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Abstract
Partition Coefficients of Aroma Compounds between
Polyethylene and Aqueous Ethanol and Their Estimation
Using UNIFAC and GCFEOS
By

Albert Lawrence Baner III

Partition coefficients were measured for n-alkanes
(pentane to docosane) and 13 different aroma compounds
(isoamylacetate, d-limonene, camphor, linalylacetate, L-
menthol, dimethylbenzylcarbinol, citronellol,
phenylethylalcohol, diphenylmethane, diphenyloxide,
eugenol, 7-undelactone) at dilute concentrations between
agqueous ethanol solutions (100%, 66% and 33% for n-
alkanes; 100%, 75%, 50%, 35% w/w) and nitrogen at 25°C
using a gas stripping column method. Partition
coefficients for n-alkanes (octane, nonane, decane,
dodecane, tetradecane, hexadecane, octadecane, eicosane,
docosane) and the aromas were also measured between low
density polyethylene, high density polyethylene and
ethanol and aqueous ethanol liquid phases (100%, 75%, 50%
and 35% ethanol w/w) at 10°, 25° and 40°C using an

equilibrium sorption method.

Within the experimental uncertainty no significant

differences were found for polyethylene samples with
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different crystallinities and very little temperature
effect was seen for the polymer/liquid partition
coefficients. The polymer/liquid partition coefficients
were most affected by the chemical nature of the mixture.
The liquid/gas and polymer/liquid partition coefficients
were estimated using UNIFAC with UNIFAC-FV and using the
Group-Contribution Flory Equation-of-State (GCFEOS).
UNIFAC and GCFEOS are useful for qualitative estimations.
Significant quantitative differences between the
experimental data and the estimations were found for the
liquid/gas and polymer/liquid partition coefficients of
some solutes, in particular middle polarity aroma
compounds. A correlation of the size of estimation error
with increasing molecular weight was observed for the n-
alkanes and phenols. The variances between experimental
and estimated values are explained in terms of the
methods’ group-contribution additivity and solution of
groups assumptions and the methods’ semi-empirical nature.
UNIFAC gave more consistent and on average better

quantitative estimations than GCFEOS.
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Nomenclature (cont.)
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Introduction

The prediction of partition coefficients between polymers
and liquids is important in a number of applied fields. In
addition to polymer processing, the predictions are
important for protective clothing design (Mansdorf et al.,
1988), biomedical uses (Dunn et al., 1986), chromatography
(Barton, 1983), chemical separations (Lee et al., 1989)
and, of major interest to this study, packaging
(Hotchkiss, 1988). Partition coefficients (KP/L)’ defined
as the ratio of a solute’s concentration in the polymer
phase (cp) to its concentration in the food (or liquid, L)

contacting phase (c are important for food package

L)’
safety and for food quality. The coefficients are used in
modeling migration of substances from packaging into food

and from food into the package (Reid et al., 1980).

Migrations from the package material into the food can
affect the safety and wholesomeness of the food and are
subject to governmental rules and regulations which
protect public health. There is also concern that sorption
of food constituents and components by the packaging
material diminishes both food quality and mechanical

properties of the package (Hirose et al. 1988). In recent
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2
years, food quality considerations, largely driven by the

increased use of polymer laminate structures in flexible

aseptic packages, have stimulated a great deal of interest
in the sorption or partition of aromas between foods and

their polymeric packaging.

There are standardized experimental migration testing
methods for measuring migration and sorption in
polymer/food systems which cover migration of specific
components, global migration (or total migration) and
general testing (ASTM 1992, BGA 1992, DIN 1989, EEC 1980,
1982, 1985, USA 1992). There is also a large body of
experimental data outlining migration measurement methods
(e.g. Till et al. 1982, Figge et al. 1983). Much of the
published experimental data suffers because the polymer,
food, and solute systems studied are often not the same as
the package system of interest. Package designers must
oftenb design a package system with very little idea of
the types and magnitudes of interactions that may occur
between the packed product and its package. This problem
is compounded by the great number of polymeric materials
and food combinations possible. Even if a polymer is
designated for food use or has been used successfully with
some products, there is still the possibility that for

another product excessive migration or sorption may occur,



3
creating regulatory problems or diminishing product

quality.

The estimation of partition coefficients between foods and
polymeric packaging is a complex problem. Foods can
contain both solid and liquid phases, each containing a
variety of macro and micro-constituents with varying
polarities and chemical properties. The macro-constituent
properties can range from very polar associating hydrogen
bonded systems, e.g. water and acids, to very nonpolar
systems, e.g. oils and fats. The micro-constituents of
foods, such as flavor and aroma constituents, with
concentration ranges of approximately 0.001 to 200 ppm
(w/v) include every class of chemical compound but mainly
unsaturated and oxygenated compounds. Commonly used food
packaging polymers can be semi-crystalline (e.q.
polyethylene) or oriented (e.g. polypropylene); they may
have undergone surface treatment (e.g. fluorination,
sulfonization, silicone oxides, metallization and plasma
polymerization); they may contain various additives and
other constituents (e.g. plasticizers, antioxidants and
monomers) and they can have a range of polarities (e.g.

non-polar polyethylene, or polar ethylene vinylalcohol).

In recent years, chemical engineers have developed a
number of group-contribution activity coefficient

estimation models which can be used for estimating
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partition coefficients in polymer and liquid systems.
Group-contribution methods allow estimation of activity
coefficients from knowledge of the molecular structures of
the system’s components. Two of the more promising models
are the UNIFAC-FV and Group-Contribution Flory Equation-
of-State (GCFEOS). These techniques have been shown to
give good estimations of activity coefficients (7) in
amorphous polymer and low molecular weight solvent
systems. Partition coefficients (K) can be calculated
using these estimated activity coefficients. These
estimation methods have not been previously applied to the
estimation of partition coefficients between polymers and
their contacting liquid phases. The models have been
seldom applied to estimations of activity coefficients for
solutes with molecular weights larger than solvents (i.e.

MW > 100).

It is hypothesized that the UNIFAC and GCFEOS activity
coefficient estimation methods can be used to estimate
polymer/liquid partition coefficients and that these
estimations will be more accurate that the activity
coefficient estimations for the polymer and liquid phases
alone. It is expected that the estimated partition
coefficient, which is a ratio of liquid and polymer
activity coefficients, will be more accurate because of a
canceling of errors between the two activity coefficients.

This canceling of errors will be important when the
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method’s empirical interaction parameters contain errors
and the ratio should eliminate any errors arising from the

combinatorial terms used in the two methods.

The goal of this dissertation is to systematically measure
the partitioning of aroma compounds and alkanes between
two polyethylenes of different crystallinity (LDPE, HDPE)
and aqueous ethanol food simulants (100%, 75%, 50%, 35%
ethanol). In addition, the data will be collected at three
different temperatures (10°C, 25°C, 40°C) to study the
temperature dependence of the partition coefficient. These
experimental data will then be compared with the partition
coefficient estimations of the UNIFAC-FV and GCFEOS
methods. To better evaluate the methods’s polymer/gas and
liquid/gas partition coefficient estimations, the
partitioning of the solutes between the aqueous ethanol

mixtures and nitrogen will be measured at 25°C.



Literature Review and Definitions

Review of Literature: Partition Coefficient Data

Table 1 gives an overview of some of the aroma partition

studies published in the past 10 years.
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Table 1
Overview of Aroma Food/Package Partition Studies at 20-25°C

Source parameter polymer Liquid aroma or solute

Baner et al. (1991) K 11L G d-Limonene, n-hexanal
ethyl acetate,
a-terpineol

Becker et al. (1983) K 1,2,3,4 M 13 aromas
DeLassus (1985) S 1,3,40,13 G d-Limonene
DeLassus et al. (1988) S 1,10,13 G trans-2-hexenal
Farrell (1988) K 1,1F WE d-Limonene
Halek & Meyers (1989) A 1 WE terpenes,
ethyl butyrate
Harita & Tanaka (1989) D 1,10 WS d-Limonene
Ikegami et al. (1987) D 0,1,2,3,9 WS n-alcohols,
terpenoids,n-aldehydes
aliphatic ethyl esters
Ikegami et al. (1988) D 4,5 WS ditto
Jabarin & Kollen (1988) K 5 F d-limonene
Koszinowski (1986a) K 1,3,4,5 A,E,H,M n-alkanes
Koszinowski (1986b) K 1 E n-alcohols, phenols
Koszinowski & Piringer
(1989) K 1,3,4,7 E,W,WE,F 13 aromas, n-alkanes
Koszinowski & Piringer
(1990) - K . 1 M 104 different aromas
Kwapong & Hotchkiss
(1987) K 1,14 WE d-Limonene, linalool,
ethyl butyrate,citral
Letinski & Halek (1992) A 4 WE d-Limonene, 1l-carvone
Mohney et al. (1988) S 2,11L G d-Limonene
Nielsen et al. (1992) K 0,1,4,9,15 W 10 aromas
Radovanovic & Thiel
(1990) K 12 W alcohols
Shimoda et al. (1984) D 3,5 F 8 terpenoids
Shimoda et al. (1987a) S 2 G octane, octanol,
octanal,ethyl caproate
Shimoda et al. (1987b) S 0,1,2,3,16 G n-alkanes, n-alcohols

n-aldehydes

aliphatic ethyl esters
Shimoda et al. (1988) D 1,2,3 WS aliphatic ethyl esters

n-aldehydes, benzoates
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Table 1 (cont.)

