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ABSTRACT

A COMPARISON OF SOLUBILITY COEFFICIENT VALUES DETERMINED
BY GRAVIMETRIC AND ISOSTATIC PERMEABILITY TECHNIQUES

By

Christopher Donald Barr

The solubility coefficient (S) values for ethyl acetate in three heat sealant polymer
membranes (LDPE, LLDPE, and ionomer) were determined over a range of permeant
vapor concentrations by a gravimetric procedure and an isostatic permeability technique.
The respective solubility coefficient values obtained by the two methods were found to be
in good agreement, with no statistically significant difference observed as a function of
vapor activity. This agreement suggests that the solubility coefficient values obtained were
independent of permeant vapor activity and the sorption process followed a Henry's law
relationship over the vapor concentration range evaluated.

Comparison of the solubility coefficient values obtained by the gravimetric and
isostatic permeability techniques showed reasonably good agreement over the vapor
concentration range considered, with the S values obtained from permeability experiments
being approximately 25 to 30% higher than those obtained from sorption measurements.
Because of the procedural differences between the gravimetric and isostatic permeability
techniques, this agreement is considered to be within acceptable limits. For the
gravimetric technique, the solubility coefficient value is determined directly from the
steady state portion of the sorption profile curve, while the solubility coefficient value

obtained from the permeability experiment is derived from transient state data.
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INTRODUCTION

The capability of a polymeric packaging material to serve as a barrier to organic
vapor permeability can be characterized by its ability to minimize molecular exchange
between the product and the outside environment. As this exchange is often responsible
for product quality deterioration and shelf life reduction, a thorough understanding of
organic vapor permeability characteristics is of great practical and commercial importance.
Consequently, this topic has been and continues to be the subject of study by a number of
investigators (Apostolopoulos and Winters, 1991; Doyon et al., 1995; Mannheim and
Passy, 1990; Halek et al., 1989; Liu et al., 1991).

The permeability of a polymer membrane can be described by the following
expression:

P-DxS (1
where P is the permeability coefficient, D is the diffusion coefficient, and S represents the
solubility coefficient. The permeability coefficient (P) can be described as the steady state
transport rate of permeant molecules through the polymer, while the diffusion coefficient
(D) represents the rate of permeant molecular movement through the polymer bulk phase,
and the solubility coefficient (S) is a measure of the quantity of molecules sorbed by the
polymer.

Several methods have been described for measuring the mass transfer characteristics

1



2
of polymer films, including a gravimetric technique and an isostatic permeation procedure
(Hernandez et al., 1986; Baner, 1987). Use of the former procedure allows one to
calculate both S and D, from which P can be obtained by substitution into Equation 1.
In contrast, the isostatic permeation procedure involves calculation of P at steady state,

with D determined by substitution into Equation 2:

2
D.—L _ 2)
7.19 1.,

where D is the diffusion coefficient, 1 is the thickness of the polymer film, and t,
represents the time required to reach half of the steady state rate of transmission. Once P
and D have been determined, the solubility coefficient can then be obtained from
substitution into Equation 1. Comparison of the solubility coefficient values determined
by these two procedures, for the same polymer/penetrant system, may show a lack of
agreement, particularly for organic penetrants where, to date, no such investigation has
been conducted.

While it can be assumed that the solubility and diffusion coefficients are
independent of concentration when dealing with non-interactive permeants, this assumption
may not be valid in the case of organic vapors. For example, references can be cited
where once an apparent steady state rate of diffusion had been obtained, continued
exposure to the organic penetrant resulted in observed, concentration dependent
phenomena such as long term chain relaxation, swelling of the polymer matrix, and
additional sorption of permeant (Nielsen and Giacin, 1994; Berens, 1979; Mohney et al.,
1988). In addition, researchers have demonstrated that prolonged time of polymer

exposure to a permeating organic vapor can cause time dependent transfer processes to



occur which are non-Fickian in nature.

From sorption studies at low vapor activities of vinyl chioride monomer in
polyvinyl chloride powder, Berens (Berens, 1977) proposed that above the glass transition
temperature, the relaxation process is sufficiently rapid to be complete within the time
scale of the Fickian diffusion process. However, for PVC polymer films, Berens (Berens,
1977) found that the separation of relaxation and diffusion phenomena is not possible. The
results of Blackadder and Keniry (Blackadder and Keniry, 1972) support Berens
observation of a longer time scale for the relaxation phenomena in polymer films. These
investigators found that it took 8 to 24 hours for a true steady state rate of permeation of
p-xylene through a 0.75 mil polyethylene film to be attained. Their conclusion was that
there are long stress relaxation times occurring in the polyethylene film, which are longer
than the time required for diffusion.

