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Abstract

Equilibrium sorption of n-butane and acetaldehyde in melt-processed poly(ethylene terephthalate) (PET) microtomed flakes is reported.
The n-butane sorption isotherm at 35°C is well described by the dual-mode model with the following parameters: kp = 0.017 cm® (STP)/
(cm® amorphous polymer cmHg), Cyy = 1.3 cm® (STP) (cm® amorphous polymer) and b = 0.029 cmHg ~'. Acetaldehyde isotherms at 35 and
45°C may be described by the Flory—Huggins sorption model, suggesting that penetrant uptake in the non-equilibrium excess volume
associated with the glassy polymer made a negligible contribution to the overall sorption level at the conditions of this study. The heat of
sorption was essentially equal to the enthalpy of condensation of pure acetaldehyde. At 45°C and acetaldehyde pressures at or above
40.0 cmHg, acetaldehyde triggers significant crystallization of PET (up to 37 wt%) with increasing concentration. Subsequent sorption
experiments at very low penetrant activity reveal solubility coefficients that are markedly higher in the penetrant-crystallized sample than in
the initially highly amorphous sample. This result suggests the acetaldehyde-induced formation of microvoids (which act as highly efficient
penetrant sorption sites) in the polymer sample. Based on these and literature data, the logarithm of infinite dilution penetrant solubility in
amorphous regions of PET was well-correlated with penetrant condensability as characterized by 7., penetrant critical temperature, or by
(TJT)* where T is the experiment temperature. Infinite dilution, amorphous phase penetrant diffusion coefficients in PET decreased

according to a power law relation with increasing penetrant critical volume. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terephthalate) (PET) is a widely used
barrier packaging material [1]. While sorption and transport
of gases such as oxygen and carbon dioxide are important
considerations in designing barrier packaging, the sorption
of organic flavor molecules, such as d-limonene, into pack-
age walls is important in determining flavor scalping and, in
refill applications, flavor carryover and contamination [2].
The migration of such components depends on both pene-
trant solubility and diffusivity. However, sorption and trans-
port data for flavor molecules or other large organic
penetrants in barrier packaging are not readily available.

In this study, the solubilities of n-butane and acetalde-
hyde in thin, microtomed PET flakes were determined as a
function of pressure. These results are complemented by
differential scanning calorimetry, densitometry, wide
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angle X-ray diffraction (WAXD) spectroscopy, positron
annihilation lifetime spectroscopy, "*C solid state nuclear
magnetic resonance cross polarization magic angle spinning
spectroscopy, and gel permeation chromatography charac-
terization of the polymer. Additionally, results of a literature
survey of solubility and diffusivity data for penetrants in
PET are presented, and general correlations of infinite
dilution penetrant solubility with critical temperature and
infinite dilution penetrant diffusivity with critical volume
are provided.

2. Experimental
2.1. Sample preparation

PET (Eastapak™ Polymer 9663) pellets were kindly
supplied by Eastman Chemical Company (Kingsport, TN).
One-eighth inch thick tensile bars were molded from the
pellets using a Toyo 90 injection molder (Toyo Machinery
and Metal, Singapore). A chilled mold at —3°C was used to
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Fig. 1. PET Tensile bar prepared for microtoming. The black area is the
original cross section of the tensile bar, and the gray area was used to
prepare microtomed flakes. The width, height, and thickness dimensions
of the microtomed flakes were Imm, 9 mm, and 2 pm, respectively.

rapidly quench the molten polymer from the injection
temperature, 281°C, to obtain highly amorphous samples.

Thin, uniform sheets (or flakes) were microtomed from
the tensile bars. Two samples for microtoming were cut
from the center of each tensile bar. The blocks were first
trimmed using a Reichert (Buffalo, NY) Ultracut S micro-
tome and a glass microtome knife. A schematic of a
trimmed sample is shown in Fig. 1.

PET flakes were microtomed from the trimmed sample
blocks using a Reichert Ultracut S microtome equipped with
a Reichert FCS cryo-system. The microtomed flakes were
2 pm in thickness, 1 mm in width, and 9 mm long. The
microtome knives were Diatome (Fort Washington, PA)
45° cryo-histo diamond knives with 4 mm blades. The
microtome was operated at —80°C to minimize any changes
in the polymer structure due to the microtoming process. A
clearance angle of 2°, a cutting speed of 1 mm/s, and the
maximum return speed setting were used. Approximately
11 000 microtomed flakes (~340 mg) were collected.
Two Diatome cryo-histo microtome knives were required.
Each knife developed nicks and was replaced after about
6000 flakes were microtomed. To obtain samples with the
most uniform thickness possible, the microtomed flakes
were collected, in the order in which they were generated,
in 18 separate vials, each containing 12—-20 mg of polymer.

2.2. Gravimetric sorption

Gravimetric sorption experiments were performed using
both a McBain spring balance [3] system and a Cahn RG
Electrobalance (Bellflower, CA). The McBain spring
system consists of a water-jacketed glass chamber serviced
by a vacuum pump for polymer degassing and penetrant
removal. The chamber temperature was controlled by a
water bath. Approximately 30.0 mg of PET microtomed
flakes were loaded into a cylindrical quartz pan suspended

from a sensitive helical quartz spring in the chamber. The
spring (model 4501.6) and sample pan (model 4505.2-2)
were supplied by Ruska Industries, Inc. (Houston, TX).
The spring extension was 1 mm for every 0.152 mg of load.