Parameter: K = Partition Coefficient, S = Solubility
Coefficient, D = distribution ratio, A = % absorption, H =
Henry’s law constant. MI = migration data.

Polymer: 0 = linear low density polyethylene (LLDPE), 1 =
LDPE, 2 = medium density polyethylene (MDPE), 3 = HDPE, 4 =
homopolymer polypropylene (HPP), 5 = ethylene-propylene
copolymer polypropylene (COPP), 6 = crystalline
polypropylene (CPP), 7 = polyvinyl chloride (PVC), 8 =
regenerated cellulose, 9 = polyethylene terephthalate (PET),
10 = ethylene vinyl alcohol (EVOH), 11 = polyvinyl alcohol
(PVOH), 12 = cellulose acetate, 13 = polyvinylidene chloride
(PVDC), 14 = ionomer, 15 = polyamide (nylon), 16 = ethylene
vinyl acetate (EVA), 17 = polystyrene, 18 = polyvinyl
acetate (PVA),F = fluourinated, O = oriented, L = laminate.

Liquid Phase: A = acetone, E = ethanol, F = food, H =
hexane, M = methanol, O = oil, W = water or aqueous mixture,

WS = aqueous food simulant, WE = aqueous ethanol mixture, G
= gas.

Review of Literature: Migration Data

The migration literature consists of hundreds of references
on the transfer of polymer additives and constituents into
foods and food simulants. Not all references contain useful
data due to ill defined measurement conditions or poorly
characterized data. Table 2 lists some important sources of
quantitative migration data. In addition migration data is
found in the references found listed in Table 3 which
contains references containing partition data for polymer

constituents and additives.
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Table 2

Important Migration Data Sources

Source Title

Noorduijk (1971) Fact Finding Symposium On Packaging Materials

A.D.Little (1985) A Study of Indirect Food Additive Migration
and Till et al. (1987)

MAFF (1987) Survey of Plasticiser Levels in Food
Contact Materials and Foods.

Figge, K. (1988) Migration Theory and Practical Examples

MAFF (1990) Plasticisers: Continuing Surveillance

Table 3

Overview of Polymer Constituent and Additive Partition Data

Source parameter polymer Migrant
Jenke et al. (1990) K 7 W 15 solutes with
phthalates
Kochmann et al. (1985a) K 15,17 W,WE,E 6 organic solvents,
6 glycol ethers
Kochmann et al. (1985b) K 4 WE,F 2,6-di-tert-butyl
hydroxytoluene
Keinhorst & Niebergall
(1986a) K 15,17 W 8 organic solvents
Keinhorst & Niebergall
(1986Db) K 15,17 Milk benzoic acid, Di-2-
ethylhexylphthalate
Koszinowski (1986Db) K 1 E n-alcohols, phenols
Koszinowski and Piringer
(1987) M 8 F diethylene glycol

Tzouwara-Karayanni
et al. (1987) K 7 WS,WE,O vinylchloride
Sato et al. (1988) H 7,18 G 15 organic solvents

See Table 1 for symbol meanings
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The Use of Ethanol and Aqueous Ethanol as Food Simulants

Foods have complex compositions and are difficult to work
with. It is often necessary to use food simulating solvents
for migration testing. Low molecular weight alcohols, in
particular ethanol and aqueous solutions of it have been
suggested as food simulants (Schwartz, 1988, Piringer, 1990,
Baner et al. 1992) for a wide variety of polymers. Ethanol
and aqueous ethanol mixtures are particularly good simulants
for the migration of substances between polymers (especially
polyolefins) and fatty type foods (Schwartz, 1988, Piringer,
1990, Baner et al., 1992). Alcohols do not cause swelling of
polyolefins (Becker et al., 1983); flavors and polymer
additives are readily soluble in them; and they have clear
analytical advantages over oil food simulants (Baner et al.,
1992). Ethanol and aqueous ethanol food simulants have been
widely used in the partition references listed in Tables 1
and 3 and in the migration references (A.D.Little, 1985 and

Till et al., 1987).

Use of Partition Coefficients in Migration Theory

Migration theory describes the migration of low molecular
weight components from polymeric packaging materials into
contacting food layers. This situation can be described by
Eq 2 derived from Fick’s second law (Reid et.al., 1980) in

Eq 1 for an immobile food contact phase (e.g. solid) with a
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large food volume to polymer sheet transfer area. The mass
transfer process is controlled by (a) diffusion of the
additive in the polymer which is assumed to be a function
only of temperature (independent of concentration and time)
and (b) the polymer sheet and food phase which are treated
as if they were infinitely thick. A scheme of this system is

shown in Figure 1.

(1)

at t=0, x>0 c.P=c. P (2)
1 10

X <0 C. =0 (3)
and has the following boundary conditions at the food-
polymer boundary (x=0):
Xx=0 J=0D,(c;/x) (4)
which is the flux of the component from the polymer, and a
local equilibrium partitioning is assumed to occur:

P F

at X =0 K = (ciP/ciF) where K # f(ci ,C: ) (5)

P/F 1
The diffusion in the food phase is described by:
— = Dg (6)
t x?

where the diffusion coefficient is a assumed to be a
function only of temperature. In addition when the ratio of
food volume to transfer area is very large then the
concentration of the component becomes:

F

ci = 0 for any t, x -> - (7)
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Ci,op DF
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Ke/r
) cio = f(1)
A
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1 Ci,OF = 0
+ x= - — X

Figure 1.

Migration from Polymer Sheet into Solid Food
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Jt=m/A=2c; " (B/(1+48)) (D

1/2
pt/m (8)

where: B = (1/KP/F) (DF/DP)I/2

m, = amount migrated at time t (g)
t = time (sec)
A = food contact surface area of package (cm?)

Jd = flux (g/sec)

ciF = concentration of component in food (g/mL)

ciP = concentration of component in polymer (g/mL)

cioP = original concentration of migrant in polymer
(g/mL)

D, = diffusion coefficient in polymer (cm?/sec)

DF = diffusion coefficient in food (cm?/sec)

KP/F = Polymer/Food Partition coefficient (dimensionless)

Here the partition coefficient exerts an effect on m,
through the B term. When there is a small KP/F' then B > 1,
which leads to increased migration of the component from the
polymer to the food. An example of this situation could be
a fatty food packaged in a semi-polar plasticized polymer.

Conversely with a large K the potential migrant favors

P/F'
the polymer phase so even in the worst case where Dp and Df
have similar orders of magnitude, then B < 1, and there is

less migration.
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The loss of flavors and aromas by foods packaged in a
polymeric package system, barring any chemical reactions, is
a function of two physical interaction phenomena: the
migration of the flavor from the food into the polymer and
the permeation of the flavor through the package into the
surrounding environment. Eq 12 demonstrates the strong
influence of the partition coefficient on the predicted
migration of flavors from the food into the polymer. This
equation is also a solution of Fick’s second law with a
finite amount of well mixed food having one or two sided
contact with a polymer sheet of known thickness, d in cm
(Crank, 1975). A schematic of the system is shown in Figure
2. For two sided contact the polymer thickness is one half
d. To derive Eq 12 Fick’s law (Eq 1) is solved with the

following initial conditions:

at t =0 cy 0 for x 2 0 (9)
_ F
Ci = Cio for x < 0 (10)

and with the boundary condition listed in Eq 5 and

at x = d for t > 0 a = D (11)

This boundary condition means that the rate at which a
component

leaves the solution is always equal to that at which it

enters the polymer sheet over the surface at x = 0.

mt/moo = (1+a) [1-exp(z)2 erfc(z)] (12)
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(Vg/Vp) (1/Kp )

z = Kp,p (Vp/Vp) (Dp t / 4

where a
2.1/2
) /

mt/mo° = ratio of amount migrated at time t (g) to the
total migration at equilibrium (g)

volume of food phase (mL)

volume of polymer material (mL)

v
Vp
a

= thickness of polymer (cm)

Significant migration of components into the polymer phase
from food can occur even when the polymer has a low
diffusion coefficient if the food component has a large
partition coefficient. A large partition coefficient means

the food component thermodynamically favors the polymer

phase over the food phase.