On the basis of the studies of Berens (Berens, 1977) and Blackadder and Keniry
(Blackadder and Keniry, 1972), there is supportive evidence for long time period
relaxation effects occurring in polymer films above their glass transition temperature.
Thus, there may be relaxation effects occurring during the diffusion process. From the
work of Berens (Berens, 1977), the relaxation effects are expected to be more severe at
higher vapor activities. In addition to the proposed changing concentration gradient within
the polymer bulk phase during the transient state, long time relaxation effects may also
occur and contribute to possible differences in the magnitudes and concentration
dependencies of the solubility coefficient values determined from transient state

(permeability measurement) and steady state (sorption measurement) data.
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The relaxation processes which occur over a longer time scale than diffusion may
be related to a structural reordering or redistribution of the free volume elements in the
polymer, thus providing additional sites of suitable size and accessibility to accommodate
more penetrant molecules (Berens and Hopfenberg, 1978). Possible differences between
the transient and steady state solubility coefficient values may therefore also be related to
the change in the free volume of the polymer matrix.

A primary objective of this study involves developing a correlation between
solubility coefficient values determined by a gravimetric procedure, which would reflect
the steady state value, and solubility coefficient values obtained from a permeability
experiment. In terms of theoretical importance, the results of this study will provide a
better understanding of the sorption process and its concentration dependency. This study
will also be of significant practical importance in terms of the relationship between the
sorption process and "flavor scalping” of food product volatiles by a contacting polymeric
structure.

In addition to comparing the solubility coefficient values, this study will provide
a comparison of the diffusion coefficient values obtained by the gravimetric and isostatic
permeability techniques. These results may provide a better understanding of the
concentration dependency of the diffusion process as well as the different methods by
which organic molecular diffusion can be measured for a particular polymer/penetrant

system.



LITERATURE REVIEW

The Importance of Understanding Organic Molecular Mass Transfer
in Polymeric Packaging Films

The increased use of semi-permeable packaging materials in recent years has caused
molecular mass transfer through polymeric materials to become an important area of
interest and study. This growth has also led to the development of two commercially
available apparatus designed to measure organic molecular mass transfer in polymeric
materials. Mass transfer of organic vapors can involve the loss of volatiles from a product
to a packaging material and/or the external environment (sorption and/or permeation), the
uptake of volatiles from the outside environment by the product/package system
(permeation) or the transfer of volatiles from the packaging material to the product
(migration). This organic molecular exchange can result in diminished product quality and
a reduction in product shelf life. For example, research conducted by Charara et al.
(1992) indicated that sorption of citrus oil components from a packaged orange juice
product by various contacting polymer structures resulted in a substantial decrease in flavor
quality. Similarly, in a study of the sorption of volatiles from an apple juice product into
contacting heat sealant polymer membranes, Konczal et al. (1992) found that the loss of
aroma components from the product was significant when low density polyethylene was
the contacting polymer structure. In addition, Lin (1995) recently investigated the

5
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permeability of toluene vapor through a product/package system and its impact on the
quality of a packaged confectionery product. While the transport of non-interactive
permeants, such as oxygen, carbon dioxide, and water vapor, through polymeric structures
has been well studied, there is still a need to develop a more comprehensive understanding
of the mechanism by which organic molecular mass transfer occurs in polymeric packaging
materials.

According to Gillette (1988), the flux of an organic permeant through a polymeric
film is the product of two variables: a thermodynamic parameter of solubility, and a
kinetic parameter of diffusion. The diffusion coefficient, D, is a measure of the rate at
which permeant molecules move through the polymer in the direction of the concentration
gradient. The solubility coefficient, S, describes the number of molecules that dissolve
into the polymer bulk phase. The present study will focus primarily on comparing the
solubility coefficient values obtained from two experimental procedures: a gravimetric
sorption experiment and an isostatic permeability technique. Therefore, a brief summary
of permeation, sorption, and diffusion theory will be presented in this review. For a

thorough mathematical treatment, the reader is referred to Crank (1975).

