrium column for rn-alkanes (pentane to hexadecane) and 13 different
aroma compounds at very dilute concentrations. The operation of the column is described, and the results
are compared to available literature results. The partition coefficients are compared to estimations made
using the UNIFAC and GCFLORY (group-contribution Flory equation of state) activity coefficient estimation
models. The estimations are generally accurate within an order of magnitude, with some exceptions.

Introduction

Equilibrium partitioning of aroma compounds between
foods and their package headspace plays an important role
in migration and food quality considerationsin food/package
systems. Essential datarequired are vapor/liquid equilibrium
(VLE) data for aroma compounds at room temperature (22—
27 °C). Aroma compounds are largely unsaturated oxygen-
containing compounds having complex molecular structures
with molecular weights ranging from 100 to 300. These
compounds tend to have very low volatilities at room
temperature (pure component vapor pressures <1.3 KPa)
and are mostly present in foods in dilute concentrations (x;
<1X10%.

Pure component properties such as vapor pressure (espe-
cially at room temperature), critical temperatures and pres-
sures, dipole moments, densities (some aromas are solid at
room temperature), etc. are often not available and thus
effectively prevent the use of most correlative estimation
methods as well as effective use of vapor-phase corrections
needed for many VLE measurement methods. Other VLE
estimation methods such as the various group-contribution
methods are semiempirical in nature and are based on VLE
data of low molecular weight solvent compounds with simple
structures which results in estimations of aroma properties
with a high degree of uncertainty. Furthermore, foods and
food matrices are very complex and labile mixtures, so from
practical and analytical considerations it is necessary to use
food simulants to model VLE behavior in food systems (1-3).
The goal of this work was to measure partition coefficient
VLE data for aromas with low volatilities between relatively
volatile ethanol and aqueous ethanol mixtures and nitrogen
at 25 °C.

The lack of accurate pure component vapor pressures for
aromas effectively limits accurate VLE measurements to
equilibrium partition coefficients since the pure vapor
pressures (standard-state fugacity) are needed to determine
activity coefficients for some alternative experimental meth-
ods. Methods such as ebulliometry (¢4) and distillation (5)
cannot use ethanol and ethanol/water solvent systems at 25
°C. Headspace gas chromatography (6) suffers from insen-
sitivity to involatile compounds, and inert gas stripping (also
exponential dilutor method) (7) has not been used for solvent
mixtures and may suffer from changes in the solvent phase
during the stripping process. Gas chromatographic (GC)
retention time methods (8, 9) require that the solute be more
volatile than the solvent which eliminates these types of
methods from consideration.
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At 25 °C and atmospheric pressure there are effectively
two types of approaches for direct determination of aroma
compound equilibrium partition coefficient data between
liquids and gases. One is a kinetic method based on the rate
of loss of a substance from liquid by stripping with an inert
gas (gas purge method) (10). The other is a thermodynamic
method where the air and water concentrations are measured
and the partition coefficients are calculated as their ratio
(11). Recently GC equilibrium headspace methods have been
reported (12, 13) whereby only headspace concentrations need
to be determined.

The advantages of the kinetic method are the relatively
small vessel volumes in gas-water contact and consequently
small adsorptionareasand equilibrium times. A disadvantage
of the kinetic method lies in the need of a model. All models
are approximations, and the use of mass-transfer coefficients
for the evaluation of thermodynamic partition coefficients is
a principal disadvantage. A consequence of using such
approximations is the possibility of introducing systematic
errors of unpredictable magnitudes.

The advantage of the static, thermodynamic method is the
direct determination of the equilibrium concentrations inthe
two phases. The disadvantage is the long equilibrium time
for a large gas volume with a large gas to vessel interface and
the associated adsorption phenomena, as well as the need for
very careful handling of the gas sample for analysis so that
the gas/liquid equilibrium is not disturbed.

In order to combine the advantages and avoid the disad-
vantages of the above two approaches, a dynamic method
using a column operating in cocurrent mode that produces
a guaranteed phase equilibrium was used. In this paper, the
apparatus and its mode of operation are described and
equilibrium partition coefficients for 13 aromas and n-alkanes
from pentane to hexadecane partitioned between ethanol and
aqueous ethanol mixtures at 25 °C are reported. The
equilibrium partition coefficients are then compared with
values estimated by the UNIFAC and group-contribution
Flory equation of state (GCFLORY) group-contribution
activity coefficient estimation models.

Apparatus and Procedure

Liquid/air partition coefficients were measured using
cocurrent flows of liquid and air (nitrogen) in a thermostated
gas/liquid equilibrium column (Normag GmbH, Hofheim/
Taunus, Germany). The column itself has been previously
used (14, 15). Figure 1 shows ascheme of the column system
used. This continuous-flow method under steady-state
operation conditions uses very large liquid and gas volumes
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Figure 1. Schematic diagram of the gas/liquid equilibrium
column apparatus.

so that errors due to adsorption on the surfaces of the
apparatus are negligible. The column has a thermostated
2-L upper reservoir (A), a metering valve for controlling the
liquid flow rate (B), asample valve for removing liquid samples
from the upper reservoir (C), and a thermostated gas stripping
column (D) that allows for long contact times between a thin
film of liquid flowing along a glass spiral wound on a
thermostated inner tube and a cocurrent flow of nitrogen.
The geometry of the glass helix ensures sufficient contact
time for the establishment of partition equilibrium. The
column has an effective spiral length of 62 ¢cm, an inner
diameter of 1.5 cm, an outer diameter of 3.0 ¢cm, and a total
length of 115 cm. At a flow rate of 130 cm3:h-! a drop of water
requires 250 s to travel through the column. At the bottom
of the column the liquid flows through a capillary tube, which
serves to separate the gas and liquid phases, and then into
a collecting reservoir (E). The saturated nitrogen stream then
passes through two gas washing bottles in series with no. 2
pore frits containing ethanol held at 0 °C using a polyethylene
glycol bath (F).