Eq 12 can also be used to describe the migration (or
desorption) of an evenly distributed component in the
polymer into a well mixed food having a finite volume. In
this case the movement of the migrant is in the opposite
direction and m, is taken to be the amount of solute leaving
the sheet up to time t and m_ the corresponding amount after

infinite time.
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Derivation of Partition Coefficient Equations

Equilibrium in a package system can be defined as the
condition where the fugacity (f) of the solute (i) in the
gas phase (G) above the polymer (P) and the food or liquid

(L) phases are equal:

£. =f. = f£, (13)

Fugacity has the dimensions of pressure and is a function of
temperature, total pressure and composition of the mixture.
The fugacity coefficient, ¢, accounts for non-idealities in
mixtures. Where Eq 14 is for gas mixtures and Eq 15 is for

liquid mixtures.

£, =8, y, P (14)

£." =&, x, P (15)

Where Yi is the mole fraction in the gas phase, X is the
mole fraction in the liquid phase and P is system pressure.
For condensed phases like polymers (P) and liquids (L),

fugacity is often defined as:

(16)

(17)
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Where fi° is the fugacity of the pure liquid solute and 7 is
called the activity coefficient which corrects for non-
idealities in fluid mixtures. According to Sandler (1989),
"The activity coefficient arises because the nature of the
interactions between the solute species i and the solvent is
different than that between species i molecules so that T,
accounts for the effect of replacing solute-solute
interactions with solute-solvent interactions". The activity
(ai) of a solute is defined as the ratio of the species in
the mixture (fi) to the fugacity in a chosen standard
reference state, e.g. f.’:

1

(18)

Combining Eq 17 for fugacity in the liquid state with Eq 18

gives:

a; =15 /%5 (19)

At low to moderate pressures fi° is often equivalent to the
pure component vapor pressure at the system temperature,

P. . In addition, O.G

i i under these conditions is often very

close to unity.

For a package system at one atmosphere pressure and assuming
the gas phase to be ideal, the definition of equilibrium in

Eq 13 combined with Eq 14, 16 and 17 gives an expression for
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equilibrium in terms of mole fractions and activity

coefficients of the solute:

Y;/ Py =10 X = Ty00%y (20)

In this case the calculation of equilibrium ratios for
vapor-liquid equilibrium (VLE) is dependent on reliable

methods for estimation of the Ti'S.

For dilute concentrations (w/v) of solute in the polymer and
liquid phases the respective mole fractions can be

approximated by the following equations:

[
Q
Q
<
o
~N
=
o

(21)

x
Q
Q
<
~N
<4
-

(22)

Where xiP is the mole fraction in the polymer phase based on
the polymer segmental molecular weight, Mi is the solute
molecular weight, v, is the molar volume of the liquid and
yp is the molar volume of one polymer segment. At
equilibrium the concentration partition coefficient (KP/L)
(governed by the Nernst distribution law) can be defined as
the ratio of the concentration (w/v) of the solute in the
polymer (cip) to the concentration (w/v) of the solute in

the liquid (ciL). Combining Eq 21 and 22 with the polymer-
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liquid equilibrium condition described by Eq 20 between the

polymer and liquid gives:
K, = = (.t vy /s (r.F v 23
pyL = Ci /¢ T (T Yy) /(1 V) (23a)

It is important to recognize that K is an equilibrium

P/L
parameter and although the solute molecules may experience

more than one concurrent or sequential mode of sorption in a
polymer material, the amount of solute sorbed at equilibrium
and its mode of sorption in the polymer is governed largely

by the thermodynamics of the polymer-solute interactions

(Rogers, 1985).

The polymer/liquid coefficient can also be calculated from
the ratio of the polymer/gas and liquid/gas partition

coefficeints:

P L

i, o -~ Kpsc/ Kpsg (23b)

The partition coefficient describing solute partitioning
between air and the polymer is called the solubility
coefficient (S) and is defined by:

(24)

Where Pi° is the pure component vapor pressure at the system

temperature. At sufficiently low partial vapor pressures ciP



21
is proportional to S and Pi°. S is then often referred to as

the Henry’s law solubility coefficient, H. The dimensions of

H varying depending on the dimensions of ciP and Pi° used.
Estimating Non-idealities in Mixtures

The activity coefficient provides one way to estimate
solution non-idealities and is applicable in condensed phase
systems (i.e. polymers, liquids, solids). The activity
coefficient is a function of temperature (T), pressure (P)
and system composition (xi) and is defined from the partial

molar excess Gibbs free energy (Giex) (Sandler, 1989):
7.(T,P = G. ¥ RT 25
i(T/,P,x;) = exp (G; " /RT) (25)

The molar excess Gibbs free energy can be loosely defined as
the difference in free energy of an ideal mixture and that
of a real (nonideal) mixture. The T of an ideal mixture is

one.

Another method for estimating the fugacity of a very dilute
species in a liquid mixture is using Henry’s law. It is
experimentally observed that the fugacity of a very dilute
species is linearly‘proportional to its mole fraction. This
proportionality constant which is a function of temperature
and pressure is referred to as the Henry'’s constant and is

defined by:
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f." = x. H, (26)

A more universal method for estimating fugacities in

solution is to use an equation-of-state (EOS). Equations of

state describe the properties of a specie in terms of

temperature, pressure and volume. In general the present EOS

methods are more applicable to the vapor phase (low

densities) because nonidealities are not as great as they E
are in condensed phases (Sandler, 1989). Vapor phase 1
fugacities at low pressures can also be estimated using

virial EOS using experimentally determined virial

coefficients (Sandler, 1989). Most EOS methods can be used

to estimate fugacities of low to moderate density vapors but

associating vapors require special corrections (Sandler,

1989). Recently some fairly accurate EOS methods have been

developed for polymer solutions (Fredenslund, 1989).

For approximate fugacity calculations in the gas phase, the

Lewis-Randall rule can be used:

(27)
Estimating Activity Coefficients in Solvents and Polymers
There are several well accepted methods that can be used for

estimating partition coefficients. Reid et al. (1987)

presents some of the better recognized methods for
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estimating activity coefficients. Recently, several
equation-of-state (EOS) methods, which describe the
pressure, volume and temperature relationships of a
substance in a mixture, have been developed. Of particular
interest are the group-contribution EOS for mixtures with
polymers of Ilyas and Doherty (Goydan, 1990), Holten-
Anderson et al. (1987), Chen et al. (1990), and Huang and
Radosz (1990). Sanchez (1979) has also developed an EOS
method for polymers based on the Flory EOS and lattice fluid
theories, however, the model requires equation of state
parameters which are currently available for only 60 low
molecular weight solutes and 10 different polymers. There
are numerous examples of correlations developed for
estimating partition coefficients: A novel method from Bao
et al. (1988) correlates octanol-water partition
coefficients to polymer-water coefficients using solubility
parameters. The method is limited only to water solvent

systens.

From a molecular chemistry viewpoint, Kamlet et al. (1984)
have developed a correlation for the Henry’s law solubility
coefficients using a parameter that is correlated with a
substance’s critical temperature. Kasai et al. (1988) have
also correlated partition coefficients in solvents based on
molecular structure. Computer modeling (Jorgensen et al.,
1990) is rapidly developing as a means of predicting

Partition coefficients directly from molecular structure.
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However, computer modeling is not yet available for general
application and its use is dependent on the availability of
mainframe computers and software. Of the methods presented
in Reid et al. (1987), many are not applicable because they
cannot be applied to polymer systems. Many methods also
require experimental data that is not available for many
aromas or they are limited to certain classes of substances
(e.g. cannot be used for aqueous systems) and cannot be used
with the wide variety of chemical substances found in aromas
(e.g. parameters are not available for all functional groups
of molecules). Group-contribution methods are used to
overcome the problems of estimating model parameters by
assigning contributions to each of the functional groups

making up the polymer, aroma and solvent phases.

Group Contribution Methods

Although there are thousands of chemical compounds of
interest the number of functional groups making up these
compounds is much smaller. Group contribution methods assume
that a physical property of a fluid is the sum of
contributions made by the molecule’s functional groups. By
using this assumption, it is possible to develop correlation
techniques for a large number of fluids using a much smaller
number of parameters which characterize the contributions of

the individual groups (Fredenslund et al. 1975).
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Any group-contribution method is necessarily an
approximation because the contribution of a given group in
one molecule is not necessarily the same as that in another
molecule (Fredenslund et al. 1975). The fundamental
assumption of a group-contribution method is additivity (in
series), i.e. the contribution made by one group is assumed
to be independent of that made by another group. This
assumption is valid only when the influence of any group in
a molecule is not affected by the nature of other groups

within that molecule (Fredenslund et al., 1975).