The Mechanism of Sorption, Diffusion and Permeation in Polymers

The phenomenon of molecular mass transfer through polymeric materials can be
characterized as occurring in three steps: adsorption, diffusion, and desorption.
Molecular adsorption can be described as the condensation of a penetrant molecule onto

the high partial pressure surface of the polymer membrane. After condensing on the
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membrane surface, the molecule can then dissolve, or solubilize, into the polymer matrix.
The solution process is then followed by penetrant molecular diffusion through the
polymer bulk phase. In polymers above their glass transition temperature (T,), diffusivity
can be characterized as molecular movement through a series of small microvoids, or
"holes," being continuously formed and reformed as a result of the thermal vibrations
between polymer chains. According to the commonly accepted "random jump theory,"
penetrant molecular movement takes place through a series of random "hops" or "jumps”
from one fluctuation (hole formation) or void between the polymer chains (free volume)
to another, within the polymer bulk phase (Van Krevelen, 1990; Rogers, 1985). Since
these voids are usually smaller than the size of a permeating molecule, several jumps must
be attempted in the same direction before the molecule moves a distance comparable to its
length. The diffusion process is then followed by penetrant molecular desorption from the

low partial pressure side of the polymer (Laine and Osburn, 1971).

Factors Affecting Sorption, Diffusion, and Permeation in Polymers

The Nature of the Permeant
1. Size and Shape

The size and shape of a penetrant molecule can directly affect its mass transport
through a polymeric packaging material. An increase in penetrant size (area and volume)
normally results in a decrease in the diffusion coefficient value (D), and an increase in the
solubility coefficient value (S). However, because the permeability coefficient value (P)

is the product of these two parameters, its variation with penetrant size is often much less.
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As a consequence of the increase in solubility, S, D, and P typically become more
concentration dependent with increasing penetrant size (Rogers, 1985).

In a study conducted by Kosinowski (1986), n-alkanes of various carbon length
were dissolved in methanol, and the effect of n-alkane penetrant size on molecular mass
transfer was investigated using low density polyethylene film. When 12, 16 and 20-carbon
alkane penetrants were employed, the observed diffusion coefficient values were: 27 X
10, 15 x 10, and 4.7 x 10'° cm?/sec, respectively. In the same study, relative
solubility coefficients and relative permeation constants were obtained for the respective
penetrant molecules in LDPE film.

Berens and Hopfenberg (1982) have also shown that the shape of an organic
penetrant molecule can impact its diffusivity in polystyrene, polyvinyl chloride and
polymethyl methacrylate. In their research, the investigators found that the diffusivities
of n-alkanes and other linear-shaped molecules were higher than the diffusivities of more
spherical molecules of similar volume or molecular weight.

2. Molecular Branching

It has also been shown that molecular branching in a penetrant molecule causes a
greater decrease in diffusivity than does an increase in its carbon chain length. According
to Laine and Osburn (1971), the diffusion coefficient at zero concentration, D(0),
generally decreases as penetrant molecular volume increases, but branching has a much
greater effect than does molecular size. For example, the addition of a methyl group on
a given hydrocarbon reduces the value of D(0) more than does increasing the chain length

by one carbon atom (Laine and Osburn, 1971). This suggests that permeant molecules
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diffuse preferentially along the direction of their greatest length.

However, in the same study, the investigators observed an exponential increase in
the solubility coefficient value, S, as a function of increasing penetrant molecular volume
and cross-sectional area. As a result of this compensating dependence of D(0) and S(0)
on penetrant size and shape, the zero concentration permeability coefficient, P(0), was
much less dependent upon the geometry of the penetrant molecule than either term
separately (Laine and Osburn, 1971).

3. Chemical Composition

Penetrant diffusion and permeation are generally higher when the polymer and
penetrant are of similar chemical composition or polarity. For example, Laine and Osburn
(1971) measured the permeation of 19 separate organic penetrants through polyethylene
film and found that nonpolar penetrants, such as hydrocarbons, produced the highest
permeability in polyethylene film, while the lowest permeability levels were observed for
polar permeants. This difference can be attributed to the interactive nature of sorbed
organic permeants, which can cause swelling and plasticization of the polymer structure.
These interactions can result in greater mobility of both the polymer segments and the
permeant molecules, thereby increasing polymer permeability and promoting the
concentration dependence of the diffusion process.