The column temperature was held at 25 & 0.5 °C using two
Lauda RCS6 (Messgerdte-Werk Lauda GmbH, Lauda-
Konigshofen, Germany) circulating water baths with R22
remote temperature controllers and Pt(100) thermal resis-
tance temperature sensors for controlling temperature. The
actual temperature at the end of the column was measured
with a Pt(100) temperature sensor and recorded on a strip
chart recorder. The incoming nitrogen stream was condi-
tioned at 25 °C by flowing it through a coil in the water bath.
The flow rate was controlled to within £1 cm3-min-! using a
MKS Instruments (Munich, Germany) Model 1259C 500 cm?
mass flow controller with a MKS PR-3000 controller which
had an accuracy of 0.8 % of full scale and a resolution of 0.1%
of full scale. The nitrogen stream was saturated with ethanol
and water vapor (depending on the liquid phase being
measured) by passing it through a gas washing bottle
containing the liquid-phase solvent with a no. 2 frit (G) prior
to entering the column. The nitrogen flow at the end of the
column was remeasured using a soap bubble flow meter.
Additional temperature control was provided by heating tapes
and strings (Horst Laborgeridte GmbH, Lindefels-Seidenbuch,
Germany) connected to Normag digital proportional tem-

perature controllers with Pt(100) sensors at the liquid
sampling valve (B), the nitrogen conditioner (G), and the gas
outlet at the end of the column.

It is important when the column is operating at temper-
atures above room temperature that the liquid from the water
bath flows first through the outer jacket of the column and
then into the inner tube to prevent condensation on the outer
column wall. To overcome the slight back-pressure created
by the two gas washing bottles at the end of the column, a
pressure-equalizing tube was connected between the bottom
of the column and the top of the reservoir (H). This helped
to maintain a constant flow of liquid throughout the course
of a measurement.

A measurement was begun by filling the upper reservoir
with a measured volume of liquid solvent containing a mixture
of solutes and allowing it to equilibrate for 30 min. Theliquid
mixture contained a mixture of 13 aromas each having a mole
fraction of 7.7 X 10-¢ (total solute mole fraction 1 X 10-4)
which corresponds to individual aroma concentrations of 12-
24 ppm (ug-cm=3). The n-alkanes were measured using a
mixture of 9 n-alkanes having mole fractions of 1 X 10 for
ethanol, 3.0 X 10-7 to 4.0 X 10-® for w; = 0.66 aqueous ethanol
and 7.0 X 10-8 to 1.9 X 10-% for 0.33 w; = aqueous ethanol
corresponding to 129-392, 1.8-84, and 0.77-58 ppm.

Prior to beginning a measurement, the system was pre-
conditioned by flowing the gas and liquid streams under
experimental conditions for 1 h. This is done to ensure the
column reaches equilibrium as soon as possible after starting
a measurement. After the conditioning period, the gas and
liquid flows were temporarily halted, a sample was taken from
the upper reservoir and collection flask (E), and gas washing
bottles (F) were changed. The liquid flow was then rees-
tablished and the experiment begun with the flow of gas
throughthe column. After 12-14h (overnight) the experiment
was complete and the volumes of liquid in the upper reservoir,
collection flask, and gas washing bottles were measured.
Samples for GC analysis were taken from the upper reservoir,
the collection flask, and the two gas washing bottles. The
liquid/gas partition coefficient, Ky,;¢, defined as the ratio of
the concentration of solute in the liquid phase (g-cm=?) to the
concentration in the gas phase (g.cm—®) was calculated using
eq 1,where au are the GC area units for a partitioned substance,

_ (aup)tvg(cal;)
((aug ;) Vg + (aug9) Vg o) (caly)

KL/G 1

V is the volume (cm?3) at the end of a run, ¢ is the time (s),
v (cm3s71) is the volumetric flow of the gas, and cal is the GC
calibration factor (g-cm-3-au-!) for the respective phases. The
subscripts L, G, 1, and 2 stand for liquid, gas, and gas washing
bottles 1 and 2, respectively. A percent recovery was
calculated using eq 2,where the subscripts UO and UE stand

% recovery = 100[[(cal; )((auyg) Vyg + (auy) V) +
(Cal(})((auq,l) VG,l + (augy) VG,2)]/ [(caly ) (auyg) Vyoll (2)

for the upper reservoir concentration at the beginning and
end of a measurement.