Of the available activity coefficient group-contribution
methods only the UNIFAC-FV, Holten-Anderson EOS, Ilyas and
Doherty EOS, GC-Flory EOS and regular solution theory

methods can be applied to polymer systems.

UNIFAC Method

The UNIFAC is a group-contribution method for the prediction
of activity coefficients in non-electrolyte liquid mixtures
originally developed by Fredenslund et al (1975). The method
combines the solution-of-functional-groups concept with a
model for activity coefficients based on an extension of the
unified quasi chemical theory of liquid mixtures (UNIQUAC)
of Abrams and Prausnitz (1975), hence the name UNIFAC
(UNIQUAC Functional-group Activity Coefficients). In the

solution-of-functional-groups concept a solution is viewed
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as a concentration of functional groups rather than the
molecules themselves (Fredenslund et al. 1975). This means
that the activity coefficients in mixtures are related to
the interactions of functional groups. To be able to do
this, data reduction using experimentally obtained activity
coefficient data has to be carried out to obtain empirical
parameters characterizing interactions between pairs of
functional groups. The functional group sizes and
interaction surface areas are taken from independently

obtained pure-component, molecular structure data.

The UNIQUAC equation is based on the statistical
thermodynamics of liquid mixtures using Guggenheim’s quasi-
chemical analysis. The UNIQUAC equation for the activity
coefficient (7) of molecular component i in a multicomponent
mixture contains an entropic combinatorial part (ric) which
is essentially due to differences in size and shape of the
molecules in the mixture and an enthalpic residual part

(1iR) which is essentially due to energy interactions.

In 7 1n L + 1n 71, (28)

The complete calculation method is described by Fredenslund
et al. (1975) and Fredenslund et al. (1977). Fredenslund et
al. (1977) contains Fortran computer code for UNIFAC
Calculations and Sandler (1989) has published a Basic

version of UNIFAC using the fourth up-date interaction
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parameters. The most up-to-date and complete listing (the
fifth revision) of the necessary group volume, surface area
and interaction parameters can be found in Hansen et al.

(1991).

The UNIFAC method is useful for predicting vapor-liquid
equilibria (VLE) over the temperature range 250 - 425 K. The
accuracy of the method claims predictions of infinite
dilution activity coefficients with deviations of less than
20% for most cases (Fredenslund et al. 1975). An average
error of prediction of 20.5% by UNIFAC for infinite dilution
activity coefficients was reported by Thomas and Eckert
(1984) who compared UNIFAC'’s predictions with experimental
data for 3357 compounds and an average error of 21% for 77
systems compared by Park and Carr (1987). UNIFAC does not
yield quantitative prediction of liquid-liquid equilibrium
(LLE). Hence Magnussen et al. (1988) has published a

separate set of interaction parameters for LLE.

In addition to up-dates, several modifications to the
original UNIFAC method have been proposed since it was
published. Fredenslund (1989) published a review of the
state of UNIFAC and discussed the limitations of the
original UNIFAC method and the several modifications that
have been proposed for it. The modifications of Weidlich and
Gmehling (1987) and Larsen et al. (1987) encompass

modifijcations to the combinatorial term and to the residual
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term giving it more temperature dependence for better
prediction of temperature effects. The modifications of
Weidlich and Gmehling produced about an 11% improvement in
VLE predictions over the original UNIFAC model. Fredenslund
(1989) sums up the differences between the original UNIFAC
and these two modifications as minimal improvement in VLE
predictions but notes that large temperature extrapolations
are possible with the modified versions. These modified
UNIFAC versions have a smaller set of interaction parameters
than original UNIFAC thus limiting their usefulness. This
version of Weilich and Gmehling has 21 functional group
interaction parameters and Larsen et al. has 23 compared to
50 for original UNIFAC. Sets of interaction parameters for
infinite dilution solutions have been proposed for UNIFAC,
rw-UNIFAC, (Bastas et al, 1988) which provide marginal
improvement (28% deviation to 20% deviation) over original
UNIFAC. Park et al. (1991) have compared 7 estimations of
original UNIFAC with modified UNIFAC (Weidlich and Gmehling,
1987) and r°-UNIFAC for 6 solutes in the n-alkanes, 1-
alcohols and alkanenitriles. The average errors of the
estimations were 20%, 7.4% and 31% for original, modified
and 7 UNIFAC models confirming previous observations that
modified UNIFAC predictions are better than original UNIFAC
and that 1= UNIFAC is not necessarily better than the

original model.
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UNIFAC Estimation for Polymers

The original version of UNIFAC underestimates experimental
solute activity in polymers. It does not take into account
differences in free volumes between the mixture components
(Oishi and Prausnitz, 1978). Oishi and Praunsnitz (1978)
developed a free volume correction for UNIFAC, which is
referred to as UNIFAC-FV. They added a free volume (fv)
activity contribution term (1n1ifv) to Eq 28 based on an the
equation-of-state theory of Flory (1970) (Oishi and

Prausnitz, 1978):

C R fv

1n LT 1n TS + 1n Ty + 1n L (29)
where:
in 7.tV = 3¢, 1n (vil/3 D - V./Vy =1) (1 - v -1/3
i T 0% (=73 —T)y] - cilvi/vy ( i )]
(Vy
(30)

Where v is a reduced volume, i refers to the solute, M
refers to the mixture, and 3ci is the number of external
degrees of freedom per solute molecule with cy set equal to
1.1 from earlier empirical observations. The expression for

the reduced volume vy (dimensionless) of the solvent is:

_ w
vy = vy /(15.17 b rl') (31)

Where viw is the volume of the solvent per gram, r;’ is the

normalized van der Waals volume per gram for the solute
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(based on the normalization used in UNIQUAC) and b is a
proportionality factor determined empirically with a value
of 1.28. Assuming the volume of the liquid mixture is

additive, then the reduced volume for a binary mixture, Vy

(mL/g), is:

vy = (Viwy + vpwp) / (15.17(r Wy + rp'wg)) (32)

M 11 1

Where P stands for the polymer phase and w is the weight
fraction. UNIFAC-FV calculates activities on a weight
fraction basis as opposed to a mole fraction basis in
original UNIFAC because mole fractions are awkward units due
to the molecular weight differences between the polymer and
solute. The UNIFAC free volume modification method like the
original UNIFAC method were originally optimized for finite
as opposed to infinite dilution concentration solutions
because very little data exists in the infinite dilution
region. This could conceivably affect the empirical b and c4
parameters used in this free volume term. This free volume
term has been found to be highly dependent on the values of

the pure-component densities used (Fredenslund, 1989).

In order to better understand the importance and
significance of the free volume concept the following

discussion is taken from Prausnitz et al. (1986):
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"In general, pure fluids have different free volumes, i.e.
different degrees of thermal expansion. When liquids with
different free volumes are mixed, that difference
contributes to the excess functions (e.g. excess free
energy). Differences in free volume must be taken into
account, especially for mixtures of liquids whose molecules
differ greatly in size and shape. For example, in a solution
of a polymer in a chemically similar solvent of low
molecular weight, there is little dissimilarity in
intermolecular interactions but the free volume
dissimilarity is significant. The low-molecular-weight
solvent may be much more dilated than the liquid polymer;
the difference in dilation (or free volume) has an important

effect on solution properties."

The calculation of free volume (vf, cm3/mol) is dependent on
the particular definition used (Bondi, 1968). The sense of
the definition used here is the difference between the "hard
sphere" or "hard core" volume per mole (v*) and the volume
of solute per mole at some temperature T (vi(T)). This
difference is essentially the thermal expansion of the

molecule.
*
Ve = vi(T) - v (33)

Where the hard core volume is the van der Waals volume

(cm3/mole) of the molecule. The hard core values were
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calculated from experimental data by Bondi (1968) using the

covalent bond distances and the so-called van der Waals
radii between a molecule and carbon in the condensed state

(i.e. liquid or solid).

The literature has given mixed reviews on the ability of
UNIFAC-FV to estimate solute activity coefficients in
polymer solutions depending on the system to which it is
applied. In addition to agreement with experimental data
presented in Oishi and Prausnitz (1987), Arai and Iwai
(1980) found UNIFAC-FV to give excellent predictions of
Henry'’s constants for aromatic hydrocarbons in polystyrene.
Tseng et al. (1986) found UNIFAC-FV was an improvement over
the regular solution theory for predictions of solvent-
polymer interactions for polybutadiene, polymethyl
methacrylate, and polystyrene systems. Belfiore et al.
(1988) found serious shortcomings using UNIFAC-FV to
characterize the phase behavior of polymer-polymer blends of
polystyrene and poly(vinyl methyl ether) and poly(ethylene
glycol) and poly(acrylic acid). Belfiore et al. explained
the shortcomings of UNIFAC-FV for polymer blends as being
due to residual contribution to the activity (riR). The
residual contribution term uses empirical functional group
parameters which although appropriate for small molecules
are too large for polymer-polymer blends. Their (Belfiore et
al.) problems may be due in part to the shortcomings of

using VLE UNIFAC interaction parameters to predict solution
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properties closer to liquid-liquid equilibrium. Sorensen et
al. (1990) compared experimental infinite dilution activity
coefficients of hydrocarbons in poly(ethylene glycol) (MW
4000, 7500, 10000) and concluded that UNIFAC-FV
underestimates the experimental results but can predict the

data trends.