4, Co-permeants

The presence of copermeants is another factor that has been shown to influence the

mass transfer properties of polymer films. For example, studies conducted by Hensley

(1991) on the permeation rate of an ethyl acetate (A, = 0.1)/limonene (A, = 0.21) binary



10

mixture through a biaxially oriented polypropylene film showed an ethyl acetate
transmission rate 40 times greater than that observed for pure ethyl acetate vapor at the
same vapor activity level. However, while the permeation rate was found to increase, the
solubility of ethyl acetate seemed to be unaffected by the presence of limonene as a
copermeant, and appeared to follow a Henry's law relationship over the vapor
concentration range evaluated. This was shown by Nielsen and Giacin (1994), who
reported that the presence of the copermeant (limonene) had no apparent effect on the
sorption characteristics of ethyl acetate in oriented polypropylene, over the vapor
concentration range evaluated.

Hensley (1991) stated that the observed increase in the permeation rate of ethyl
acetate in the presence of limonene could be attributed to the copenetrant (limonene) acting
to plasticize the polypropylene matrix, thereby increasing the mobility of the ethyl acetate
vapor through the polymer bulk phase. Therefore, the observed copenetrant dependency
of the diffusion process may have been the result of relaxation effects caused by the
presence of limonene in the polymer bulk phase. As stated by Meares (1965), these
configurational changes are not instantaneous, but are controlled by the retardation times
of the polymer chains. If these times are long, stresses may be set up which relax slowly.
Thus, organic molecular sorption and diffusion may be accompanied by concentration as
well as time dependent processes within the polymer bulk phase, which are slower than
the micro-Brownian motion of the polymer chain segments which promote diffusion
(Meares, 1965).

The results obtained by Nielsen and Giacin (1994) support Hensley's proposed
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explanation for the observed increase in the permeation rate of ethyl acetate in the presence
of limonene as a copermeant. While the investigators observed that limonene had no
apparent effect on ethyl acetate solubility in oriented polypropylene film, a significant
change was observed in the inherent mobility of ethyl acetate (in the presence of limonene
as a copermeant) within the polymer bulk phase, possibly accounting for the dramatic
increase in the permeability of ethyl acetate through the OPP film (Nielsen and Giacin,
1994).

There is a precedence in the literature in support of long time period relaxation
effects occurring in polymer membranes above their glass transition temperature (Berens,
1977; Blackadder and Keniry, 1972). Therefore, copenetrant induced relaxation effects
may have occurred during the diffusion of ethyl acetate/limonene binary mixtures in the
oriented polypropylene film investigated (Nielsen and Giacin, 1994). Such relaxation
processes, which occur over a longer time scale than diffusion, may be related to a
structural reordering or redistribution of the free volume elements in the polymer. Thus,
providing additional sites of appropriate size and frequency of formation, which promote
diffusion and account for the observed increase in the permeation rate of ethyl acetate in
the presence of limonene as a copermeant.

The Nature of the Polymer
1. Glass Transition Temperature and Morphology

Published research on organic molecular mass transfer in polymers is divided

between studies conducted using glassy polymers, and studies of polymers above their

glass transition temperature. In the glassy state, a polymer lacks sufficient thermal energy
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to allow micro-Brownian motion of the chain segments to occur. As a result, the polymer
chains are fixed in the conformational orientation acquired during processing.

However, when a polymer passes from the glassy state, through its glass transition
temperature (T,) to a rubbery state, its chain segments become mobile and are able to
assume different conformations. In the amorphous state, the vibrational and rotational
motions of the polymer chain segments create microvoids within the polymer matrix
through which penetrant molecules can diffuse. This enhanced molecular diffusivity in the
rubbery state generally results in higher penetrant permeability.

Because of the great practical and commercial importance associated with the
barrier characteristics of polymeric packaging materials, organic molecular mass transfer
has been, and continues to be the subject of study by a number of investigators (Nielsen
etal., 1992; Miltz et al., 1991; Sadler and Braddock, 1991; Yamada et al., 1991). Most
polymer structures used in packaging applications are above their glass transition
temperature (T,), and their properties have been studied. In contrast, the more complex
mechanism of organic molecular mass transfer through polymeric structures below their
T, is not very well understood at this time (Hernandez-Macias, 1984). According to Fujita
(1961), anomalous, non-Fickian sorption and diffusion processes have been frequently
observed in polymers below their glass transition temperature. Such glassy polymers are
not readily penetrated by organic vapors because sorption of penetrant molecules is thought
to occur almost exclusively within the amorphous domains of the polymer matrix (Sobelev
et al., 1957). Therefore, the degree of polymer crystallinity is significant, not only

because crystalline regions are excluded from the sorption process, but also because these
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regions are impermeable barriers to diffusion (Rogers, 1985).