Before beginning sorption experiments, the sample was
exposed to vacuum until there was no further spring dis-
placement to remove previously sorbed air gases from the
polymer. Then the sample was exposed to penetrant at a
fixed pressure, and the spring position relative to a fixed
reference rod hanging in the chamber was recorded using
a Cohu (San Diego, CA) 4910 CCD camera [4]. The camera
was interfaced to an Apple Macintosh 7600/132 computer
via a Scion Corporation LG-3 frame grabber card
(Frederick, MD). Image, a software package from the
National Institutes of Health (NIH), was used to store and
process data from the camera. Using this apparatus, spring
position was recorded as a function of time using a special
Image macro written for sorption data collection [4]. The
spring position data were converted to mass uptake data
using the spring constant.

A Cahn model RG electrobalance serviced by a vacuum
system was also used to collect n-butane gravimetric sorp-
tion data. The balance was housed in an insulated box
equipped with an air bath temperature regulation system.
A quartz hemispherical pan supplied by Ruska Industries,
was filled with 48.3 mg of PET microtomed flakes and
placed on the balance. After degassing under vacuum, the
sample was exposed to penetrant at fixed pressure, and a
Fisher (Pittsburgh, PA) Recordall Series 5000 chart recorder
monitored sample mass as a function of time.

2.3. Nuclear magnetic resonance spectroscopy
characterization

The microtomed flakes and an unmicrotomed control
were characterized using °C solid state cross polarization
magic angle spinning (CPMAS) NMR spectroscopy. Data
were obtained at ambient temperature using a Bruker MSL-
400 NMR spectrometer (Billerica, MA) with a nominal
operating frequency for carbons at 100.61 MHz. All "*C
chemical shifts were referenced to the resonance of tetra-
methylsilane. Each spectrum in the carbon spin lattice
relaxation time (7)) measurement is the average of 3600
scans, with a repetition time of 5 s, and at variable delays
ranging from 1 ms to 80 s.

2.4. Gel permeation chromatography and inherent viscosity

A gel permeation chromatograph (GPC) was used to
determine number and weight average molecular weights
of the tensile bar samples at 25°C and atmospheric pressure.
Polymer Labs (Amherst, MA) 5 um Mixed-C PL gel
columns were used with a carrier solvent of 5/95 (v/v) hexa-
fluoroisopropanol/methylene chloride containing 0.1 g of
tetraethylammoniumbromide per 100 ml of solvent. The
detector was a Perkin—Elmer (Norwalk, Connecticut)
LC235 UV absorbance detector. The original solution
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injected into the column was an azeotropic hexafluoroiso-
propanol/methylene chloride solution containing 0.4 mg of
PET per ml of solution.

The inherent viscosity of the tensile bar samples was
determined at 25°C and atmospheric pressure by measuring
the PET solution viscosity and using an established correla-
tion to relate solution viscosity to inherent viscosity. A
Schott AVS 500 viscometer (Yonkers, NY) was used to
determine solution viscosity. The solvent was a 60/40
(w/w) phenol/tetrachloroethane mixture. The polymer
concentration was 0.5 wt%.

2.5. Thermal and physical characterization

A density gradient column containing an aqueous solu-
tion of lithium bromide was prepared with densities ranging
from 1.30 to 1.35 g/cm®. This column was used to determine
the density of two tensile bar samples. Each sample was
tested twice. The weight percent crystallinity was deter-
mined based on the sample densities and published densities
for wholly amorphous and completely crystalline PET [5].
A Scintag PAD-S X-ray diffractometer (Cupertino, CA)
with a Cu Ko (A = 1.54 A) X-ray source was used to char-
acterize crystallinity in both the PET tensile bar and micro-
tomed flakes.

Thermal transitions were determined by differential scan-
ning calorimetry (DSC). A tensile bar sample taken from the
center core of the bar and a sample of microtomed flakes
(prior to penetrant exposure) were analyzed using a TA
Instruments 2920 differential scanning calorimeter (New
Castle, DE). To minimize the effects of absorbed water,
specimens were dried in a vacuum oven at room tempera-
ture for 1 week prior to the DSC measurements. First and
second scan thermograms were recorded at a heating rate of
20°C/min. From the first heating thermogram, cold crystal-
lization and melting temperatures were determined. The
areas under the cold crystallization and melting peaks
were used to calculate the wt% crystallinity of the tensile
bar as described previously [6]. The second scan thermo-
gram was used to determine the glass transition temperature.

2.6. Positron annihilation lifetime spectroscopy

Positron annihilation lifetime spectroscopy (PALS) was
used to characterize the amount of accessible free volume in
various polymer samples. Measurements were made in air at
room temperature (22.5 = 1°C) using an automated EG and
G Ortec fast—fast coincidence system. The timing resolution
of the system was 275 ps determined using the prompt curve
from a ®Co source with the energy windows set to **Na
events. The polymer films were stacked up to a total thick-
ness of 1.5 mm when possible on either side of the 30 wCi
Na-Ti foil source. Five spectra for each sample were
collected over a period of 8 h, and the results reported are
the mean values for these spectra. The spectra were modeled
as the sum of three decaying exponentials using the compu-
ter program PFPOSFIT [7]. The shortest lifetime was fixed

at 125 ps characteristic of paraPositronium self annihilation.
No source correction was used in the analysis based on a fit
for pure Al standards of 169 = 2 ps, 99.3 = 0.3%; 820 ps,
0.7%. Only the orthoPositronium (oPs) components (the
longest lifetime, 75 and its intensity I3) are reported as it is
the oPs component that is related to annihilations in free
volume cavities of the polymer matrix [8].

