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contains significantly more protein than the flesh (Hansen,
1970).

CONCLUSION

A standard-addition ion-selective electrode technique
can be used to accurately and precisely determine bromide
in the range of 1-100 mg/L in peach extract. With such
a method we were able to detect bromide with a recovery
slightly above 100% and with less variability than with a
method based on a calibration curve. Bromide analysis
in crude peach extract saves the time that was previously
used in ashing, drying, and other preparatory processes.
Use of BrSE costs about one-fifth that of neutron-acti-
vation analysis or X-ray fluorescence.

The detection limit in peach extract for a double-junc-
tion electrode coupled with the standard addition proce-
dure appears to be below 0.2 mg/L. This is evidenced by
a mean of 0.14 %+ 0.06 mg/L for the peach extract blanks,
where the mean is still more than double the standard
deviation. However, the accuracy of this value was not
determined. The concentration represented by the min-
imum potential unit of the potentiometer increases pro-
portionately with C, (eq 1). Therefore, one decimal place
is lost from the accuracy of a concentration measurement
in the standard-addition BrSE measurement of bromide
as the concentration value increases 1 order of magnitude.

A BrSE can detect bromide in peaches resulting from
MeBr fumigation. We also found that bromide does not
significantly diffuse from skin to flesh under conditions
that approximate those during storage or transport of
peaches across the U.S.
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Isolation of Flavor Compounds in Model Systems by Countercurrent

Continuous Dialysis

Yueh-Ing Chang* and Gary A. Reineccius

A 40-m tubing type continuous dialyzer was designed in this study. The dialysis rate of flavor compounds
was substantially increased over that of a batch process. The effect on dialysis efficiency of varying
flow rates of sample and solvent was studied. The ultimate purpose of flavor isolation could be ac-
complished by manipulating these two operating parameters. The effects of solvent composition, polarity,
molecular weight, and acidity of flavor components were also investigated. The more polar and smaller
flavor compounds exhibited greater diffusivities. The addition of 2% (v/v) ammonium hydroxide or
1% (v/v) water in diethyl ether was found to be beneficial in isolation of basic flavor components.

INTRODUCTION

The selection of a flavor-isolation technique depends on
the nature of the starting material, the flavor constituents
of interest, the precision required, time available, and cost.
The general methods of flavor isolation have been reviewed
by several workers (Jennings and Rapp, 1983; Schreier,
1984; Reineccius, 1984; Reineccius and Anandaraman,
1984). These methods take advantage of the differences
in volatilities and solubilities of the flavor compounds vs.
the other constituents. For fatty foods, the flavor-isolation
process is confronted with problems that are not present
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in fat-free systems. For example, the vapor pressure of
flavor constituents was found to be up to 500 times less
in the presence of fats than in totally aqueous systems
(Buttery, 1973). Fats may undergo hydrolysis in the
presence of water such as in steam distillation (Honkanen
and Karvonen, 1966). Fats as well as flavors are extracted
if solvent extraction is attempted, since they are mutually
soluble (Arnold and Barnhart, 1972). The fats present in
a flavor extract will stay in the injection port of a gas
chromatograph or column and decompose by heat, thereby
interfering with the analysis of the flavor profile (Chang
et al., 1977).

To obtain fat-free flavor isolates and make solvent ex-
tractions applicable to fatty foods, Benkler and Reineccius
(1979, 1980) explored a dialysis method to separate flavor
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covered of a compound (Y) in the diffusate, Cp(Y) =
feeding concentration of a compound (Y) (mg/mL), Rr(Y)
= feeding rate of a compound (Y) (mg/min), Qg = volu-
metric flow rate of solvent (mL/min), and @ = volumetric
flow rate of sample (mL/min).

Estimation of Diffusivity. Dialysis rate () has been
found to be approximately proportional to the logarithmic
mean concentration difference between sample and solvent
fluids (ACp) for a given compound (Michaels, 1966). This
relationship is shown by

Rp(Y) = 60[K(Y)]A[ACLm(Y)]

where Rp(Y) = dialysis rate of a compound (Y) across the
membrane (mg/min), K(Y) = diffusivity of a compound
(Y) across the membrane (cm/s), A = surface area of
membrane (cm?), AC u(Y) = logarithmic mean concen-
tration difference between sample and solvent fluids for
a given compound (Y) (mg/mL) [=(AC, - AC,)/[In
(ACI/AC2)]]! ACI = Csample feed Cdiffusate = CF - CD (mg/
mL), and ACZ = Csample feed Csolvent feed = CSS (mg/mL)

To utilize this relationship, ACyy was calculated ac-
cording to the formula given above for each compound in
17 dialysis experiments in the flow rate effect study. The
slope of dialysis rate (Rp) vs. the logarithmic mean con-
centration difference (ACpy) was calculated. Diffusivity
[K(Y)] of each compound was then estimated from the
slope since surface area of membrane (A) was known (ca.
1100 cm?).