The presence of crosslinking can also affect the permeability characteristics of a
polymer membrane. Crosslinking can effectively restrain segmental mobility, and thereby
markedly decrease polymer permeability, primarily because of its influence on the
diffusion coefficient (Rogers, 1964). In contrast, the presence of crosslinking has little
effect on the solubility coefficient, except when the degree of crosslinking is high, or when
the penetrant causes significant swelling of the polymer matrix (Rogers, 1985).

Orientation can also influence polymer barrier characteristics by allowing laterally
bonding groups to approach each other and interact. For example, Shirakura (1987)
investigated the effect of orientation temperature on the ethyl acetate permeability of
biaxially oriented polyethylene terephthalate (PET) films of varying thermomechanical
history. By changing the orientation temperature from 90 to 115 °C, the percent
crystallinity of the obtained PET film increased from 22 to 31%. Further, by increasing
the percent crystallinity of the PET film as described, Shirakura observed an ethyl acetate
permeability level 4 times lower than that observed for the PET having 21% crystallinity.
2. Intermolecular Forces

According to Rogers (1985), a polymer membrane's barrier properties are a
function of the structural symmetry of its polymer chains, as well as the intermolecular
forces that exist between them. An increase in the structural symmetry and the cohesive
energy of a polymer normally causes polymer permeability to decrease.

Chemical modification can also produce significant changes in a polymer's

diffusion and permeability coefficient values. For example, addition of methyl or polar
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side groups to rubber chains will increase the cohesive energy, thereby decreasing the
polymer's permeability and diffusion coefficient values, but only slightly affecting its
solubility coefficient value (Rogers, 1985).
3. Plasticizers and Additives

The incorporation of plasticizers and additives into the polymer bulk phase can
significantly impact polymer properties. Plasticizers can effectively force the polymer
chains farther apart, thereby increasing the free volume of the system. Based on the
studies of Fujita (1961) and Duda and Zielinski (1996), it was concluded that the mobility
of diffusant molecules is a function of the average free volume of the system. As the free
volume within the polymer matrix increases, the cohesive energy is reduced and the
polymer's glass transition temperature (T,) is lowered. In contrast, the addition of
impermeable or solid additives (such as fillers), may not significantly impact the free
volume of the system, but instead create a more torturous path through which a permeant
molecule must travel, resulting in a decrease in penetrant diffusivity (Duda and Zielinski,
1996).
Concentration

While it can be assumed that the permeability, solubility and diffusion coefficient
values for a given polymer/penetrant system are independent of concentration when
dealing with non-interactive permeants, this assumption may not be valid in the case of
organic vapors. For example, references can be cited where once an apparent steady state
rate of diffusion had been obtained, continued exposure to the organic penetrant resulted

in observed, concentration dependent phenomena such as long term chain relaxation,
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swelling of the polymer matrix, and additional sorption of permeant (Nielsen and Giacin,
1994; Berens 1979; Mohney et al., 1988). Researchers have also shown that prolonged
exposure of a polymer membrane to organic penetrant vapors can cause time dependent
transfer processes to occur which are non-Fickian in nature (Berens, 1977; Blackadder and
Keniry, 1972; Rogers, 1985).

From a study investigating the sorption of vinyl chloride monomer in polyvinyl
chloride powder, Berens (1977) proposed that above the glass transition temperature (T,),
the relaxation process is sufficiently rapid to be complete within the time scale of the
Fickian diffusion process. However, for PVC polymer films, Berens (1977) found that
the separation of relaxation and diffusion phenomena is not possible. The results of
Blackadder and Keniry (1972) support Berens observation of a longer time scale for
relaxation phenomena in polymer films. From permeability studies of p-xylene through
a 0.75 mil polyethylene film, the investigators found that it took between 8 and 24 hours
before a true steady state rate of permeation was attained. They concluded that long stress
relaxation times had occurred in the polyethylene film, which were longer than the time
required for diffusion.