3. Results and discussion
3.1. Polymer characterization

The average molecular weight of the PET tensile bars
determined by GPC was: M, = 13000 * 1200, M,, =
41000 = 800, and M, = 66 500 = 500 g/mol. The inherent
viscosity was 0.672 £ 0.011 dl/g, which is also indicative of
high molecular weight polymer. The uncertainties in
inherent viscosity, GPC measurements and in subsequent
polymer characterization results are based on the mean
and standard deviations of multiple sample analyses.

A C solid state CPMAS NMR spectrum for the micro-
tomed sample is presented in Fig. 2. The four principal
carbon atom assignments for the PET repeat unit are indi-
cated. The spectral line widths and relative intensities of the
methylene and carbonyl groups are sensitive to the level of
crystallinity in PET [9]. Therefore, a comparison of the
CPMAS spectrum of the microtomed flakes with that of
unmicrotomed samples provides a qualitative indication of
the extent of crystallinity or constraints developed in the
sample due to microtoming. Fig. 3 presents CPMAS NMR
spectra of microtomed flakes and extruded, undrawn PET
films (Eastapak™ Polymer 9921W) that were annealed, as
described by Fischer and Fakirov [10], to develop the levels
of crystallinity indicated in the figure. Peak widths of the
microtomed flakes and unmicrotomed amorphous film are
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Fig. 2. *C Solid state CPMAS NMR spectrum of PET samples. * Spinning
side bands.
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Fig. 3. "*C Solid State CPMAS NMR spectra of microtomed flakes,
amorphous extruded film, and films annealed to develop varying levels of
crystallinity.

essentially the same. However, the annealed, semicrystal-
line films exhibit a decrease in the CH, peak width and the
development of a rather sharp peak in the carbonyl region of
the spectrum. These results indicate a biphasic structure in
the annealed films consisting of relatively mobile amor-
phous regions and rigid, rather immobile crystalline regions.
Based on these results, the microtomed flakes are largely
amorphous, consistent with the highly amorphous character
of the parent tensile bars.

The carbon spin lattice relaxation time, 77, characterizes
local segmental mobility in the principal PET carbons [9].
Table 1 contains 7} values determined for microtomed
flakes and for a 127 pm extruded film of the same composi-
tion as the pellets used for the injection molding of the
tensile bars (Eastapak™ Polymer 9663). Based on its
density, the extruded film had 5.8 wt% crystallinity. Within
the uncertainty of the measurements, the 7; values for the

Table 1
Carbon spin lattice relaxation times, 7}, from 13C solid state CPMAS NMR
analysis of PET film and microtomed flakes

ppm T, 127 pm film (s) T, microtomed flakes (s)
163 64.1 =28 68.5 = 4.1
131 51.7+26 57.7+43
129 394+23 33.4+82
60 36.8 £ 7.1 41 = 8.8

* Values obtained based on single relaxation although multiple relaxa-
tions were evident.
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Fig. 4. Wide angle X-ray diffraction spectra of microtomed flakes and the
parent tensile bar. The microtomed sample spectrum has been displaced
vertically for easier viewing.

microtomed flakes and the film are the same, confirming that
the microtomed flakes have molecular-level mobility, as
probed by this experiment, consistent with that of thick
extruded films.

The PET tensile bar density was 1.3391 *+ 0.0006 g/cm®.
This corresponds to a wt% crystallinity of 7.1 = 0.52%, or a
vol.% crystallinity of 6.5 = 0.48% based on an amorphous
density, p,, of 1.331 g/c:m3 and a crystalline density, p., of
1.455 g/em® [5]. The density of microtomed flakes could not
be determined by this method. Their high surface to volume
ratio and tightly curled shape trapped air bubbles on the
flakes. As a result, the flakes floated to the top of the density
gradient column, thereby compromising a direct measure-
ment of the density. Wide-angle X-ray diffraction spectra of
both the tensile bars and microtomed flakes are presented in
Fig. 4. These spectra contain only a broad amorphous halo
and have essentially the same shape. The lack of discernible
crystalline peaks indicates crystallinity levels of less than
10%, consistent with the density result.

First and second scan DSC thermograms for both the
tensile bars and microtomed flakes are presented in Fig. 5.
The tensile bars exhibited a glass/rubber transition, T, at
79°C, a cold crystallization exotherm, T, centered at 158°C,
and a melting point, T, centered at 248°C. The microtomed
flakes have a T, at 78°C, a T at 137°C, and a T, at 249°C.
The transition temperatures, with the exception of T, are the
same for both samples within the precision of the experi-
ments, and are in excellent agreement with previously
published values of T, (81°C) and T, (250-265°C) [11].
The cold crystallization peak was at a lower temperature
in the microtomed sample, suggesting more facile crystal
formation in these samples. However, the source of this
difference is not well-understood. The weight percent crys-
talllinty of both samples was calculated by subtracting the
enthalpy of cold crystallization from the enthalpy of
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Fig. 5. Differential scanning calorimetry thermograms of PET microtomed
flakes and tensile bar. (a) First heat, (b) second heat.

melting, and dividing by the heat of fusion of PET (29 cal/g)
[12]. The wt% crystallinity for the microtomed flakes and
the tensile bars was 5.5 and 0.3%, respectively.

The crystallinity level in the tensile bars determined by
densitometry is very close to the value obtained by DSC for
the microtomed flakes and is consistent with the X-ray
diffraction and CPMAS NMR results for the tensile bars
and flakes. Thus, if there is a change in the amount of
crystallinity due to microtoming, it is near the resolution
level of the techniques used in this study. Therefore, we
use a value of 5.5 wt% for the crystallinity in the micro-
tomed samples in subsequent estimations of amorphous
phase solubility.