The liquid/gas partition coefficient can also be calculated
using the concentration difference between the upper reservoir
and the lower reservoir provided a significant difference
between the upper and lower reservoir concentrations can be
measured:

_ (aup)tvg
[((auyg + auyg)/2) — aug]

Kyje @)

The initial column operating parameters were taken from
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Table 1. Purities of Test Compounds

purity purity
aroma compd (mass %) n-alkane (mass %)

D-limonene 94.2 pentane >99
diphenylmethane 94.2 hexane >99
linalyl acetate 91.8 heptane >99
camphor 94.1 octane >99
diphenyl oxide 99.9 nonane >99
isoamyl acetate 98.0 decane >98
y-undelactone 98.0 dodecane >98
eugenol 98.6 tetradecane >99
citronellol 96.2 hexadecane >98
dimethylbenzylcarbinol 99.6

L-menthol 99.2

phenylethyl alcohol 99.7

cis-3-hexenol 94.1

previous work with this column (I4, 15). The optimal
operating nitrogen gas flow rates for these traps were evaluated
using a mixture of n-alkanes (pentane to dodecane) in ethanol
with a liquid flow rate of 1-3 cm®min-! over 12-15 h and
determined to be 100-300 cm3-min-!, taken as the minimuim
of a curve of K1 plotted versus the gas flow rate.

It was found that Ky, calculated using concentration
differences (eq 3) worked only for the more volatile solutes
and is best used as a control to check the Ky, calculated
using the solvent trap (eq 1). Solutes with low volatilities
show practically no measurable concentration change in the
liquid phase. If the concentration difference Ky g is smaller
than the solvent trap Ky g, then the trap is not retaining all
of the substance from the gas phase.

The effect of solute concentration in the liquid phase was
tested by increasing the concentration of the aroma mixture
in a w; = 0.50 aqueous ethanol solution 20 times (from ~20
ppm (ug-cm-1) to ~244 ppm). The result was such that within
the method’s experimental uncertainty no significant dif-
ference at & = 0.05 was seen between the measured partition
coefficients.

Materials

Ethanol (purity >99.8% mass %) from Merck (Darmstadt,
Germany) and deionized laboratory water were used to make
up the liquid phase. Nitrogen (99.9999% pure) (purity 5.0,
GC grade) from Linde (Munich, Germany) was used.

Aromas were supplied by Drom Parfiiméle KG (Baier-
brunn, Germany), and the n-alkanes were from Fluka Chemie
(Buchs, Switzerland). The purities of the aromas determined
by GC are given in Table 1 together with the purities of the
n-alkanes which were used as purchased.

The aromas were analyzed with a Hewlett-Packard (HP)
HP58901I1 capillary GC with a HP 7673A automatic sampler.
The column was a 0.5-um Supelcowax 10 (Supelco, Inc.,
Bellefonte, PA), 30 m X 0.32-mm i.d., and the carrier gas H,
had a 40 cm+s! linear velocity. The temperature program
was 65 °C for 6 min and then an 8 K-min-! ramp up to 230
°C for 5 min. The injection volume was 2 uL, and the split
ratio was 10 to 1 for the solvent trap samples and 40 to 1 for
the liquid-phase samples.

The n-alkanes were analyzed with a Hewlett-Packard
HP5890 capillary GC with a HP 7671A automatic sampler.
The column was a 5.0-um DB-1 (J&W, Folsom, CA), 30 m X
0.32-mm i.d., and the carrier gas H; had a linear velocity of
40 cm-s-1. The temperature program was 40 °C for 0 min and
thena 15 K-min-! ramp up to 240 °C for 24 min. The injection
volume was 2 uL, and the split ratio was 10 to 1 for the solvent
trap samples and 40 to 1 for the liquid-phase samples.

Estimation of Equilibrium Partition Coefficients
from Activity Coefficients

For dilute concentrations of solute in the gas and liquid
phases the mole fractions can be approximated by

Table 2. Table of Uncertainties

Systematic Uncertainties
absolute relative
uncertainty uncertainty
gas flow rate 0.001
time (900 min) 2 0.00222
volume 1 (100 cm3) 0.5 cm? 0.005
volume 2 (100 cm?) 0.5 cm? 0.005
GC area units 0.025-0.050
GC calibration 0.033-0.054
total systematic uncertainty 0.075
Random Uncertainties
w;(ethanol) range of cv@ (%)
Solvent Trap K1/¢
n-alkanes 1.0 9.7-36
0.66 8.8-32
0.33 4.8-43
aromas 1.0 6.7-33
0.75 9.3-20
0.50 11-66
0.35 5.7-36
Concentration Difference K1/
n-alkanes 1.0 6.5-21
0.66 13-44
0.33 2.7-42

Total K1,/c Measurement Uncertainties

solute w;(ethanol) range of ¢v® (%)
Solvent Trap Measurements

n-alkanes 1.0 12.1-37.8
0.66 11.4-34.0
0.33 8.72-44.5

aromas 1.0 9.89-35.0
0.75 11.8-23.0
0.50 13.2-67.0
0.35 9.24-38.1

Concentration Difference Measurements

n-alkanes 1.0 18.0-24.0
0.66 15.3-45.6
0.33 7.76-43.6

s cv (%) = percent coefficient of variation = 100(sd)/av.