Iwai et al. (1985) proposed a new expression for the free
volume term which has been shown to be quantitative for the
solubilites of hydrocarbon vapors in polystyrene, natural
rubber, polyisobutylene and in styrene-butadiene copolymers
(Iwai et al., 1991). The method proposed by Iwai et al.
(1985) requires the heat of vaporization of the solute as an
additional parameter. Goydan et al. (1989) used UNIFAC-FV to
estimate the solubilities of various polar and non-polar
solutes in several amorphous polymer systems and concluded
that it was good qualitatively and "fairly accurate"
quantitatively. High and Danner (1990) studied the accuracy
of UNIFAC-FV in predicting various solvents in polystyrene
and concluded that the solvent activities are well
predicted. Balaschova et al. (1990) compared UNIFAC-FV with
experimental data for monomers in various styrene blend
polymers and found it can be used for calculating VLE in

these systems.

Doong and Ho (1991) recently proposed a modification to

UNIFAC-FV that allows its use to be expanded to semi-
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crystalline polymers. They added an elastic factor to
account for the restraining effect of semi-crystalline
regions in polyethylene on its polymer chains which they
reasoned can make an elastic free energy contribution. The
Doong and Ho model has been applied to polyethylene and
several different hydrocarbons at finite concentrations. The
method requires an empirical factor, which accounts for the
fraction of elastically effective chains in the amorphous
regions of the polymer. The method of Doong and Ho remains
to be proven since the empirical factor used was calculated
from the experimental data on which the model was tested. In
general UNIFAC-FV of Oishi and Prausnitz (1978) has been
shown to have correlating ability but lacks quantitative
correctness for some systems. The UNIFAC-FV methods of Iwai
et al. (1985) and Doong and Ho (1991) show promise but both
need to be tested on polar solutes. With the exception of
Doong and Ho, all of the variations of UNIFAC-FV have not
been tested on semi-crystalline polymers. This is mainly due

to the lack of experimental data.

Fredenslund (1989) has discussed several of the current
developments in UNIFAC and commented on possible future
improvements. He pointed out that although the modifications
of UNIFAC of Weidlich and Gmehling (1987) and Larsen et al
(1987) give better activity coefficient estimations than the
original UNIFAC, the infinite dilution activity coefficients

do not extrapolate well to polyethylene molecular weights
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(compared to the original) and hence the combinatorial term
used in these methods should not be used for polymers. One
of the interesting comments made by Fredenslund was that it
appears that a free volume contribution may be necessary to
improve UNIFAC for other solutions in addition to polymers.
This is because there are significant differences between
the free volumes of different organic solvents and water in
addition to those already recognized in polymers. UNIFAC was
derived under the assumption that any free volume effects
are constant. One of the underlying problems with UNIFAC may
be that free volume effects have been incorporated into the
fitted interaction parameters. One of the ways to improve
UNIFAC in Fredenslund’s opinion is to adopt the new
expression for the combinatorial activity coefficient
expression of Elbro et al. (1988) which has both

combinatorial and free volume parts incorporated into it.

Ilyas and Doherty, and Holten-Anderson EOS

Goydan et al. (1989) have reviewed the use of three group
contribution techniques: UNIFAC-FV, Ilyas and Doherty EOS
and Holten-Anderson EOS, for use in estimating the
solubilities of organic compounds in polymers. They observed
that, in general, all three methods were in good agreement
with the experimental solubility values for a wide variety
of solutes in six different polymers. They ranked the

Holten-Anderson EOS as the most accurate while the UNIFAC-FV
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method of Oishi and Prausnitz (1978) was fairly accurate and
was more widely applicable due to the greater number of
functional groups available compared to the other two
methods. High and Danner (1990) who estimated various
solvents activities in polystyrene noted that while both
Holten-Anderson and UNIFAC-FV predict solvent activities
well the UNIFAC-FV is generally more accurate and should be
used when pure densities are available. The Holten-Anderson
EOS requires only the structure of the solvent and polymer
and can be applied to liquid-liquid systems as well.
Summarizing the work of Doherty et al. and High and Danner
comparing UNIFAC-FV with the EOS methods of Ilyas and
Doherty and that of Holten-Anderson, the selection of
UNIFAC-FV for further study is justified. UNIFAC-FV gives
activity predictions as good or better than these two
methods and it is applicable to a wider class of substances
due to the greater number of functional groups available.
The availability of the great number of functional groups is
an important consideration for calculations involving aroma

compounds.

Group—-Contribution Flory Equation-of-State

Recently Chen et al. (1990) developed what they call the
Group-Contribution Flory Equation-of-State (GCFEOS) method
for estimating solvent activity coefficients in mixtures

containing polymers. The GCFEOS method is essentially an
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improvement on the Holten-Anderson EOS and gives better
overall estimations of infinite dilution solvent activities
in 31 polymer-solvent mixtures than either the UNIFAC-FV or
Holten-Anderson methods (Chen et al., 1990). The method is
also computationaly easier to use than Holten-Anderson and
because it is an EOS method only the structures of the
solvent and polymer are needed whereas UNIFAC-FV requires
the densities of the pure fluids. GCFEOS takes into account
the free volume differences of the mixture’s constituents
thus offering a good prospect for improving predictions over
UNIFAC-FV estimations of VLE. One of the disadvantages of
GCFEOS is that it currently has only 26 functional groups
available compared to 50 for UNIFAC-FV. GCFEOS represents a
state-of-the-art group-contribution approach to polymer-
solvent VLE and should be further tested and compared with

experimental data.

Regular Solution Theory

Solubility parameters, which are central to the regular
solution theory originally proposed by Hildebrand and
Scatchard (Hildebrand and Scott, 1950, Hildebrand et al.,
1970), can be estimated using group-contribution methods
developed by several people notably Hansen (Barton, 1983),
Hoy (1970, 1985), Fedors (1974a, 1974b) and Van Krevelen

(1990). Van Krevelen (1990) and Barton (1983) have reviewed
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the regular solution theory group contribution method as it

is applied to activity coefficient estimation in polymers.

The regular solution theory is by far the simplest and
oldest of the group contribution activity estimation
methods. However, the regular solution theory is not
necessarily the most accurate and is applicable in theory
only to regular solutions. Barton (1983) wrote that one
should not expect that partition coefficients can be
predicted in detail by solubility parameters particularly
for polar molecules. The theory and usefulness have been
reviewed by Van Krevelen (1990), Barton (1983) and Rider
(1985). The method has achieved its widest acceptance in the
paint and coatings industry where it is used as a means of
predicting the tendency of polymers to dissolve in solvents
(Rider, 1985). Very few direct applications of the regular
solution theory for the prediction of partition coefficients
have been found in the literature (Barton, 1983). Most
applications require modification of the regular solution
theory using empirical terms and there are many more
examples of correlations using only solubility parameters

(Barton, 1983).

The regular solution theory using different group
contribution methods was applied to the estimation of solute
partition coefficients between polyolefins and alcohols

(Baner and Piringer, 1991). It was observed that the regular
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solution theory using the Hildebrand solubility parameters
and the Hansen type solubility parameters could not
quantitatively predict these partition coefficients.
Although a fundamental correlative relationship between the
experimental data and estimations was observed, it was
necessary to calculate an empirical term (whose contribution
to 7 was larger than that of the solubility parameters!) for
the regular solution expression in order to obtain a
quantitative partition coefficient prediction. The regular
solution prediction method of Baner and Piringer is likely
to remain restricted to the partition coefficient estimation
of solutes between polyolefins and ethanol or methanol
alcohols due to the lack of an experimental data base for
calculating additional empirical correction factors. These
are dependent on the polymer and liquid system. With the
availability of predictive methods more universally
applicable (such as UNIFAC) or more theoretically correct
(GCFEOS) no further development or study of the regular

solution theory is warranted.



Materials and Methods

Materials

Polymers:

The following polyethylenes were used for polymer/liquid

partition coefficient measurements.

HDPE : Hostalen GF 4760 (Hoechst Folien AG, Weisbaden,
Germany), density = .956, thickness = 98.38 + 10.4 um. Same
polymer sample used by Becker et al. (1983), Koszinowski

(1986a, 1986b), Koszinowski and Piringer (1989, 1990).