Density provides a measure of static free volume related
to chain packing, but not dynamic, or sub-7, mobility-
related, free volume. Both types of free volume influence
penetrant diffusion in polymers [8,13] and can be character-
ized by PALS. Dynamic and static free volume cavity size
and the relative concentration of free volume cavities

Table 2

Positron annihilation lifetime spectroscopy results for PET samples
prepared from microtomed flakes, a tensile bar, and an extruded, undrawn
film

Sample 73 £ 0.03 (ns) L*+0.3 (%)
Microtomed flakes 1.62 14.32°
Tensile bar 1.65 22.02
127 wm Extruded film 1.63 22.33

* This value reflects poor packing of the sample around the source, not a
difference in free volume concentration.

accessible to ortho-positronium (oPs) are probed by PALS
[19]. 73, the average lifetime of oPs in the polymer matrix, is
a measure of the mean size of the cavity in which oPs
localizes in the polymer. I3, the relative number of oPS
annihilations, is a measure of the relative concentration of
free volume cavities. The 73 and I3 values for the PET
tensile bars and microtomed flakes are recorded in Table
2. The PALS parameter values for the 127 pm extruded
film, for which carbon spin lattice relaxation time were
presented in Table 1, are included in Table 2 for compar-
ison. Within experimental error, the PALS lifetime para-
meter is the same for all three samples, indicating that the
average free volume element size probed by PALS is not
sensitive to differences in the processing history of these
samples. The I3 parameter values for the tensile bars and
extruded film are the same. The I3 value of the microtomed
flakes is significantly lower than that of the other samples.
This is an artifact related to poor packing of the microtomed
samples around the PALS source and does not indicate a
difference in the concentration of free volume elements in
the microtomed sample relative to the other samples. Based
on these composite results, the cryomicrotoming process
has not induced measurable changes in crystallinity, poly-
mer morphology, or chain packing in the solid state.

3.2. Equilibrium n-butane uptake

The effect of n-butane pressure on the concentration of n-
butane sorbed in the amorphous phase of the PET micro-
tomed flakes is presented in Fig. 6. The penetrant concen-
tration in the amorphous phase, C,, is calculated from the
total concentration of penetrant sorbed in the polymer, C,
using the following relation [5,14—18]:

C =G, (D

where @, is the polymer amorphous volume fraction.

The isotherm is concave to the pressure axis and is well
described by the dual mode sorption model, which is typi-
cally used to model sorption of gases and vapors in glassy
polymers [19]. This model assumes that penetrant sorption
occurs in the equilibrium densified polymer matrix (so-
called Henry’s law sites) and in the nonequilibrium excess
volume in the glassy polymer (so-called Langmuir sites).
The model is expressed analytically as the algebraic sum
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Fig. 6. n-Butane sorption isotherm in PET at 35°C. The saturation vapor
pressure of n-butane at 35°C is 245.5 cmHg[26]. (@) Data obtained using
McBain spring balance, (O) Data obtained using Cahn electrobalance. The
concentration data are reported on an amorphous basis using Eq. (1) and an
amorphous volume fraction of 0.95.

of the penetrant concentration in each mode [19]

bp
1+bp’

Ca=hkpp + Ch 2
where p is pressure, kp is the Henry’s law coefficient, Ci.[ is
the Langmuir capacity parameter, and b is the Langmuir
affinity parameter. The solid curve in Fig. 6 is a least-
squares fit of Eq. (2) to the sorption data. The dual-mode
parameters are: kp, = 0.017 = 0.003 cm? (STP)/(cm3 amor-
phous polymer cmHg), Cy = 1.3*0.2 cm® (STP)/cm?
amorphous polymer, and b = 0.029 + 0.006 cmHg .

The gravimetric sorption experiments provide kinetics of
penetrant uptake as well as equilibrium uptake. In samples
of uniform, well-characterized thickness, the kinetic data
may be used to determine penetrant diffusion coefficients.
However, our microtomed flakes were curled, and an analy-
sis of the kinetic data suggested that the surface area was not
entirely accessible to penetrant. This factor complicates a
rigorous determination of penetrant diffusion coefficients.
As a result, only equilibrium penetrant uptake data are
reported. A more complete analysis of the kinetic data
obtained in this study is available elsewhere [20].

3.3. Equilibrium acetaldehyde uptake

Fig. 7 presents acetaldehyde sorption isotherms at 35 and
45°C. The data are reported on an amorphous basis to
normalize the sorption data to account for changes in crys-
tallinity developed during the sorption experiments. This
penetrant-induced crystallization is discussed in more detail
later in this work. Within the uncertainty of the data, the
isotherms are essentially convex to the pressure axis over
most of the pressure range explored. Typically, sorption
isotherms of organic penetrants in glassy polymers at low
pressures are concave to the pressure axis when the pene-

35 ;

30

25 -
20 -
15

10

Concentration, C

[cm*(STP) / cm® polymer]

5+ }/Q/ 4
[/Vu}/'

Q
0 L 1 L 1 L | 1 L 1 " |

0 005 01 015 02 025 03 035
Relative Pressure, p/ P

Fig. 7. Acetaldehyde concentration in amorphous regions of PET, C,, at 35
and 45°C as a function of relative pressure. (@) 35°C, py, = 127.6 cm
Hg[26], (O) 45°C, py = 176.4 cm Hg[26]. The solid and dashed lines
represent the best fit of the Flory—Huggins sorption model to the data at
35 and 45°C, respectively, with a concentration-dependent interaction para-
meter. All of these data were obtained using the McBain spring balance.

trant uptake is dominated by sorption in the non-equilibrium
excess volume of glassy polymers [2,21]. While there are
hints of concavity in the isotherms at low pressure, most of
the sorption data are taken in a pressure range where sorp-
tion in the equilibrium matrix appears to be the dominant
contribution to the overall sorption, and any concavity in the
isotherms was too weak to be quantified.