Based on the research of Berens (1977) and Blackadder and Keniry (1972), there
is supportive evidence of long time period relaxation effects occurring in polymer films
above their glass transition temperature (T,). Therefore, there may be relaxation effects
occurring during the diffusion process. From studies conducted by Berens (1977), the
relaxation effects were shown to be more severe at higher vapor activities. Relaxation

processes which occur over a longer time scale than diffusion may be related to a structural
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reordering or redistribution of the free volume elements in the polymer. Thus, providing
additional sites of suitable size and accessibility to accommodate more penetrant molecules
(Berens and Hopfenberg, 1978).

Temperature

The effect of temperature on the mass transfer properties of polymer membranes
has been and continues to be the subject of study for a number of researchers (DeLassus
and Strandburg, 1991; Michaels and Parker, 1959; Sajiki and Giacin, 1993). For
example, research conducted by Wahid (1996) showed temperature dependency for the
obtained diffusion and permeability coefficient values for 2-nonanone vapor in LLDPE
film, over a range of permeant vapor concentration levels. Similarly, in a study conducted
by Matur (1993), the mass transport of a number of organic volatiles was shown to be
directly correlated with temperature for the polymeric test films investigated.

As stated earlier, mass transfer of penetrant molecules in polymer membranes
occurs by a diffusion mechanism through the polymer matrix. This mechanism can be
characterized as a process in which a penetrant molecule moves or "jumps” from one
"hole” to another within the polymer bulk phase, proceeding from a domain of higher
penetrant concentration to a region of lower penetrant concentration. The formation of
these "holes” in the amorphous phase, or the free volume of the polymer, is the result of
the rotational, vibrational, and translational motions of the polymer chain segments.
Diffusion of permeant vapors can occur only if the free volume, or void volume, is greater
than the size required to accommodate the permeant molecule. As the temperature of a

polymer above its T, increases, greater molecular motion takes place. Consequently, this
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can lead to an increase in the size and frequency of hole formation within the polymer bulk

phase, thus increasing permeability and diffusion.

Theory of Permeation Through Polymer Films

According to Crank (1975), the process of molecular diffusion through a polymer
membrane can be described by Fick's first and second laws of diffusion. Fick's first law
is presented in Equation 3 and describes the flux (F), or penetrant transfer rate per unit

area, as being proportional to the concentration gradient dc/dx.
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where c represents the permeant concentration in the polymer film, D is the diffusion
coefficient, and x is the length of direction in which penetrant molecular transport occurs.

Fick's second law is presented in Equation 4:
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where t represents time. Taking into account the concentration dependency of the
diffusion coefficient, Fick's second law states that the total concentration change across
the polymer bulk phase as a function of time is directly proportional to the change in
concentration gradient as a function of permeant penetration depth. When the diffusion
coefficient (D) varies with time, the diffusion process is often described as being non-
Fickian in nature.

By integrating Fick's first law, the following expression can be obtained:



18
F-17D-ac-D(c—c)l )
x 2 * Yx
where F represents the flux or penetrant transfer rate per unit area; D is the diffusion
coefficient; c, and c, are the high and low penetrant concentration levels being separated
by the polymer membrane, respectively; and x represents the thickness of the polymer film
sample.

For a given polymer membrane at equilibrium, the steady state rate of permeation

can be described by:
1 —_— —
F-;fP ap - P (p, p,); (6)

where p, and p, represent the partial pressure on either side of the polymer film, and P
is the permeability coefficient. From Equations 5 and 6, the total quantity of permeating
substance (Q) passing through a polymer can be determined using the following
expression:
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where A represents area, t is time, and | is the polymer thickness. The concentration of
the permeating substance (c) within the polymer membrane can then be related to the

permeant concentration in the vapor phase by assuming Henry's law:
c=-Sp (®)

where S represents the solubility coefficient for the polymer/penetrant system. Therefore,

the permeability of a polymeric packaging material can be expressed by:

P-.D XS 9)
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where P is the permeability coefficient, D is the diffusion coefficient, and S is the

solubility coefficient.