Molecular Weight Effect. A homologous series of
alcohols (ethanol, propanol, butanol, pentanol, hexanol,
heptanol, octanol, nonanol, decanol) and fatty acids (acetic
acid, propionic acid, n-butyric acid, n-valeric acid, n-
caproic acid, n-caprylic acid, n-capric acid) were used. The
solvent used was anhydrous diethyl ether containing 1%
methanol (v/v). Sample and solvent flow rates were 1.1
and 2.2 mL/min, respectively. The concentration of each
alcohol and fatty acid in the diffusate was determined by
using 2-octanone and n-undecane as internal standards,
respectively.

Solvent Composition Effect. Three solvent compo-
sitions were studied: anhydrous diethyl ether, 1% meth-
anol/anhydrous diethyl ether (v/v), and 5% methanol/
anhydrous diethyl ether (v/v). The test compounds used
in this study were hexanal, butanol, 2-octanone, tetrade-
cane, propionic acid, nonanol, benzyl acetate, and octa-
decane. Sample and solvent flow rates were 1.6 and 2.0
mL/min, respectively. Dialysis was done for 1 h, and then
the concentrations of compounds in the diffusate were
measured with isoamyl acetate as an internal standard.

Basic Compound Dialysis. As noted by Benkler and
Reineccius (1979), basic compounds were adsorbed onto
the dialysis membrane and thereby not recovered from the
system. A series of experiments were conducted in order
to circumvent this problem. Since some of the experi-
mental treatments could permanently damage the dialysis
membrane, these experiments were conducted by using the
batch system (Benkler and Reineccius, 1979).

Part 1. Effect of Ammonium Hydroxide Addition on
the Dialysis of Basic Compounds. Four different solvent
compositions were studied: anhydrous diethyl ether
(control); 1%, 2%, and 5% ammonium hydroxide/
anhydrous diethyl ether (v/v). The sample was composed
of three basic compounds: pyrazine, 2-methylpyrazine, and
2,4,6-trimethylpyridine at a concentration of 2 mg/mlL of
each compound. The procedure of Benkler and Reineccius
(1979) for a batch dialyzer was followed. n-Decane was
incorporated as an internal standard. Diffusate and spent
samples were analyzed after 63 h by gas chromatography.

Part 2. Effect of Water Addition on the Dialysis of a
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Mixture of Neutral, Acidic, and Basic Compounds. Three
compositions were used: water-saturated diethyl ether, 1%
and 2% (v/v) water/diethyl ether. The sample contained
butanol, 2-octanone, tetradecane, octadecane, n-butyric
acid, n-valeric acid, n-caproic acid, pyrazine, and 2,5-di-
methylpyrazine, each at a concentration of 1 mg/mL.
n-Nonyl acetate was incorporated as an internal standard.
One milliliter of the diffusate was sampled after 72 h, dried
over anhydrous sodium sulfate, and then analyzed via gas
chromatography. '

Gas Chromatographic Conditions. Except for the
analyses of alcohols and fatty acids, a Hewlett-Packard
Model 7620A research chromatograph equipped with a
flame-ionization detector (FID) and a Hewlett-Packard
3390A integrator were used. Separation of compounds was
accomplished on a 6 ft X 2 mm (i.d.) glass column packed
with 10% Carbowax 20M on 100/120 Chromosorb W
AW-DMCS (Supelco Co.). Nitrogen was used as the
carrier gas at a flow rate of 30 mL/min. The injection port
and detector temperatures were 250 and 280 °C, respec-
tively. The column temperature was programmed from
100 to 170 °C at a rate of 8 °C/min with 1-min postin-
jection hold. A 2-uL sample was injected each time.