At high penetrant activity, sorption isotherms are often
convex to the pressure or activity axis for vapor sorption in
rubbery [22] and glassy [23] polymers. Such isotherms are
often modeled using the Flory—Huggins equation [24]

lna=In¢+ (1 — ¢+ x1 — ¢, 3)

where a is vapor phase penetrant activity, ¢ the penetrant
volume fraction in the amorphous regions of the polymer,
and y is the polymer—penetrant interaction parameter. For
acetaldehyde, the activity is equal to the relative pressure,
P/psa, Where p is the penetrant pressure surrounding the film,
and pg, is the saturation vapor pressure. The penetrant
volume fraction, ¢ is estimated as follows [25]:

o= C,(V,/22,414)

= , 4
1+ C,(V,/22,414)

where V) is the saturated liquid penetrant molar volume,
which is 55.8 and 56.4 cm*mol for acetaldehyde at 35
and 45°C, respectively [26].

The data in Fig. 7 could not be described by Eq. (3) with a
constant value of the interaction parameter, y. The concen-
tration dependence of y was modeled using the following
empirical power series [27]:

x=xo+x(l— ¢+ x,(1 — ¢)°. Q)
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The best fit parameters were y, = —70 = 2, y; = 143 =
2, xo=-—71%2,at35°C,and yy = —70 £ 1, y; = 143 =
1, x = —72 = 1 at 45°C. Based on Eq. (5), an average yx
value, y, was defined as follows:

_ 1 Pmax d 6
= ¢’max J 0 X (b’ ©

where ¢ .« is the highest penetrant volume fraction
measured in the study. The values of y at 35 and 45°C are
0.97 = 0.08 and 0.93 = 0.04, respectively. Within the
uncertainty of the parameters, the average y values are
independent of temperature. As a result, the isotherms in
Fig. 7 are almost coincident over the entire range of relative
pressures explored.

Penetrant solubility in the amorphous regions of the
polymer is defined as [13]

C,
Sa = —> (7)
p

where p is the partial pressure of penetrant in the contiguous
gas phase. Solubility coefficients typically obey a van’t Hoff
expression [13,28]:

—AH,
S = Soexp[ RT S ] ®)

where S, is a front factor, R the gas constant, and 7 is
absolute temperature. Based on a fit of the sorption data to
Eq. (8) as suggested by Miranda et al. [29], the average heat
of sorption was —26.3 = (0.8 kJ/mol. The heat of condens-
ation of pure acetaldehyde at 40°C, the midpoint of the
temperature range explored in this study, is —25.7 kJ [26].
Therefore, the enthalpy of sorption, AHg is dominated by the
pure acetaldehyde enthalpy of condensation.

3.4. Acetaldehyde-induced crystallization and microvoid
formation

Fig. 8 presents an example of Fickian kinetics of acetal-
dehyde uptake at 45°C. In this experiment, the initial acet-
aldehyde pressure, p;, was 20.0 cmHg, and the final
acetaldehyde pressure, py, was 30.0 cmHg. M, is the acetal-
dehyde uptake at time ¢, and M, is the acetaldehyde uptake
at equilibrium. The fractional mass uptake, M/M,
increases linearly with 12 at short times, consistent with
diffusion-controlled sorption. However, the data in Figs.
8—11 are not used to evaluate diffusion coefficients due to
the difficulty caused by the curled sample specimens in
estimating the effective surface area available for diffusion.

At 45°C and pressures above 30.0 cmHg, acetaldehyde
uptake kinetics displayed characteristics of solvent-induced
crystallization [30,31]. As shown in Fig. 9a, the initial
uptake kinetics are Fickian (i.e. mass uptake is a linear
function of '"%), but beyond approximately 40 min"? (cf.
Fig. 9b), the amount of acetaldehyde sorbed in the polymer
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Fig. 8. Kinetics of acetaldehyde sorption in PET at 45°C. p; = 20.0 cm Hg,
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Fig. 9. Acetaldehyde sorption kinetics in PET at 45°C exhibiting low level
penetrant-induced crystallization p; = 30.0 cm Hg, p; =40.0 cm Hg.
(a) Uptake profile prior to onset of crystallization, M, = 0.53 =
0.02 g/100 g; (b) entire uptake profile, M, = 0.41 = 0.02 g/100 g.
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Fig. 10. Acetaldehyde sorption kinetics in PET at 45°C exhibiting moderate
penetrant-induced crystallization p; = 40.0 cm Hg, p; = 50.0 cm Hg.
(a) Uptake profile prior to onset of crystallization, M, = 0.61 =
0.02 g/100 g; (b) entire uptake profile, My, = 0.43 = 0.02 g/100 g.

begins to decrease with time. This behavior is a signature of
penetrant-induced polymer crystallization and subsequent
expulsion of penetrant from the crystalline regions of the
sample [30]. In these interval sorption experiments, pene-
trant induced crystallization was clearly observed at final
acetaldehyde pressures of 40, 50, and 60 cmHg at 45°C.
The experiments performed at final pressures of 50 cm Hg
(Fig. 10a) and 60 cmHg (Fig. 11a) exhibit the same quali-
tative initial response as that observed in Fig. 9a. The
decrease in fractional mass uptake after the initially Fickian
response is more pronounced as acetaldehyde pressure
increases (cf. Figs. 9b, 10b and 11b). In particular, Fig.
11b shows that all of the incremental acetaldehyde sorption
into the sample under these experimental conditions is
expelled at long times (~6400 min), presumably due to
acetaldehyde-induced crystallization. However, because
these are interval kinetic sorption experiments, even at the
end of the experiment corresponding to Fig. 11b, there is
still a considerable concentration of acetaldehyde remaining
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Fig. 11. Acetaldehyde sorption kinetics in PET at 45°C exhibiting strong
penetrant-induced crystallization p; = 50.0 cm Hg, py = 60.0 cm Hg. (a)
Uptake profile prior to onset of crystallization, M, = 0.70 £
0.09 g/100 g; (b) entire uptake profile.

in the sample, presumably in the non-crystalline regions of
the polymer.