LDPE : Hostalen LDH 1018, density = 0.918, thickness = 47.5
+ 2.5 um. Same polymer sample used by Becker et al. (1983),
Koszinowski (1986a, 1986b), Koszinowski and Piringer

(1989, 1990).

Determination of Additive Content of Polymers

Samples (2-3 mg) of the polymers were analyzed using coupled
SFE/SFC (supercritical fluid extraction/supercritical fluid
chromatography) using a Carlo Erba SFE 3000. The samples

were extracted using supercritical co, at 30 MPa which was

40
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then expanded and the extracted material concentrated in a
liquid nitrogen cold trap at -10°C. The extraction was
stopped and the sample swept onto the column of the SFC. No
significant peaks were found signifying the presence of
additives in the polymer. The total extractables (likely
oligomers) in the polymers were approximately 44 ppm (pg/qg)

and 32 ppm for LDPE and HDPE.

Solvents:

Hexane (purity>99.0%) and Ethanol (purity >99.8%) from Merck

(Darmstadt, Germany). Water: deionized laboratory water.

Test Solutes:

The aqueous ethanol/nitrogen and polyethylene/aqueous
ethanol partition coefficients were measured for the

following solutes.

Aromas: supplied by Drom Parfuméle KG (Baierbrunn,
Germany). n-Alkanes: from Fluka Chemie. Aroma purity
determined by GC, n-alkanes purity as purchased. Table 4
lists the molecular weights, densities and structures of

the test solutes.



d-Limonene
Diphenylmethane
Linalylacetate
Camphor
Diphenyloxide
Isoamylacetate
7-Undelactone
Eugenol
Citronellol
Dimethylbenzylcarbinol
L-Menthol
Phenylethylalcohol
cis-3-hexenol

Octane
Nonane
Decane
Dodecane
Tetradecane
Hexadecane
Octadecane
Eicosane
Docosane
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Table 4. Structure, Molecular Weight, and Density of
Solutes

Aroma V. MW Density Structure

d-Limonene 88.35 136.24 .8411204 />__<:>_
. 26
Diphenylmethane 101.93 168.23 1.0008 4

0

O

Linalylacetate 124.08 196.29 .89520 —

o
Camphor 96.8  152.23 .99322° est. d\{j{
” A©

Isoamylacetate 83.47 130.18 .8656244 /i\t//\v/k\

(o]

T7-Undelactone 117.51 184.28 .949254 <:{:z:/\v/\v/\\
OH

Eugenol 98.98 164.20 1.0664204 @/fc“s

Citronellol 110.23 156.27 .8552° H,—CH=CH,

Diphenyloxide 96.7 170.21 1.0706

Q

a4
. . 24
Dimethylbenzylcarbinol 150.22 972377, }?‘ m
OH
94.72
L-Menthol 106.9 156.27 .90025 est.

4
74.31

cis-3-hexenol 69.26 100.16 .845322

25 (el OH
Phenylethylalcohol 122.17 1.01502 @(\/
//\\==/ﬁ\v/o”



n-Alkane
Pentane
Hexane
Heptane
Octane
Nonane
Decane
Dodecane
Tetradecane
Hexadecane
Octadecane
Eicosane

Docosane

W
Vi

58.03
68.26
78.49
88.72
98.95
109.18
129.64
150.1
170.56
191.02
211.48

231.94
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Table 4. (cont.)

MW Density
72.15 .6213254
86.17 .6553254
100.20 .6800254
114.22 .6990254
128.26 .7144254
142.28 .7259254
170.41 .7440254
198.40 .7593254
226.45 .7699254
254 .54 .778825 ext.
282.56 .785825 ext.
310.61 .791625 ext.

Structure

CH3(CH2)3CH3

CH3(CH2)4CH3

CH, (CH,) (CH,

CH, (CH,) (CH,
CH, (CH, ), CH,
CH, (CH,)) gCH,
CH, (CH,), ,CH
CH, (CH,), ,CH
CH, (CH,), ,CH
CH, (CH,), (CH
CH, (CH, ), gCH

CH3(CH2)20CH

MW = molecular weight Density = obtained from Windholz

(1983), Weast (1979), Synowietz (1983).

est. = estimated from molar volume estimation
method of Fedors (1974a,b)

ext. = extrapolated from a linear regression of lower
molecular weight n-alkane densities.

V.w = Van der Waals molar volume. Van Krevelen (1990)

Gas:

Nitrogen purity 99.9999% (purity 5.0) from Linde (Munich,

Germany) .

3

3

3

3

3

3
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Methods

Determination of Polymer Crystallinity

The polymer’s crystalline fraction was estimated using
differential scanning calorimetry (DSC). A Mettler DSC20
with a TCll TA Processor using a standard gold nickel
sensor (dig/k = 2400) was used. The DSC was calibrated
with an Indium standard and standard 40ul. Al dishes with
lids were used. The temperature was scanned from 40°C to
200°C at a rate of 10°C/min. The sample sizes used ranged
from 4 to 9 pug and were conditioned prior to testing over
silica gel in a desiccator for three weeks at room
temperature. The polymer melt temperature was the
temperature at the maximum of the endotherm curve. The
heat of fusion was calculated using the system’s software
integration function as the area between the endotherm
curve and the scan’s baseline. The crystalline fraction
(xc) of the polymer is estimated using Eq 34 (Van

Krevelen, 1990).

_ C
X, =Ah_ /8" (34)

Where Ahm is the DSC’s measured heat of fusion and Ahcm
is the heat of fusion of the polymer crystalline fraction.
The heat of fusion of polyethylene, Atfu‘= 8.22 KJd/mol

(293.03 J/g), was obtained from Van Krevelen (1990).
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The results of the DSC measurements are shown in the Table
5 below along with crystalline fractions calculated using
polymer density. The crystalline fraction can be estimated
using the polymer density (@) and the densities of the
amorphous ( ea) and crystalline ( Qc) fractions of the

polymer using Eq 35 (Van Krevelen, 1990):

Xo = (vy = v) /(v = v)) = (0./0) (€- @) /7 (0. - Q)
(35)

Where v is the specific volume (cm3/g) of the polymer.

Table 5. Crystalline Fraction of Polymers Tested

POLYMER by Dsc? by Density® Ty (°C)
LDPE 0.266 + 0.017 0.473 109.7 *+ 0.3
HDPE 0.583 * 0.006 0.729 133.2 + 0.7

—— 8.22 KJ/mol (Van Krevelen, 1990)

b) Pa = 0.855 (g/mL), QC = 1.00 (g/mL) (Van Krevelen, 1990)

_~
]

from manufacturer’s film specifications.

]
]

melt temperature (the maximum of the enthalpic curve)

The crystalline fractions calculated from density are
normally appreciably higher than those from enthalpy

measurements (Mandelkern, 1990).
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GC Analysis Conditions

The following GC analysis conditions were used to analyze
the various test samples needed for partition coefficient

measurements.

Aromas: Hewlett Packard (HP) HP589011 capillary GC with HP
7673A automatic sampler. Column: 0.5pum Supelcowax 10

(Supelco, Inc., Bellefonte, PA), 30m x 0.32mm i.d., H2

carrier gas with 40 cm/sec linear velocity. Temperature
Program: 65°C for 6 min. -- 8°C/min ramp -- 230°C for 5
min. 2uL sample injection volume. Split ratio: 10:1 for

K L hexane extraction samples and 40:1 for K ethanol

P/

phase samples.

P/L

n-Alkanes: Hewlett Packard HP5890 capillary GC with a HP
7671A automatic sampler. Column: 5.0um DB-1 (J&W, Folsom,

CA) 30 x 0.32mm i.d., H, carrier gas with 40 cm/sec linear

2
velocity. Temperature program: 40°C -- 15°C/min ramp --
240°C for 24 min. 2uL injection volume. Split ratio: 10:1
for KP/L hexane extraction samples and 40:1 for KP/L
ethanol phase samples.

The order of elution and retention times (RT = min) of
test substances using the above conditions are listed in

Table 6.