For the analysis of alcohols, a 6 ft X 2 mm (i.d.) glass
column packed with 5% Carbowax 20M on 100/120
Chromosorb W AW-DMCS (Supelco Co.) was used. The
oven temperature was programmed from 50 to 190 °C at
a rate of 10 °C/min with a final hold for 1 min. The rest
of the conditions were the same as described above.

For the analysis of fatty acids, a Hewlett-Packard 5880A
gas chromatograph equipped with a flame-ionization de-
tector was used. Separation of fatty acids was accom-
plished on a 30 m X 0.25 mm i.d. SE-54 fused silica bonded
phase capillary column (J & W Scientific Co.). Hydrogen
was used as the carrier gas with a column head pressure
of 20 psi, which corresponded approximately to a linear
velocity of 34 cm/s. The injection port and detector tem-
peratures were 225 and 285 °C, respectively. The column
temperature was first programmed from 40 to 100 °C at
a rate of 30 °C/min with a 2-min postinjection hold and
then programmed from 100 to 180 °C at a rate of 20
°C/min. Sample (0.3-0.4 uL) was injected in splitless
mode.

RESULTS AND DISCUSSION

Continuing the research initiated by Benkler and Rei-
neccius (1979, 1980), continuous dialysis was explored to
isolate flavor constituents in this investigation. In the 40-m
tubing type dialyzer designed, 1100 cm? of contact area was
available with a surface to volume ratio of 46 prior to
soaking the membrane in solvents. The dialysis rate was
noticeably increased as compared to the previous batch
method, and the dialysis time was reduced to 1-2 h from
24-72 h. This not only resulted in substantial saving of
isolation time but also minimized the chances of artifact
formation.

One of the problems initially confronted was swelling
of the membrane in the solvents. This resulted in folding
of the dialysis tubing and eventually obstructed the flow
after limited usage of the system. Efforts were made to
circumvent this problem, and it was found most effective
to presoak the tubing in the solvents and then stretch the
wet dialysis tubing in the dialysis unit. Extra tubing was
then cut off before other ancillary parts were attached to
the system.

Countercurrent flow of sample and solvent was chosen
since higher concentration gradients could be accomplished
and maintained for flavor dialysis. Flow rates of sample
and solvent are the two major operating factors for a
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Figure 3. Effect of sample flow rate and solvent flow rate (@s)
on the dialysis rate: (A) butanol; (B) 2-octanone.
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continuous dialysis system. The effect of the flow rates
on dialysis efficiency will be discussed for two represent-
ative compounds, butanol and 2-octanone.

A. Concentration. At constant solvent flow rates,
diffusate concentrations increased with sample flow rates
until a maximum was achieved (Figure 2). The slope of
the linear part of the curve and maximum concentration
achieved decreased when the solvent flow rates were in-
creased. The observation that higher sample flow rates
and lower solvent flow rates increased concentrations in
the diffusates was expected. The higher sample flow rates
would maintain higher average concentrations in the
sample tube while the lower solvent flow rates permit
longer contact time to accomplish equilibrium.

A comparison of diagrams A vs. B in Figure 2 shows that
the maximum diffusate concentration observed for butanol
was at 0.82 mg/mL and that for 2-octanone was only 0.55
mg/mL. The concentration of 2-octanone in the diffusate
was generally less than that observed for butanol. This
can be explained by the fact that molecular size is a pri-
mary determinant in the dialysis process; that is, the larger
the molecule, the slower the diffusion rate.

B. Dialysis Rate. At constant solvent flow rates, the
increase in sample flow rates facilitated dialysis rates of
compounds until a maximum was reached (Figure 3). The
positive effect of solvent flow rates on dialysis rates of
butanol was observed only when the solvent flow rates were
above 1.0 mL/min. A similar effect was found on 2-oc-
tanone. However, the optimal solvent flow rate for 2-oc-
tanone was at 3.4 mL/min instead of 5.5 mL/min, the
highest rate employed. This can probably be explained
by the fact that higher solvent flow rates not only provide
a faster mass transport rate but also decrease contact time
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Figure 5. Interdependence of three parameters of dialysis ef-
ficiency at different sample flow rates for butanol and 2-octanone
(solvent flow rate 1.7-3.4 mL/min).

between sample and solvent. The effect of a faster mass
transport rate may be diminished by lack of contact time
when too high solvent flow rates were used for 2-octanone.
Consequently, it resulted in the shift of optimal solvent
flow rate. In light of the above discussion, it can be con-
cluded that maximization of dialysis rates can be accom-
plished by maximizing both flow rates when the test com-
pounds are relatively small molecules. For larger mole-
cules, an optimal solvent flow rate needs to be established
to maximize dialysis rates. The interaction between the
flow rate effect and the molecular size effect of compounds
makes the prediction of dialysis rates difficult.