The decrease in penetrant uptake ascribed to penetrant-
induced crystallization can be used to estimate the amount
of induced crystallization. To a good approximation, pene-
trant solubility is usually understood to depend on polymer
crystalline volume fraction as follows [5,14—18]:

S =S5,D,. C))

Expressed in terms of equilibrium mass uptake, M, (g/100 g
polymer), Eq. (9) becomes

100 MW

0= oma PSP (10)
22414'ppolymer e

where ppoiymer 1S the polymer density (g/cmS), MW is the
molecular weight of acetaldehyde (44 g/mol), and 22,414
is a conversion factor (cm3 (STP)/mol). If the penetrant
solubility in the amorphous phase is constant, and one
assumes that the crystallization occurs after sorption
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Table 3

Polymer crystallinity induced by acetaldehyde sorption based on the
amount of acetaldehyde expelled from the sample during kinetic sorption
experiments (cf. Eq. (11))

Di De Wt% (vol.%) Wt% (vol.%)

(cmHg) (cmHg) crystallinity crystallinity
before experiment after experiment

30.0 40.0 5.5(5.0) 12.0 (11.1)

40.0 50.0 12.0 (11.1) 18.9 (17.6)

50.0 60.0 18.9 (17.6) 41.1 (39.3)

equilibrium has essentially been achieved, then Eq. (10)
may be written as follows to account for a change in pene-
trant mass uptake due to a change in crystallinity:

100 MW

Mpax — My =
‘ 2241 4pp01ymer

PSAP,, (11
where A®, is the decrease in amorphous volume fraction
due to induced crystallization. The mass of acetaldehyde
expelled is the difference between the maximum value of
M,, M., and the value of M, at the end of the experiment,
M. The amount of induced crystallization, Ad,, was esti-
mated using Eq. (11). Table 3 presents crystallinity before
and after exposure to acetaldehyde at higher pressures. The
amount of induced crystallinity increases with increasing
pressure. The values shown in Table 3 were used to adjust
the three highest pressure data at 45°C in Fig. 7 to an amor-
phous basis.

Following the acetaldehyde sorption experiments, acet-
aldehyde was removed from the sample by vacuum
desorption. Afterwards, the PET flakes were analyzed by
DSC and WAXD. Fig. 12 presents a DSC thermogram of
the sample before and after exposure to 60 cmHg acetalde-
hyde at 45°C. The weight percent crystallinity of both samples
was calculated by subtracting the enthalpy of cold crystalliza-
tion from the enthalpy of melting, and dividing by the heat of
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Fig. 12. DSC thermograms of PET before and after exposure to 60 cmHg of
acetaldehyde at 45°C.

Post-acetaldehyde
sorption

Intensity

Pre-acetaldehyde
sorption

1 " 1 L 1 ' 1 L 1

5 10 15 20 25 30 35

20 [°]

Fig. 13. WAXD spectra of PET before and after exposure to acetaldehyde at
60 cmHg and 45°C.

fusion of PET (29 cal/g) [12]. The weight percent crystallinity
values before and after exposure to the highest activity of
acetaldehyde explored in this study are 5.5 wt% (5.0 vol.%)
and 36.5 wt% (34.5 vol.%), respectively. The post-acetalde-
hyde exposure crystallinity value is considered to be in good
qualitative agreement with the maximum amount of crystal-
linity estimated from the amount of penetrant expelled from
the polymer during the kinetic sorption experiment
(41 wt%). Fig. 13 presents X-ray spectra for the sample
before and after exposure to acetaldehyde at 45°C. The
post-acetaldehyde sorption sample displays several strong
crystalline peaks in addition to the broad amorphous halo.
Based on the peak area of the amorphous halo relative to
that of the crystalline peaks, the crystallinity level was esti-
mated to be 29 wt% [6]. While this value is lower than that
from the DSC and kinetic uptake analyses, this result is
consistent with the observation of a significant increase in
crystallinity upon exposure to acetaldehyde at 45°C and
high activity. Moreover, WAXD will not detect crystals if
they are smaller than ~5 nm, whereas sorption and DSC
results are sensitive to the total sample crystallinity.

After exposure to relatively high acetaldehyde pressures
and subsequent penetrant-induced crystallization, the
sample was exposed to extremely low activity acetaldehyde
(i.e. too low to induce structural changes in the polymer) to
probe the effect of penetrant-induced crystallization on
amorphous solubility. Fig. 14 presents a comparison of the
low activity acetaldehyde sorption kinetics in the sample
after exposure to high activity acetaldehyde (i.e. the sample
kinetic data in Fig. 11) and the sample before exposure to
high activity acetaldehyde. After exposure to high activity
acetaldehyde vapor, the low activity acetaldehyde uptake is
over 300% higher than for a virgin sample. Because crystal-
line regions of most polymers are understood to preclude
penetrant sorption [5,14—18], penetrant solubility typically
decreases with increasing crystalline content. Our results,
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Fig. 14. Low relative pressure acetaldehyde sorption at 35°C in PET before
and after exposure to 60 cmHg acetaldehyde at 45°C, p; = 0.0 cmHg, p; =
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which are opposite to this trend, suggest that the polymer
amorphous phase morphology was altered significantly by
exposure to high activity acetaldehyde vapor.