A - - S
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Table 6. Order of Solute GC Elution and Retention Times

Ethanol
100% 75% 50% 35%
RT

Hexane

100%

Isoamylacetate
d-Limonene
cis-3-hexenol
Camphor
Linalylacetate
Menthol
Dimethylbenzylcarbinol
Citronellol
Phenylethylalcohol
Diphenylmethane
Diphenyloxide
Eugenol
r-undelactone

n-Alkane

- . - - —— ——— —————— - — ————— ——— - ————————————— — — ——————— —

Octane
Nonane
Decane
Dodecane
Tetradecane
Hexadecane
Octadecane
Eicosane
Docosane

See preceeding text

for analysis conditions.
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Liquid/Air Partition Coefficients

Apparatus

Liquid/air partition coefficients were measured using con-
current flows of liquid and air (nitrogen) in a thermostated
gas stripping column. The column was developed by Piringer
and is described in Piringer and Skories (1984). Figure 3
shows a schematic of the column used. The column is a
continuous flow method operating under steady-state
conditions and uses practically unlimited liquid and gas
volumes so that errors from absorption processes are largely
eliminated. The column has a 2 L upper reservoir (A), a
metering valve for controlling the liquid flow rate (B), a
sample valve for removing liquid samples from the upper
reservoir (C), and a gas stripping column (D) that allows
for long contact times between a thin film of liquid running
along a spiral and a con-current flow of nitrogen. The
column has an effective spiral length of 62 cm, an inner
diameter of 1.5 cm and an outer diameter of 3.0 cm and a
total length of 115 cm. At a flow rate of 130 mL/h a drop of
water requires 250 s to travel through the column.
Underneath the column the liquid passes through a capillary
tube and into a collecting reservoir (E). The saturated
nitrogen stream is then passed through two gas washing

bottles with #2 pore frits in series containing solvent and
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Figure 3. Gas Stripping Column Schematic



51
held at 0°C in a polyethylene glycol containing water bath
(F). The column temperature was held at 25%+.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 resistance 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 conditioned at 25°C by
flowing it through a coil in the water bath and the flow
rate controlled to within *1mL/min using a MKS Instruments
(Munich, Germany) model 1259C 500mL Mass Flow Controller
with a MKS PR-3000 controller which had a precision of +1%,
an accuracy of 0.1% and a reproducibility of 0.2% of scale.
The nitrogen stream was saturated with ethanol and water
vapor prior to entering the column by passing it through a
gas washing bottle with a #2 frit (G) filled with the
liquids phase without solutes. 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 Laborgerdte GmbH,
Lindefels2-Seidenbuch, Germany) connected to Normag (Otto
Fritz GmbH, Hofheim an Taunus, Germany) digital proportional
temperature 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. To overcome the slight
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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).

The K of the aromas were measured using a mixture of all

L/G
13 aromas each having an initial average mole fraction of
7.7x10-6 corresponding to a total mole fraction of 1x10—4
for the aromas in the mixture. The individual aroma mole
fractions correspond to a concentration range of 12-24 ppm

(ug/mL). The n-alkane K were measured using a mixture of

L/G
9 alkanes (pentane to decane, dodecane, tetradecane and

hexadecane) having individual mole fractions of 1x10-4 for
100% ethanol, 0.031-4.02)(10_5 for 66% aqueous ethanol, and

0.07-19x10-'6 for 33% aqueous ethanol.

A test run was begun by filling the upper reservoir with a
measured volume of liquid mixture and allowing it to
equilibrate for 30 minutes. Before each measurement the
system was conditioned for one hour using identical
conditions to those used during an experiment (e.g.
identical solvent traps and flows). At the end of
conditioning, the gas and liquid flows were halted
temporarily and a sample was taken from the upper reservoir
and collection flask (E) and gas washing bottles (F) were

changed. The liquid flow was then re-established and the



53

experiment begun with flow of gas through the column.
After 12-14 hours (overnight) the experiment was ended by
stopping the liquid flow and then the gas flow. The volumes
of liquid in the upper reservoir, collection flask and gas
washing bottles were measured. Samples were taken from the
upper reservoir, the collection flask and the two gas
washing bottles and subsequently injected into a GC for
quantitation. The liquid/gas partition coefficient, KL/G’
was calculated with a PC spreadsheet program using Eq 36:

GCL-t-vG-calL

K = (36)

L/G
(GCl-Vl + GC2°V2)'CalG

Where GC equals the GC area units for a partitioned substance,
V is volume at the end of a run, t is the time, v is the
volumetric flow of the gas and cal is the GC calibration
factor for the respective phase. The subscripts L, G, 1 and

2 stand for liquid, gas and gas washing bottle 1 and 2

respectively. A mass balance was calculated using Eq 37:

GCUE.VUE + GCL.VL + GCl-V1 + GC2°V2
$ recovery = 100« ( )
GC,. .V
(37) Uuo "Uo

Where the subscript UO stands for the upper reservoir liquid
phase concentration of a component at the beginning of a
run. The percent mass balance recovery is the mass in the

upper reservoir (A) at the end of a measurement plus the



54
mass in the collection reservoir (E) plus the mass in the
two gas washing bottles (F) divided by the initial mass

input in the upper reservoir (A) times 100.

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 in the upper and lower concentrations can be

measured.

GC

K = (38)

[((GCyg + GCyy)/2) - GC 1=V, / tev,

Where GCyg stands for the upper reservoir liquid phase

concentration of a component at the end of measurement.

Method Development

The gas stripping column operating parameters were taken
from previous work with this column (Piringer and Skories,
1984, Brunner et al., 1990). The optimum operating nitrogen
gas flow rate with respect to a mixture of n-alkanes
(pentane to dodecane) in ethanol with a liquid flow rate of
1-3 ml/min over 12-15 hours was determined by varying the

gas flow rate and measuring the resulting partition
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coefficients. Figures 4 and 5 show partition coefficients
calculated using Eq 36 versus gas flow rate produces a
minimum at the optimum gas flow rate. At low gas flow rates
the error is largest for less volatile alkanes because so
little material is collected in the solvent trap over the
course of a run. The more volatile substances tend to be
swept out of the trap at higher flow rates. There is also an
increasing danger that one equilibrium stage is not reached
in the column. For these n-alkanes the optimum gas flow rate

was in the range of 100 to 300 ml/min.

Partition coefficients calculated using the concentration
differences in the liquid phase before and after stripping
(Eq 38) gave larger estimates of the partition coefficients
and showed much greater variability than those calculated
using the solvent traps (Eq 36). The difference method
worked best for more volatile alkanes whereas the less
volatile alkanes had little concentration change in the
liquid phase after stripping that the concentration
difference was in the order of the variability of the gas
chromatograph measurements themselves and thus could not be

accurately measured. The K calculated by concentration

L/G
difference is best used as a control for comparison with the
KL/G calculated from the solvent trap data. If the

concentration difference K is smaller than the solvent trap
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K then it means that the trap is not retaining all of the

substance from the gas phase.

For confirmation, liquid/gas partition coefficients
obtained from this gas stripping column method were
compared with published data in the literature. Cori and
Delogu (1986) reported infinite dilution (x; = 1074
activity coefficients for n-alkanes, pentane to nonane, in
100% ethanol using a gas stripping method similar to Renon
et al. (1977). Pierotti et al. (1959) has reported
correlations for the log of n-alkane infinite dilution
activity coefficients in n-alcohols. Park et al. (1987)
reported an infinite dilution activity coefficient for
octane in ethanol using a GC method. Liquid/gas partition
coefficients (KL/G) can be calculated from activity
coefficients (7i) at room temperatures and atmospheric
pressures using Eq 39.

K

= (R*T) / (1;+P -V (39)

L/G it¥y)

Where R is the gas law constant, T is Kelvin, P°i is the

saturated partial pressure of the substance (i) and yL is
the liquid molar volume. This equation assumes an ideal gas
phase and that Raoult’s law can be used due to the low
temperatures and pressures and dilute concentrations used.

The partition coefficients calculated from these
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literature sources using the n-alkane saturated partial
pressures in Appendix A are plotted in Figure 6 along with
the experimental partition coefficients. Linear regression
lines were calculated for the experimental and Cori and
Delogu data. The regression line for the Cori and Delogu
data was very close to the regression line of the
correlation data from Pierrotti et al. varying by -2.2%
for pentane to -3.9% for hexadecane. The experimental data
compared with Cori and Delogu agreed best for decane (-
2.2%) but was greater for pentane by 26% and smaller for
hexadecane by 25%. These variances are within the

uncertainty of these measurements (see Error Analysis).

The effect of solute concentration in the liquid phase was
tested by increasing the concentration of the aroma
mixture in a 50% aqueous ethanol solution 20 times (from
=20 ppm to =244 ppm). The result was such that within the
method’s experimental uncertainty no significant
difference was seen between the measured partition
coefficients. Figure 7 compares the effect of the aroma

liquid concentration on KL/G'



Log liquid/gas partition coefficient

Il’llll T T lTI‘IlI T

LB

T v 171 rlll

T

61

>IDd>
[ ¢ J(0)

0O mma

OOy OGO

| O 1 = isoomylacetate
: O 2 = d-limonene
C A 3 = menthol
t O 4 = citronellol
i @ 5 = linalylacetate
] L. ] | 1
0 1 2 3 4 S 6
aroma compound
Figure 7. Effect of Aroma Concentration on KL/G'

50% Aqueous Ethanol. Aroma concentration range

~
~

20 - 244 ppm (pug/mL).