y& =~ eVo/M;~ cCRT/MP @
xl~ VM, (5

where c; is the concentration (mass per unit volume), M; is
the solute molecular weight, V is the molar volume of the
liquid or gas, R is the gas law constant, T is in kelvin, and P
is the total system pressure. The equilibrium concentration
partition coefficient, Ky, is defined as the ratio of the
concentration (mass per unit volume) of the solute in the
liquid (¢;L) to the concentration (mass per unit volume) of the
solute in the gas (¢;®). Combining eqs 4 and 5 with the
definition of the partition coefficient gives

where ® is the gas-phase fugacity coefficient. If the behavior
in the gas phase is assumed to be nearly ideal, then

K= CiL/CiG = RT/(v*V P®) N

It should be noted that the concentration ratio definition of
the partition coefficient is the same using either mass or molar
concentration ratios. ‘

The original version of UNIFAC (16) using the interactive
BASIC program written by Sandler (17) updated with the
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Table 3. n-Alkanes: Experimental versus Estimated K, Data at 25 °C/

alkane av®  sd® cv? UNIFAC* GCFLORY*  alkane av® sde cvt  UNIFAC" GCFLORY?
w;(ethanol) = 1.0

pentane K g 79 176 10 100 61 decane Ky, 17000 6100 36 9500 9500
Mé ¢ 25 1.2 49 MB % 1.9 14 75
no.d 4 no. 9

hexane Ky 200 14 7 270 180 dodecane  Kr,G 120000 38000 32 89 000 76 000
MB% 28 25 89 MB % 1.6 14 89
no. 5 no. 7

heptane Ki/g 530 66 12 700 510 tetradecane Ki,g 5100006 140000 27 610 000 580 000
MB% 28 20 71 MB % 2.2 14 63
no. 6 no. 5

octane K¢ 1500 170 12 1800 1400 hexadecane K, 1500000¢ 840000 220000 4300000 4200000
MB% 26 3.0 120 MB % 3.5 2.7 4.3
no. 6 no. o

nonane K 4900 130 3 4900 4000
MB% 06 05 89
no. 3

w;(aqueous ethanol) = 0.66

pentane Kpg 95 1.2 13 29 4.3 decane Kiie 420 55.0 13 1000 62
MB% 4 5.5 35 MB % 29 2.6 89
no. no. 5

hexane Kic 17 286 15 60 7.7 dodecane  Kr,c 2000 180 9 5000 180
MB% 52 4.0 77 MB % 2.7 1.5 55
no. 4 no. 6

heptane Kisg 36 6.0 17 130 14 tetradecane K, 7700 2500 32 22 000 540
MB% 22 1.6 70 MB % 10 12 120
no. 4 no. 5

octane Kpi 89 39.0 44 260 24 hexadecane Ki,g 96008 15000 3800 96 000 1500
MB% 14 13 98 Mé 5 3.2 3.9 2.5
no. 8 no. 2

nonane Kpg 130 160 90 550 40
MB% 20 7.2 36
no. o

w;(aqueous ethanol) = 0.33

pentane Kig 0.24 0.079 33 7.1 0.077 decane Ky 15 54 0.044
MB% 56 16 28 MB % 17
no. 4 no. 1

hexane Ky 0.19 0.0093 5 11 0.073 dodecane Kp 7.5 3.2 43 140 0.038
MB% 60 12 20 MB % 29 21 73
no. 3 no. 6

heptane K, 039 0.14 36 17 0.067 tetradecane Ki,c 17 5.5 33 340 0.031
MB% 47 24 52 MB % 30 20 68
no. 5 no. 7

octane Kr/g 057 0.11 20 26 0.062 hexadecane Kr,c 56 19 34 800 0.024
MB % 48 24 51 MB % 17 14 81
no. 4 no. 7

nonane Ky 1.2 0.28 23 40 0.056
MB% 56 89 16
no. 4

9 av = average value. ? cv = percent coefficient of variation (100 (sd)/av). ¢ MB % = average absolute percent mass balance, deviation from
100%. 4 no. = number of observations. € sd = standard deviation. / From difference K1,/ measurements. ¢ Value has high analytical uncertainty.
h UNIFAC and GCFLORY estimates calculated at experimental concentrations (eq6). ¢ Experimental molar fraction concentrations at w;(ethanol):
1.0, 1 X 104; 0.66, 3.1 X 10-7 to 4 X 105 0.33, = 3.1 X 107 to 4 X 10-5. / Ranges are given in place of sd and cv.

fifth update set of interaction parameters (I18) was used to
estimate the activity coefficient of the solutes at x; ~ 1 X 105,

GCFLORY calculations were carried out as described in
ref 19 using the POLGEOS FORTRAN progam (version
March 5, 1991) obtained from the authors. A newer version
of GCFLORY which has been optimized solely for solute/
polymer systems is notsuitable for estimation of VLE behavior
of low molecular mass systems like these (20). GCFLORY
calculates a weight basis activity coefficient which is converted
to a mole fraction basis activity coefficient by multiplication
with the ratio of the molecular weight of the solvent to that
of the solute.