Such a dramatic increase in solubility with increased
crystalline content is probably due to the creation of ‘micro-
voids’ in the polymer as a by-product of penetrant-induced
crystallization. Microvoids, in this context, will be under-
stood to mean regions of the polymer where the local
density is lower (or fractional free volume is higher) than
it would otherwise be in a sample which had not been
exposed to acetaldehyde. The convex acetaldehyde
isotherms suggest that the amorphous regions of the poly-
mer are swollen significantly by the penetrant. At 45°C,
where solvent-induced crystallization occurs, the crystal-
lites formed may stabilize the swollen polymer structure.
Then, when the penetrant is desorbed from the polymer,
the swollen polymer structure may form microvoids as a
result of kinetic constraints on macromolecular mobility
(imposed by the crystals formed during sorption), hindering
the volume relaxation of the polymer during penetrant
removal. The microvoids would act as high capacity sorp-
tion sites in the polymer and would be responsible for the
much higher levels of sorption in the sample after exposure
to high activity of acetaldehyde. We do not have indepen-
dent diffraction data to estimate the size scale of these
microvoids, so we do not know if the decrease in density
is a local scale phenomena (similar to so-called penetrant
conditioning effects common in glassy polymers) or occurs
on a larger size scale.

While this mechanism of microvoid formation has not
been verified independently and must be regarded as spec-
ulative, evidence for microvoid formation in PET due to
exposure to strongly sorbing penetrants has been presented
previously in studies investigating methods to improve the
dyeability of PET yarns [32] and in studies investigating

the effect of liquid penetrant treatments on the morphology
of PET [33-35]. Jameel et al. studied the sorption of liquid
dimethylformamide (DMF) in stretched PET films as a
function of DMF treatment temperature [33]. PET films
were immersed in liquid DMF at temperatures ranging
from 21 to 130°C, and equilibrium mass uptake was
measured. Mass uptake decreased with increasing tempera-
ture and attained a minimum value at approximately 90°C.
At higher temperatures, equilibrium DMF uptake increased
by 30% as temperature increased to 130°C. This behavior
was attributed to the formation of microvoids in the polymer
due to rapid crystallization in the penetrant-swollen poly-
mer. The presence of these microvoids was confirmed in
further studies by small angle X-ray scattering studies [34].

Weigmann et al. conducted a similar study in which PET
fibers were contacted with liquid DMF at temperatures
above 100°C [32]. This treatment induced crystallization
and microvoid formation. Afterwards, dye uptake was
measured [32]. Dye uptake in samples exposed to DMF
was four to five times higher than dye uptake in samples
that did not experience penetrant-induced crystallization
and microvoid formation. Lawton et al. found that contact
of PET with organic liquids such as acetone, acetonitrile and
acetic acid at 25°C led to microvoid formation, as indicated
by abnormally low densities [35]. These composite results
support the notion of microvoid formation in PET upon
contact with strongly interacting penetrants.

3.5. Correlation of infinite dilution solubility with critical
temperature

Penetrant sorption in polymers is regarded as a two step
thermodynamic process: (1) condensation of the gaseous
penetrant to a liquid-like density and (2) mixing of the
pure compressed penetrant with the polymer segments
[36]. The first step is governed by penetrant condensability,
and the second depends on polymer—penetrant interactions.
For penetrants that interact with the polymer matrix primar-
ily via dispersion (i.e. van der Waals) forces, the first step is
the dominant contribution to the overall free energy change
on sorption, and penetrant solubility scales with measures of
penetrant condensability such as penetrant boiling point,
critical temperature, or the force constant in the Lennard—
Jones potential model [36—-38]. In this case, the following
relation between penetrant critical temperature and infinite
dilution amorphous phase gas solubility at 25°C has been
derived using a classical thermodynamics model [37,39,40]:

InS, =N + MT.. (12)

In this expression, N is a parameter that depends primarily
on polymer—penetrant interactions and polymer free
volume. T, is the penetrant critical temperature, which is
widely tabulated for many penetrants of interest [26]. M is
constant and has a value of approximately 0.016 K ' for gas
dissolution in liquids and in rubbery and glassy polymers
[37,41]. While N varies from polymer to polymer, Van
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Krevelen recommends average values of —9.7 and —8.7 for
rubbery and glassy polymers at 35°C, respectively, when
solubility is expressed in cm’ (STP)/(cm3~cmHg) [37].
Penetrants with strong dipole or quadrupole moments may
be more soluble in a polar polymer matrix, such as PET,
than predicted based on Eq. (12) [42,43].

Although Eq. (12) is strictly valid for penetrant sorption
in equilibrium matrices, such as liquids or rubbery poly-
mers, it also provides an excellent description of equi-
librium solubility in glassy polymers [41]. Over wider
ranges of critical temperature, Stern has suggested that
penetrant solubility coefficients may be better correlated
with the square of reciprocal reduced temperature, (7./T)
[44]

T 2
InS,=n+ml =), (13)
T

where T is the temperature of the experiment, and m and n
are the slope and intercept of the correlation line, respec-
tively. This equation may also be derived from fundamental
thermodynamic considerations [45].

Fig. 15 presents the solubility of n-butane and acetalde-
hyde (from this study) and other literature penetrant solu-
bility data for PET as a function of both 7, and (T./T)* The
solubilities were adjusted to an amorphous basis using
Eq. (9) and to infinite dilution conditions when possible.
Infinite dilution solubility values were obtained by
graphically extrapolating reported solubility values to zero
concentration. When it was not possible to extrapolate to
infinite dilution, the solubility values were included in
Fig. 15, but the conditions of the measurements are noted
in the figure caption. Penetrant solubilities increased rather
regularly with T, in accordance with Egs. (12) and (13).