C. Fraction Recovered. Figure 4 illustrates the in-
fluence of sample and solvent flow rates on recoveries of
compounds. Fractions of compounds recovered increased
with decreased sample flow rates and increased solvent
flow rates. This is expected since longer contact time of
sample with solvent and a faster mass transport rate in
the solvent tube occurred under these conditions. How-
ever, increasing solvent flow rates above a certain point
was unfavorable for the recovery of 2-octanone for reasons
explained in part B. By maintaining the sample flow rates
at a minimum (0.7-1.0 mL /min) and the solvent flow rates
in the optimal region (3.4 mL/min), nearly complete re-
coveries of both compounds can be achieved.

The discussion so far indicates that changes in flow rates
of sample and/or solvent had different impacts on con-
centration, dialysis rate, and recovery of flavor compounds
in the diffusate. Figure 5 illustrates the interdependence
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Table 1. Diffusivities of Selected Neutral Compounds in
the Flow Rate Effect Experiment

Chang and Reineccius
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Dialysis
conen of methanol (v/v)

compd 0% 1% 5%
hexanal 0.264 0.187 0.043
butanol 0.570 0.595 0.638
2-octanone 0.262 0.313 0.406
tetradecane 0.011 0.017 0.34
propionic acid 0.337 0.355 0.364
nonanol 0.207 0.252 0.311
benzyl acetate 0.185 0.235 0.324
octadecane 0 0 0

Molecular Weight Motecular Weight

Figure 6. Effect of molecular weight on dialysis efficiency in a
continuous dialysis system: (A) alcohols; (B) fatty acids.

size. The differences in diffusivity could be of 1 order of
magnitude or more. Hypothetically, there are two op-
posing processes during diffusion of a compound, viz.,
partition process between solution and membrane and
retention process within the membrane. These two op-
posing processes are governed by the chemical nature of

of these three measurements at different sample flow rates
and essentially summarizes Figures 2-4. Such data could
be used in providing a guideline for choosing the operating
parameters of the dialysis system, depending on the ul-
timate purpose of the experiment. This would indicate
that high recoveries cannot be achieved without sacrificing
or compromising higher concentrations and faster rates.
An instance where 100% recovery becomes essential would
be quantitative analysis of flavors. When quantification
is secondary, higher rates could be achieved to facilitate
faster isolation (and may minimize chances of artifact
formation) along with higher concentrations in the diffu-
sate. For qualitative dialysis experiments, a compromise
could be made among the three measures of dialysis ef-
ficiency. This would be the flow rates corresponding to
the intersection of the three curves (circled region in Figure
5). Thus, a sample flow rate of 2-3 mL/min and a solvent
flow rate of 1.7-3.4 mL/min are recommended in routine
dialyses of flavor compounds with low molecular weight
using this system.

A linear relationship between dialysis rates (Rp) and
logarithmic mean concentration differences of sample and
solvent (ACpy) was found for all of the test compounds
except tetradecane and octadecane (Table I). Tetradecane
and octadecane could not be satisfactorily dialyzed and
responded only slightly to the flow changes, due to the
incompatible nature between these two compounds (hy-
drophobic) and the membrane (hydrophilic). This rela-
tionship indicated that the diffusivity of a given compound
increased with increased polarity and decreased molecular

the compound and the membrane. The net magnitude
resulting from these two processes determines the overall
observed diffusion rate. Since a polar membrane is used,
the partition process probably predominates and leads to
higher diffusivity for more polar compounds as observed.