The saturated partial vapor pressures of the n-alkanes at
25 °C were estimated using the correlation of Ambrose and
Walton (21). Vapor pressures for the aroma compounds at
25 °C when outside the Antoine equation temperature limits
in refs 22 and 23 were estimated by extrapolating data from
higher temperatures using the modified Miller equation as
described in ref 24.

Fugacity coefficients for the gas phase were calculated using
the correlation of Hayden and O’Connell (26). Pure com-
ponent parameter data were used where available (25-28);
otherwise critical temperatures and pressures were estimated
using Joback (25). The mean radius of gyration was estimated
using the correlation with the parachor. The dipole moments
and association and interaction parameters were estimated
using those of similar substances.

Error Analysis

The error analysis was conducted using the principles
outlined by Taylor (29). A summary of the error analysis is
presented in Table 2, listing ranges for the uncertainties.

Results

n-Alkanes. n-Alkane Kp,g values in ethanol found in
Table 3 were compared to regressed In v vs 1/T estimates
from published infinite dilution activity partition coefficient
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Figure 2. Experimental liquid/gas partition coefficients for
n-alkanes between ethanol and nitrogen versus literature data
at25°C: (a) Tiegsetal.(30),(- - -) PDD (31), (-~) experimental
regression line confidence bounds, (O) experimental data.

Table 4. Linear Regression Equations log K1, vs Number
of n-Alkane Carbon Atoms (no. of C)

experimental data r2=0.988 log Ki/c = 0.439(no. of C) - 0.304
Tiegs et al. ré=1 log Ky/6 = 0.44(no. of C) - 0.41
PDD correlation r2=1 log Ki/¢ = 0.42(no. of C) - 0.32

data (30) and the experimental data correlation of Pierotti,
Derr, and Deal (PDD) (31). The infinite dilution partition
coefficients using these activity coefficients were calculated
using eq 6. The calculated vapor-phase fugacity coefficients
for a vapor-phase concentration of y; = 104 ranged from 0.988
t0 0.958. Figure 2 compares these Ki,;¢ data with published
experimental data. The logarithms of partition coefficients
of a homologous series of compounds are linear with the
molecular weight or in this case the number of carbon atoms
(no. of C). The linear regression line equations for the data
in Figure 2 are given in Table 4.

At the a = 0.05 level of confidence the slope of the
experimental data is not significantly different from that of
the regressed DECHEMA data line but is significantly larger
than that of the PDD correlation. The intercepts of the
DECHEMA and PDD correlation are not significantly
different from the experimental intercept at the o = 0.05
level of significance.

Table 3 summarizes the experimental Ky for n-alkanes
in ethanol and aqueous ethanol solutions and compares them
to the UNIFAC and GCFLORY estimations. There are
several recognizable trends and some limitations of the results
that should be pointed out. As the ethanol solution becomes
more aqueous K|, decreases while its variability increases.
The increase in scatter can also be seen in the increase in the
variation of the absolute mass balance as the liquid phase
becomes more aqueous. This is largely due to the analytical
problems of injecting aqueous solutions into gas chromato-
graphs using split injection. The large mass balance deviations
found with the aqueous solutions can be attributed to sampling
and chromatographic errors in the initial liquid-phase con-
centrations. The Ky, are believed to be correct because
values calculated using the liquid-phase concentration dif-
ference in eq 3 agree with Ky, values calculated using the
solvent traps in eq 1. Some liquid-phase concentration
difference K1,;c values (eq 3) are included in Table 3 because
of GC separation problems between the ethanol and nonane
and decane peaks. The peak areas for tetradecane and
hexadecane in the pure and w; = 0.66 ethanol solutions were
near the GC detection limit; thus, they could contain large
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Figure 3. Experimental liquid/gas partition coefficients for
dodecane between aqueous ethanol and nitrogen versus
UNIFAC- and GCFLORY-estimated partition coefficients
at25°C: (*) PDD (30), (0) Drozd et al. (32), (- - -) GCFLORY,
(~+) UNIFAC, (O) experimental,

systematicerrors and should be treated as approximate values.

n-Alkanes: Comparison of Estimated with Experi-
mental Results. Figure 3 is a representative example of
how the UNIFAC and GCFLORY partition coefficient
estimations for n-alkanes vary with ethanol weight fraction.
Figure 3 is the dodecane calculated at the experimental mole
fractions using eq 6 compared with experimental partition
coefficient data. In general, UNIFAC overestimates and
GCFLORY underestimates the partition coefficient, with the
deviations becoming markedly larger the more aqueous the
liquid phase and the larger the n-alkane molecule. Neither
estimation comes close to the estimation of the correlations
for n-alkanes in water of Pierotti, Deal, and Derr, (31) and
that using an extrapolation of Drozd et al.’s (32) data. The
UNIFAC- and GCFLORY-estimated partition coefficients
are essentially constant over the experimental molar con-
centration ranges used. The effect of the calculated fugacity
coefficients on the estimated K1, values was insignificant,
ranging from 0.964 for heaxadecane in the vapor phase above
ethanol to 0.992 for pentane in the vapor phase above the w;
= 0.33 aqueous ethanol solution.

The uncertainty (9-67% of average Ki,g; see Error
Analysis) of the experimental measurements is much smaller
than the difference between the model estimates and the
experimental means. Neither UNIFAC nor GCFLORY gave
good estimations for Drozd et al.’s and Pierotti et al.’s n-alkane
partition coefficients in water. An average of the UNIFAC
and GCFLORY estimations would result in estimations very
close to the experimental data.