Techniques for Measuring Organic Molecular Mass Transfer
in Polymeric Packaging Materials
Electrobalance Sorption Measurements

Gravimetric measurements have been used by a number of researchers to
investigate the mass transfer characteristics of polymer membranes (Hernandez et al.,
1986; Baner, 1987; Sfirakis and Rogers, 1980). The preferred apparatus for conducting
sorption experiments is an electrobalance, as this system continually records the weight
gain or loss of the sample as a function of time. In addition, this system is often interfaced
with a vapor generator system, allowing sorption measurements to be conducted over a
range of penetrant vapor concentration levels.

Using the gravimetric electrobalance technique, the solubility coefficient value can
be obtained by first suspending a film sample weighing approximately 30 mg in the
electrobalance hangdown tube. After sufficient time has passed, such that the air in the
hangdown tube has been displaced with nitrogen, the organic vapor stream is then diverted
into the hangdown tube, where it surrounds the polymer sample. The weight change of
the sample is continuously recorded as a function of time, using either a strip chart
recorder or a computer. Once a steady state level of sorption has been obtained, the

solubility coefficient value can be determined from the following expression:

S - = 10
T (10)
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where S is the solubility coefficient value, expressed as mass of vapor sorbed at
equilibrium per mass of polymer per driving force. M. represents the total mass of vapor
sorbed by the polymer at equilibrium at a given temperature, w is the initial weight of the
polymer test sample, and b is the value of the permeant driving force.

Experimental sorption data is usually presented graphically as a plot of M/M, as
a function of the square root of time, with the initial portion of the curve being linear
(Meares, 1965). The diffusion equation appropriate for the sorption of penetrant by a
polymer sample in film or sheet form was described by Crank (1975) as:

M, 8 cxp(-D-uz-t)‘%“p(-9D-n2-t]J an
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where M, and M., are the amount of penetrant sorbed by the polymer film sample at time
t and the equilibrium sorption after infinite time, respectively; t is the time required to
reach M,, and | represents the film thickness. If the experimental and calculated curves
are in good agreement, the diffusion process is usually considered Fickian, and an accurate
estimation of D can be made (Nielsen and Giacin, 1994). This is achieved by setting
M/M. = 0.5 and calculating the sorption diffusion coefficient as follows:

2
p . 0081
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where D, is the sorption diffusion coefficient, and t, s is the time required to attain half of
the sorption level at steady state. Once the solubility and diffusion coefficient values have

been determined, the permeability coefficient value, P, can be obtained from Equation 13:

P-DXS (13)
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where P is the permeability coefficient value, and D is the diffusion coefficient value, and
S represents the solubility coefficient value.
Isostatic Permeability Measurements

Several test methods have been described in the literature for measuring the
permeability characteristics of polymer membranes, most notably the isostatic technique
and the quasi-isostatic technique. While both techniques provide equivalent information
regarding the organic vapor barrier properties of a polymer film, the present study focuses
on the isostatic procedure. The reader is referred to Hernandez, et al. (1986) for a
thorough discussion of both the isostatic and quasi-isostatic permeability techniques.

Use of the isostatic permeability procedure involves continuous collection of
permeant flux data from the initial time zero to the time at which a steady state rate of
permeation is attained. This is achieved by employing a permeability cell, consisting of
two chambers with the film sample mounted between them. Throughout the experiment,
a constant concentration of organic vapor is continuously flowed through the upstream
chamber of the permeability cell, enabling a consistent vapor concentration to be
maintained. Simultaneously, pure dry grade nitrogen gas is continuously flowed through
the low concentration chamber, and molecules that have permeated through the film
sample are conveyed to a detector for quantification. In this way, a constant concentration
gradient is maintained throughout the experiment. The permeability coefficient value is

obtained directly from the steady state value of the isostatic experiment using Equation 14:

- F_1
P - (14)
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where F_ is the steady state rate of permeant flux (quantity per time), | represents the
polymer film thickness, A is area of film exposed to the permeant vapor, and Ap is the
driving force. By plotting the permeant flux ratio as a function of time, the diffusion

coefficient, D, can be obtained from the following expression (Ziegel et al., 1969):

2
p._! (15)
7.191,,

where 1 is the thickness of the polymer film, and t, s represents the time required to reach
half of the steady state rate of transmission.