62

Polymer/Liquid Partition Coefficients

Apparatus

The method used here follows the ASTM standard D7454-87,
Standard Test Method for Two-Sided Liquid Extraction of
Plastic Materials Using FDA Migration Cell (ASTM, 1987).
The method was originally developed for the USFDA (United
States Food and Drug Administration) (Till et al., 1982)
and has been applied to a variety of migrant/polymer
systems in contact with numerous foods and food simulants.
Snyder and Breder (1985) have also used the FDA migration
cells to measure styrene migration and Becker et al.
(1983) used an adaptation of the FDA cell to measure the
sorption of aromas by polymers. A schematic of the vial is

shown in Figure 8.

The procedure was as follows: 18 round polymer disks, 24.4
mm diameter with a 3.4 mm hole in the center with a total
surface area of 4.59 cm?, were stamped out of the polymer
films (LDPE 50um, HDPE 100um) using a punch. The disks
were then weighed and threaded onto a stainless steel wire
with 2mm high 4mm diameter glass rings (cut from glass
tubing) separating the polymer disks. The wires with disks
were then placed in 40 mL screw cap vials (28mm diameter,

98 mm high) with teflon coated silicone septa (Alltech,
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Figure 8. Schematic of KP/I Measurement Vial
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Unterhaching, Germany) and 35 mL of the solute containing

liquid mixture filling the vial to its shoulder.

The 12 aromas were tested together as mixtures in the
ethanol or aqueous ethanol liquid phase with the initial

concentrations listed in Table 7.

Table 7. Aroma Initial Concentrations, KP/L Measurements
Flavors Initial ppm (ug/mL)
Isoamylacetate 73.8-79.5
d-Limonene 67.6-79.7
cis-3-Hexenol 50-57
Camphor 76.3-95.8
Linalylacetate 94.7-108.4
Menthol 81.6-92.8
Dimethylbenzylcarbinol 79-88.5
Phenylethylalcohol 65.6-75.9
Diphenylmethane 93.1-105.1
Diphenyloxide 99.3-108.1
Eugenol 86.1-98.1
T-Undelactone 95.3-108.2

These concentrations correspond to an approximate total
mole fraction of 4.4x10 % and individual aroma mole
fractions of 3.7x10-5. The higher concentration range was
used for the 35% aqueous ethanol mixtures, the lower range

for the 100, 75 and 50% mixtures.

The 9 n-alkanes were used in mixtures at varying
concentrations depending on the aqueous content of the
liquid mixture. This was necessary because the solubility

of the higher molecular weight n-alkanes becomes lower the
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more aqueous the solution becomes. The concentrations used

are given in Table 8.

Table 8. n-Alkane Initial Concentrations,

KP/L Measurements

Solution:

Cc8

Cco

C10
Clz2
Cl4
Cl6
Cc18
C20
c22

100%

38.
39.
17.
22.
24.
27.
31.7
34.6
37.8

AN OAEND O,

20
20
19.3
25.
26.
30.
35.
38.
42

SN0 W

These concentrations correspond to

OSSN WO

PNNAATTWOO
N L P V)

total molar fractions

of 1x10 % for the 100% and 75% ethanol solutions, and

1.5x10"° and 6.5x10 °

for the 50%

and 35% solutions. For

individual n-alkanes these concentrations correspond to

mole fractions of 1.1x10 °

and 1.7x10"°

and 7.2x10

in the 100% and 75% solutions

in the 50% and 35% solutions.

The vials were placed in 10+1°C and 25+1°C controlled

atmosphere chambers and in a 40+1°C oven and shaken by

hand at three different intervals during their storage.

The necessary storage times needed for the sorption

process to reach equilibrium were >10 days at 40°C, >20

days at 25°C and >40 days at 10°C. These times were

estimated based on previous experience and from

equilibrium sorption times reported in the literature.

Halek and Meyers (1989) reported aqueous solutions of
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hydrocarbon terpenes required 25 days and oxygenated
terpenes 2 days to reach equilibrium sorption at 20°C.
Harita and Tanaka (1989) showed d-limonene sorption from
an aqueous solution required 18-20 days to sorb into
different polyolefin films at 20°C. Ikegami et al. (1987)
reported equilibrium sorption times for aqueous solutions
of a variety of aromas into HDPE and PP films were reached
in 20 days at 20°C. Using these observations and a kinetic
rule of thumb where kinetic processes double with every
10°C increase in temperature, the experimental storage
times used should be sufficient to reach equilibrium

sorption conditions.

At the end of the storage time, samples of the liquid
phase were taken and the remaining liquid phase discarded.
The polymer discs were then rinsed two times with aliquots
of the liquid phase solvent and the discs blotted dry with
a lab tissue and placed in 20 mL crimp cap vials. The
sorbed solutes in the polymer were extracted by adding 15
mL of hexane, capping the vials with teflon coated
silicone septa and placing them in the 40°C oven for 10
days. The vials were shaken by hand twice during the
extraction and after 10 days removed from the oven.
Samples of the hexane were taken in 1.0 mL GC autosampler
vials and the remaining hexane discarded. The discs were
then rinsed with two aliquots of hexane and re-extracted

with 15 mL more of hexane for 10 days at 40°C. The
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concentrations in the liquid and hexane phases was
measured by GC and the partition coefficient calculations
carried out on a personal computer (PC) spreadsheet
program. Eq 40 calculates the polymer/liquid partition
coefficient (K

p/L) ¢

C. [ (au + au, ,)+cal, .V _.den  / g_.]
K. = _ h1 h2 H 'h P P (40)

ci auL-calL

The numerator in Eq 40 is the concentration of the solute
(i) in the polymer determined by the sum of the GC
measurements of the two hexane extraction times the
calibration factor for the hexane solvent samples times
the volume of hexane used times the density of the polymer
divided by the total weight of the polymer disks in the
vial. The denominator is the GC measurement of the liquid
solution times its calibration factor. In Eq 40: au = GC
area units, L = liquid, P = polymer, h = hexane, 1 and 2
stand for traps 1 and 2, cal = GC calibration factor
(g/mL/au), V = volume (mL), den = density (g/mL), c =

concentration (g/mL) and 9p = weight polymer (g).
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Testing of K L Method

P/
In addition to the method development for KP/L

measurements outlined by Becker et al. (1983) the method
was tested for concentration effects, surface effects and

interaction between aromas in mixtures.

Test for Solute Interactions in Test Mixtures:

Four different aromas, d-limonene, camphor, linalylacetate
and citronellol were mixed in 100% ethanol solutions at
concentrations corresponding to aroma mole fractions of

-
° (65+4, 70+4, 84+4, 71*4 ppm (pg/mL)

approximately 2.5x10
respectively). Mixtures of the four aromas were combined
in a completely randomized factorial design and their
partition coefficients measured between 100% ethanol and
14 HDPE disks after 25 days equilibrium at 25°C. The disks
were then extracted with Hexane and the extractant and
liquid solutions analyzed as outlined earlier. An analysis
of variance was performed on the results using the STATIT
statistics software (Statware, Inc., Kirkland,

Washington). The statistical differences between the means

at the 95% confidence level are shown in Table 9.
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Table 9. KP/L Solute Interaction Test Results

Treatment Average KP/L

d-Limonene Camphor Linalylacetate Citronellol

1 -— - —_ -
2 - - - .0117
3 - - .0501 -
4 - - .0553 .0172
5 - .0671 - -
6% - .0607 - .0136
7 - .0607 .0514 -
8% - .0560 .0480 .0135
9 .341 - - -
10 .354 - - .0131
11 .286 - .0403 -
12* .298 .0530 - -
13 .283 .0495 - .0227
14%* . 285 .0527 .0469 -
15 .482 - .0711 .0204
16* .502 .0483 .0829 .0219

* The KP/L for aromas in this treatment are not
affected by the presence of the other aromas

in the treatment.

The ANOVA tested to see if the KP/L for an aroma depended
on the treatment (i.e. how it was combined with other
aromas). Treatment numbers followed by (*) have no
significant interactions between the aroma KP/L in this
treatment and those in the other treatments. All other
treatments showed significant differences for the aroma
KP/L compared to KP/L in other treatments. Strength-of-
association measures (Linton and Gallo, 1975), which
describe the difference in the variance between the

dependent variable and independent variable, were

calculated for the treatments where a significant
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difference was found. Strength-of-association measures
help determine how strong the relationship is between the

treatment and the resultant behavior of the KP In all

/L’
cases with significant differences, except for d-Limonene,
the strength-of-association measure was less than 4%. For
a strength-of-association less than 5%, the relationships
may be real but are very weak (Linton and Gallo, 1975). d-
Limonene showed a strength-of-association measure of 53%
which suggests that there is a somewhat stronger
relationship between t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>