Aroma Compounds. Table 5 summarizes the measured
partition coefficient results for 13 aroma compounds in
ethanol and aqueous ethanol solutions and compares them
to the UNIFAC and GCFLORY estimations (using eq 6 and
the experimental solute concentrations). The experimental
aroma measurements behaved similarly to those of the
n-alkanes in the way the Ki g decreased and the absolute
mass balances increased with increasing aqueous content.
The literature contains no experimental partition coefficient
data to make comparisons with for these compounds. The
polar aromas were more difficult to measure than the alkanes
because they have a greater affinity for the liquid phase;
therefore, the difference in the liquid phase before and after
stripping was too small and the K¢ liquid-phase difference
method (eq 3) was not used. The alcohols and less volatile
aromas such as eugenol and v-undelacetone were particularly
difficult to measure, and their concentrations in the solvent
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Table 5. Aroma Compounds: Experimental versus Estimated Ky ;g Data at 25 °C#

substance av sd¢ cv¢ UNIFAC* GCFLORY* substance av¢ sd? cv¢ UNIFACP GCFLORY*
wi(ethanol) = 1.0
isoamyl Kp,x1000 13 1.9 14 12 140 dimethylbenzyl- Ki,g X 1000 640 180 28 1500 2700
acetate MG % 28 24 84 carbinol MB % 44 19 42
no. 6 no. 4
D-limonene K, X 1000 16 2.6 16 8.3 0.71 phenylethyl K1 X1000 670 49 1 2300 6700
B % 28 23 83 17 alcohol MB % 22 16 71
no. 6 no. 3
cis-3-hexenol Kp, X 1000 140 30 22 220 260 diphenyl- Kp,gx100 530 180 33 430 5400
MB % 40 18 45 methane MB % 38 19 50
no. 5 no. 6
camphor Ky, X 1000 150 10 7 170 71 diphenyl Ky <1000 570 160 28 900 830
MB % 46 1.9 42 5200 oxide MB % 45 19 42
no. 4 no. 4
linalyl K, X 1000 320 46 14 300 350 eugenol® K6 X 1000 740 31 000 1200
acetate MB % 50 23 46 MB % 4.3
no. 4 no. 1
menthol Kp,x1000 700 210 29 1500 1600 vy-unde- Ky 6 X 1000 9900 9800
MB % 41 23 57 2100 lactone® MB % 12 00¢¢
no. 5 no.
citronellol K16 X 1000 330 4100 4600
MB % 2.4
no. 2
w;(aqueous ethanol) = 0.75
isoamyl Ky %1000 55 0.61 11 82 3.9 dimethylbenzyl- K, X 1000 660 550 340
acetate MB % 6.0 48 80 carbinol MB % 12
no. 4 no. 2
D-limonene K, X1000 11 1.0 9 2.7 0.93 phenylethyl K6 X 1000 600 1200 4600
MB % 25 09 35 10 alcohol MB % 11
no. 3 no. 2
cis-3-hexenol Ki, X 1000 95 15 16 180 210 diphenyl- Ky, x1000 240 42 17 58 190
MB % 73 54 14 methane MB % 80 59 T4
no. 4 no. 4
camphor Kix1000 97 11 11 87 15 diphenyl Ky, x1000 240 37 15 340 530
MB % 77 59 76 25¢ oxide MB % 76 6.3 82
no. 4 no. 4
linalyl K16 x1000 130 26 20 160 74 eugenol® Ky, %1000 640 160 25 350000 30 000
acetate MB % 7.7 6.4 82 MB % 79 72 91
no. 4 no. 3
menthol Ky, xX1000 670 82 12 540 150 y-unde- Ky X 1000 1100 100 9 3200 1600
MB % 91 6.1 67 37 lactone® MB % 102 76 174 24004
no. 3 no. 3
citronellol Kp,6 X 1000 210 1800 740
MB % 2.8
no. 2

w;(aqueous ethanol) = 0.50

isoamyl Kiex1000 1.2 022 19 29 0.35 dimethylbenzyl- Ki,c X 1000 270 61 23 120 29
acetate MB % 49 28 58 carbinol MB % 1.5 030 20

no. 4 no. . 4

D-limonene Ki/6 1000 0.24 0.045 19 041 0.092 phenylethyl Kr,c X 1000 490 320 66 360 1200
MB % 7.0 33 47 0.66¢ alcohol MB % 42 54 130
no. 4 no. 3

cis-3-hexenol Kp X 1000 35 4.4 13 79 91 diphenyl- Ky, x 1000 27 38 14 53 15
MB % 1.2 084 67 methane MB % 88 14 160
no. 4 no. 4

camphor Kpgx1000 23 28 12 23 1.1 diphenyl Kp,6 %1000 25 33 14 43 150
MB % 10 12 120 1.9¢ oxide MB % 95 15 160
no. 4 no. 4