The permeation rate at any time F,, during the transient state portion of the
permeability experiment, varies from zero at time zero, up to the value F_, reached at

steady state. This is described by the following expression (Pasternak et al., 1970):

F, 4 I? -n??
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where F/F, is the permeant flux ratio, F, is the permeant flux at time t, and F. is the

permeant flux at steady state. If good agreement is observed between the experimental and
theoretical flux rate profiles, it can be assumed that the diffusion process followed Fickian
behavior. Once P and D have been determined, the solubility coefficient value, S, can

be obtained from Equation 17:

S - (17)
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where S represents the solubility coefficient value, P is the permeability coefficient value,

and D is the diffusion coefficient value.
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Cahn 2000 Electrobalance

Sorption experiments conducted using the gravimetric technique are usually carried
out at equilibrium vapor pressure and employ an apparatus that continuously records the
weight gain or loss of a polymer sample as a function of time. A recording electrobalance,
such as the Cahn 2000, is commonly used for such studies.

The Cahn 2000 is a very sensitive weighing instrument, and is designed to measure
weights up to 3.5 g, and is sensitive to weight changes as small as 0.1 ug. The
electrobalance can be described as a torque-to-current converter. The apparatus consists
of a balance beam mounted to, supported by, and pivoting about the center of a taut
ribbon; a torque motor coil, located in a permanent magnetic field and also mounted to the
taut ribbon; sample suspension fixtures; a beam position sensor system; and controls,
circuitry and indicators.

When conducting a sorption measurement by the continuous flow method, the
polymer sample is suspended from the arm of the electrobalance, and a sorbate of constant
concentration is continuously flowed through the sample hangdown tube. The sorbate
vapor is produced by bubbling pure nitrogen gas through the liquid sorbate. This can be
achieved by constructing a vapor generator system, consisting of a gas washing bottle with
a fritted dispersion tube, containing the organic liquid. As the weight of the polymer test
sample changes, a torque is produced about the axis of rotation. The electrobalance
effectively measures the amount of electric current needed by the torque converter to
maintain the balance beam in a level position. By calibrating the electrobalance using

calibration weights, the change in electric current can be related to weight change of the
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polymer sample. By interfacing the electrobalance control unit with a strip chart recorder
or a computer, the polymer sample's change in weight can be continuously recorded as a
function of time (Cahn Instruments, Inc., 1987).
MAS 2000 Organic Vapor Permeation Test System

As previously stated, organic molecular mass transfer in polymeric materials has
become a significant area of interest and study. This has led to the development of two
commercially available apparatus: the MAS 2000 Organic Vapor Permeation Test System
(MAS Technologies Inc., Zumbrota, MN), and the Aromatran (Modern Controls Inc.,
Minneapolis, MN). The MAS 2000 system, used in this study, is an isostatic permeability
test apparatus, designed to continuously collect permeant flux data from the initial time
zero, to the time at which a steady state rate of permeation is attained. Experimentally
obtained data is recorded by the system's computer, which is equipped with the MAS 2000
software package. The MAS 2000 system and software package are based on Henry's law
and Fick's first and second laws of diffusion, and can be used to obtain the steady state
permeability coefficient value, P. This permeability coefficient value is assumed to be
directly proportional to the solubility coefficient, S, and the diffusion coefficient, D, as

described by Equation 18.
P-D XS (18)
The solution to the differential equations which describe the mass transport rate

through a planar surface is:

R - RC™ exp (-k2C) (19)

k-1,3,5..

Where R, represents the mass transport rate at time t, R is a constant related to the
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permeability coefficient, and C is a constant associated with the diffusion coefficient.
When substituting experimental data into Equation 19, the initial baseline value,
B, should also be considered. The baseline value represents the system's resultant FID
response to the release of any organic volatiles which may have been trapped within the
polymer membrane, and driven off at the time of test initiation. In addition, the time of
experiment initiation, t,, must be recorded. However, because of instrumental lag time,
this t, value is generally an approximation of the true initiation time. A more accurate

determination of R, can be obtained from:

R - B+ RC™ exp (-k*C) (20)

k-1,3,5..

where C - 1/(4D (t-1,)),and R - 4P/ /x.
The experimental temperature of the MAS 2000 is controlled by the system's

computer, and is based on the following expression:

H-H +c +c¢ (#3))
where H represents the system's heater operation time, H, is the previous time cycle value,
c, is a time correction factor related to the current temperature value, and c, is a time

correction factor describing the current temperature value as a function of time. Values
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