The effect of molecular weight on dialysis efficiency is
more clearly illustrated by Figure 6. An increase in mo-
lecular weights of both alcohols and fatty acids noticeably
decreased dialysis efficiency except in the region of C3~Cs
alcohols. In spite of the increase in molecular weight, the
dialysis efficiency was not substantially different in this
region. It is postulated that the polarity effect of the
alcohols competed with the molecular weight effect. The
retention effect due to polarity difference could be so
predominant that the effect of molecular weight is not
observable to any appreciable extent. The effect of mo-
lecular weight of fatty acids on dialysis efficiency dimin-
ished with an increase in molecular weight as observed
from the change in slopes. Figure 6 also shows that, for
an alcohol and fatty acid of the same carbon number, the
alcohol could be dialyzed more easily than the fatty acid.
This became more evident with higher molecular weight
compounds. Since alcohols have smaller molecular di-
mensions and greater linearity in structure than the fatty
acids, the observed result is expected.

The addition of methanol to anhydrous diethyl ether
was found to improve diffusion of compounds across the
membrane (Table II). The addition of methanol could
have either dilated the pores of the membrane (Yeo et al.,
1981) or increased the polarity of the membrane. Meth-
anol concentration higher than 5% in anhydrous diethyl
either (v/v) could not be employed for this system due to

Table II1. Effect of Ammonium Hydroxide Content in the Solvent (Anhydrous Diethyl Ether) on the Batch Dialysis of Basic

Compounds
ammonium hydroxide content (v/v)
0% 2% 5%
compd Cp* Css Cp Css Cp Cgs Cp Css
pyrazine® 0 1.840 0.771 1.066 0.897 0.977 0.695 0.808
2-methylpyrazine 0 1.802 0.662 1.195 0.872 0.953 0.726 0.866
2,4,6-trimethylpyridine 0 1.649 0.239 1.682 0.687 1.121 0.581 1.123

®Sample was dialyzed for 72 h by batch process. °Cp = concentration in diffusate (mg/mL); Cgg = concentration in spent sample

(mg/mL).
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Table IV, Effect of Water Content in Solvent (Diethyl
Ether) on the Batch Dialysis of a Mixture of Neutral,
Acidic, and Basic Compounds®

water content (v/v)

compd satd® 1% 2%
butanol 0.401 0.499 0.409
2-octanone 0.149 0.274 0.203
tetradecane 0.000 0.006 0.005
octadecane 0.000 0.000 0.000
propionic acid 0.278 0.344 0.245
n-butyric acid 0.310 0.278 0.285
n-valeric acid 0.264 0.299 0.277
n-caproic acid 0.095 0.141 0.103
pyrazine 0.226 0.435 0.336

2,5-dimethylpyrazine 0.277 0.295 0.222

4 Diffusate was analyzed after 72 h. Concentration in mg/mL.
bAt 20 °C, water-saturated diethyl ether contains 1.2% water
(w/w), which is approximately equivalent to 0.85% water (v/v).

excessive swelling of the dialysis tubing and subsequent
obstruction of solvent flow. Although methanol was used
in this investigation, it is not recommended for a real
system considering the potential for artifact formation via
aldol condensation reactions in presence of aldehydic
components. Relatively low recoveries of hexanal (Table
IT) would indicate this possibility.

An effective method for enhancing the recovery of basic
compounds was the addition of ammonium hydroxide to
the solvent (Table III). The addition of 2% ammonium
hydroxide (v/v) was found to be the most beneficial.
However, approximately 10% of 2,4,6-trimethylpyridine
was permanently lost. The addition of ammonium hy-
droxide can be employed only for acid-free samples since
the potential for ammonium salt formation with acidic
constituents exists and may impair dialysis of such com-
pounds.

Since ammonium hydroxide contained a large propor-
tion (ca. 70%) of water, water was suspected of being
responsible for facilitating the dialysis of basic compounds
rather than the ammonia itself. Table IV shows that
neutral, acidic, and basic compounds could all be dialyzed
in the presence of water. The optimal water content in
the solvent was 1% (v/v). The concentration of test
compounds in the diffusate decreased beyond 1% (v/v)
water content. This may be due to an unfavorably large
increase in the membrane polarity with excess water. A
plausible explanation for the membrane performance is
that ammonium hydroxide and/or water may serve as a
swelling agent and dilate the membrane pores. However,
further investigation is needed to elucidate the exact
mechanism. Water, therefore, may be added directly to
the samples containing neutral, acidic, and basic com-
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pounds to facilitate the dialysis process while ammonium
hydroxide may be used only for acid-free samples. The
above-discussed results obtained by employing the batch
dialyzer were directly translated to a continuous system
as well, in other experiments not presented herein.
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