linalyl Kp,ex1000 17 238 16 31 8.1 eugenol Ky, %1000 810 430 53 70000 25 000

acetate MB % 11 19 160 MB % 36 23 64

no. 4 no. 4

menthol K, x1000 120 13 11 110 4.6 y-unde- Kp, %1000 930 820 89 500 39
MB % 78 12 150 0.68! lactone MB % 11 17 160 61¢
no. 4 no. 4

citronellol K16 X1000 140 19 14 340 36
MB % 3.2 26 79
no. 3

w;(aqueous ethanol) = 0.35

isoamyl K16 x1000 0.38 0.022 6 1.3 0.052 dimethylbenzyl- K, X 1000 95 22 23 M4 44
acetate MB % 86 3.8 44 carbinol MB % 64 3.5 56

no. 3 no. 4

D-limonene Kp,gX1000 35 4.0 12 0.10 0.016 phenylethyl Ky/cx1000 200 74 36 140 380
MB % 57 4.5 79 0.079¢ alcohol MB % 51 59 115
no. 3 no. 4

cis-3-hexenol Kp, X 1000 13 0.83 7 37 44 diphenyl- Kygx1000 42 043 10 097 2.6
MB % 10.0 6.4 64 methane MB % 10 95 93
no. 3 no. 4

camphor Ky x1000 6.0 042 7 7.6 0.18 diphenyl Ky x1000 35 038 11 9.2 57
MB % 81 59 72 0.32¢ oxide MB % 62 48 77

no. 3 no. 4
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Table 5 (Continued)

substance avw sd!® c¢vd¢ UNIFAC* GCFLORY? substance ave sd? cvd UNIFAC* GCFLORY»
w;(aqueous ethanol) = 0.35
linalyl Kpigx1000 23 016 7 84 1.3 eugenol Ky x1000 250 37 2 16 500 18 000
acetate MB % 10 6.6 65 MB % 52 28 55
no. 3 no. 3
menthol Kpgx1000 22 14 6 29 0.39 y-unde- Kpgx1000 310 63 20 120 2.3
B % 77 16 99 0.059% lactone MB % 60 39 65 3.7
no. 4 no. 3
citronellol Kpx1000 73 21 29 90 4.2
MB % 39 17 43
no. 3

7 Aroma compounds listed in GC elution order. Experimental concentration x; = 7.7 X 10-6. Total solute mole fraction 1 X 104, ® Results
highly uncertain, large error likely. ¢ av = average value. ¢ cv = percent coefficient of variation (100(sd)/av). ¢ MB % = average absolute percent
mass balance, absolute deviation from 100%. / no. = number of observations. ¢ sd = standard deviation. *» UNIFAC and GCFLORY estimates
calculated using experimental mole fractions in liquid and gas phases. : Estimated using cyclic CH; group-contribution parameters.

Table 6. Average Absolute Deviations of Estimation from Experimental Ki /g for 13 Aroma Compounds

w;(ethanol) = 1.0

wi(ethanol) = 0.75

w;(ethanol) = 0.50 w;(ethanol) = 0.35

UNIFAC GCFLORY UNIFAC GCFLORY UNIFAC GCFLORY UNIFAC GCFLORY
av 490 410 4300 470 720 350 620 750
av (no eugenol) 170 400 120 130 73 130 110 220
av using cyclic groups 690 130 130 220

(no eugenol)

trap were often very near the GC detection limit. The effects
of lower aroma volatility and their greater affinity for the
alcohol phase can be seen in the increasing coefficients of
variation for these compounds compared to the n-alkanes
which had much larger Ky g values.

Aroma Compounds: Comparison of Estimated with
Experimental Results. Table5 compares the UNIFAC and
GCFLORY K, estimations using eq 6 with experimental
measurements for the 13 aroma compounds measured in
ethanol and aqueous ethanol solvents. The effect of the
estimated fugacity coefficients using the Hayden and
O’Connell correlation was minimal for all 13 aroma compounds
inthe ethanol-water—nitrogen vapor-phase mixtures, ranging
between 0.963 and 0.983 depending on the aroma and the
percent ethanol. The model Ky, estimates vary very little,
decreasing only 5% depending on the solute, over the
experimental solute mole fraction range from 1 X 10-7to 1
X 10, In general, the models estimated hydrocarbon Ky,
the best followed by the acetates, with some good estimations
for the alcohols.

The uncertainties of some of the vapor pressures at 25 °C
used in eq 6 could be as high as 50% depending on how the
vapor pressures were estimated. In particular, the vapor
pressures for cis-3-hexenol, dimethylbenzylcarbinol, diphenyl
oxide, and y-undelactone have some of the largest probable
errors since they are estimated using similar substances. The
systematic uncertainty of the experimental measurements is
approximately =7.5% of the average, and the total uncertainty
ranges from £9% to £67% depending on the aroma and the
liquid phase (see Error Analysis).

GCFLORY has both cyclic and aliphatic methyl groups,
and calculations were made using both of these groups for
the cyclic aroma molecules. Ingeneral, the calculations using
the cyclic groups (c) showed a marked improvement over the
aliphatic (a) results with the exception of methanol. In
UNIFAC the best fit to the experimental diphenyl oxide data
was obtained when the secondary ether group for the ether
group contribution and then the one less aromatic carbon
group contribution were used (e.g., 10 aromatic CH’s, 1
aromatic C,and 1 CHO). Eugenol isan example of amolecule
containing multiple functional groups that challenges the
group-contribution additive assumptions in both models. The
eugenol molecule with its two functional groups, aromatic
ring, and unsaturation has some stearic hindrance so that the
behavior of the functional groups is different from that if

they were part of a mono-functional-group aliphatic molecule.
Comparison with eugenol experimental data, which have large
experimental variation, nevertheless shows there may be large
deviations between the model’s estimation and experiment.

Table 6 summarizes the average absolute deviations (AAD)
for the UNIFAC and GCFLORY aroma compound estima-
tions from the experimental K, data for the 13 aroma
compounds in aqueous ethanol solutions,

The average absolute deviations in Table 6 show the
GCFLORY estimates for all 13 aroma compounds to be better
than the UNIFAC estimates except for the w; = 0.35 aqueous
ethanol solution. However, when the worst estimated solute
for both models, eugenol, is removed from the average,
UNIFAC has a better AAD for the 12 remaining compounds.
The third set of averages shows that the GCFLORY cyclic
group contributions are on average the same or worse than
those of the aliphatic groups.

Discussion

The K1,/c measurements show that the gas stripping column
method cangive results comparable to those from other liquid/
gas partition coefficient measurement methods and allows
measurements using very dilute solute concentrations to be
made. Theresults alsoshow that mixtures of solutesin dilute
solutions can be used in this method without significant
interaction effects on the measured partition coefficients
relative to the measurement uncertainties. Thissignificantly
reduces the work needed to measure a series of solutes. Gas
and liquid flows must be optimized depending on the partition
coefficients of the solutes being measured. The partition of
solutes between the liquid and gas phases is determined
mainly by the vapor pressure of the substance and activity
coefficient (which is related to its solubility) in the liquid
phase. It is therefore advisable to select a series of solutes
for use in a mixture which have similar vapor pressures and
solubilities in the liquid phase (while still remaining com-
patible with the analytical method, i.e., separable with GC).
Solutes with widely varying partition coefficients cause
analytical problems when one substance is minimally found
in the gas trap (large Ki,g) while the other has saturated the
solvent in the trap after a given measurement time period
(small K1,,g). Concentration effects on the K1 g appear tobe
negligible compared to the uncertainties of the measurements
in dilute concentrations with mole fractions of less than 1 X
104,
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When very exact determinations of Kp,, values are needed,
the UNIFAC and GCFLORY estimation methods may not
be accurate enough for all substances. However, considering
that these two methods estimated partition coefficients over
5 orders of magnitude (10 < K¢ <1 000 000) using nothing
other than the molecular structures of the system’s compo-
nents in the form of group-contribution parameters, it is a
remarkable achievement. Furthermore, it is remarkable that
the GCFLORY model which was developed for polymer
mixtures estimates activity coefficients for low molecular
weight mixtures as well as it does. Both models can
successfully reflect the natures of the different solutes in their
estimations. As might be expected the vapor-phase fugacity
correction (itself estimated) had little effect at the measure-
ment conditions of atmospheric pressure and 25 °C, and
therefore, the assumption of ideal gas behavior in eq 7 can
be used without significant loss of estimation accuracy. The
UNIFAC and GCFLORY estimation methods could be
successfully used for estimating partition coefficients for use
in food/package systems provided the user has an idea of the
expected order of magnitude of the partition coefficients in
the system so that outlier estimations can be rejected. There
are other versions of UNIFAC (33-35), other group-contri-
bution methods (36), or other equation of state methods (37)
which may be more accurate than the UNIFAC and GC-
FLORY methods evaluated here.

The users of these estimation methods should critically
examine their estimations and be aware of the potential for
significant variation from experimental data. It issuggested
that the users of these methods compare the order of
magnitude of these estimations to those of experimental data
for similar systems by making intuitive comparisons of the
magnitudes of the estimated partition coefficients for solutes
with different polarities.

Conclusions

Measurements of liquid/gas partition coefficients for
n-alkanes (octane to tetradecane) and 13 aroma compounds
partitioned between ethanol and aqueous ethanol solutions
and nitrogen have been made in the infinite dilution con-
centration range. This is the first time partition data over
a range of ethanol and aqueous ethanol concentrations have
been measured for these substances. The equilibrium strip-
ping column method is useful for measuring partition
coefficients of substances with low volatilities in relatively
volatile solvent mixtures.

With respect to the their current levels of development
and with respect to their ability to quantitatively estimate
solute partition coefficients between gas and ethanol and
aqueous ethanolsolutions, UNIFACis better than GCFLORY
in several aspects. UNIFAC is applicable to a wider range
of solutes and on average predicted their liquid/gas partition
coefficients better. UNIFAC also had fewer estimations
having greater than an order of magnitude error for the
estimations of the solutes tested. UNIFAC can estimate
aqueous ethanol liquid activity coefficients better than
GCFLORY which had large deviations the more aqueous the
solution became. Both are comparable for ease of use. Both
methods had particular problems with ring structures and
multi-functional-group solutes. There are no user inputsinto
these two models. In general, with UNIFAC the simpler the
solute structure, the better chance of a good partition
coefficient estimation. GCFLORY showed no systematic
variation in its ability to estimate different molecular
structures.
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