The lines in Fig. 15 represents least squares fits of the
solubility data for penetrants without significant dipole or
quadrupole moments (the penetrants represented by filled
symbols in the figures) to Egs. (12) and (13). The slope in
Fig. 15a is 0.019 £ 0.001, which is near the value (0.016)
observed for gas dissolution in other liquids and polymers.
The intercept, m, is —9.6 = 0.4, which is in the range of the
general values suggested by Van Krevelen. Fig. 15b
presents a comparison of the solubility data with Eq. (13).
A comparison of the m and n parameter values for PET and
several other glassy and rubbery polymers is presented in
Table 4. Within the uncertainty of the parameters, the slopes
for all of the polymers are the same. The intercept values
vary from one polymer to another, and PET has the lowest
intercept value, consistent with its lower penetrant solubility
values relative to the other polymers.

While there is some scatter of the experimental data
around the correlation lines in Fig. 15a and b, a strong
correlation of penetrant solubility with critical temperature
is noted. As PET is a nonequilibrium glassy polymer whose
sorption and transport properties depend on thermal proces-
sing history, it is not surprising to observe some scatter in
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Fig. 15. Correlation of amorphous phase solubility coefficients in PET with
(a) critical temperature, 7, and (b) (TJT)% Unless otherwise noted, solubi-
lities are infinite dilution values. The best lines through the data for non-
polar penetrants in these figures yield the following slope and intercept
values: (a) slope (M)= — 9.6 = 0.4 K™, intercept (N) = 0.019 + 0.001,
correlation coefficient (R?) = 0.984; (b) slope (m) = — 2.68 = 0.2, inter-
cept (n) = — 7.8 = 0.3, correlation coefficient (R} =0.976. (®) non-polar
penetrants, (O) polar and quadrupolar penetrants. Key: 1. He, Ny, Ar, O,
CH,, CO,: 25°C, amorphous [18]; 2. n-C4H,y: 35°C, 5.0 vol.% crystallinity
(this work); 3a. C,H,40, 35°C, 5.0 vol.% crystallinity (this work); 3b. 45°C,
5.0 vol.% crystallinity (this work); 4. (CH3),CO: 35°C, 38 vol.% crystal-
linity [2]; 5. CH,Cl,: 24°C, 43 vol.% crystallinity [53]; 6. CH;0H: 25°C,
23 vol.% crystallinity, p/pe, = 1.0 [52]; 7. CH;COOC,Hs: 30°C, 22 vol.%
crystallinity, p/pg, = 0.6[64]; 8. CsHg: 25°C, amorphous [65]; 9. C¢HsCHs:
23°C, 24 vol.% crystallinity [64]; 10a. H,O: 30°C, 3 vol.% crystallinity
[66]; 10b. H,O: 25°C, ~20 vol.% crystallinity [67].

this correlation. Also, the data for several penetrants
(methanol, ethyl acetate (CH;COOC,Hs), and water) are
not available at infinite dilution, and penetrant solubility is
expected to change with penetrant activity in PET [18]. In
addition, the deviation of helium from the correlation lines
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Table 4
Slope (m) and intercept (n) of correlation of the natural logarithm of infinite
dilution penetrant solubility with (TJT*

Material m n
Amorphous PET 2.68 =0.2 —-7.8 0.3
Amorphous polyethylene [22] 2.62 -7.5
PDMS [22] 2.475 -59

TFE/BDD&7 [70] 2.56 £ 0.07 —=51=%0.14

* Solubility units are cm*(STP)/(cm*cmHg). PDMS is poly(dimethyl-
siloxane); TFE/BDD87 is a random copolymer prepared from 87 mol%
2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (BDD) and 13 mol% tetra-
fluoroethylene (TFE).

in Fig. 15 is consistent with a large deviation in helium
solubility from a similar correlation for gas sorption in poly-
ethylene [44].

In contrast, the solubility of water is significantly below
that anticipated based on its critical temperature. This result
may reflect an unfavorable interaction between water and
the lipophilic environment of the PET matrix. Also, water
undergoes self-association through hydrogen bonding and,
based on the results in Fig. 15, these interactions may be
more favorable than any PET-water interactions which
might otherwise boost water solubility in PET. Similar
phenomena have been reported for the dissolution of polar

T T T T T T 3
5 F ]
10 . Ho' 1
E L ]
c 3 3
@ 7 F b
g 0|
E ] E
Q2 3 e 3
O g F HO OgNz’ CHCH "® 3
: o 109 o 2 6 5 3 -4
o = E Ho™ /2 oCO, e
@ - 2 e CHCH_ ™ 3
S S " s ]
s -~ e CH . +
8 o ‘ CH, 3
w u 10" [ d \e (CH),CO° ]
8 . E CHOH® CHCOOCH " 7§
g o i ' CHCI“® ® e Y]
£
[< E 3
] a3 F ]
£ 107 | - 103
< E CHCL "o ® CHCH "3
[ CH, .
T R ] ] ] | 1

0 50 100 150 200 250 300 350
Critical volume, V_ [cm¥mol]

Fig. 16. Effect of penetrant size on diffusion coefficients in PET. Diffusion
coefficients corrected to an amorphous basis. Unless otherwise noted
below, diffusion coefficients are infinite dilution values. Key: la. H,O:
25°C, ~20vol.% crystallinity [67]; 1b. H,O: 30°C, p/pg, = 0.478,
3 vol.% crystallinity [66]; 2. He, Ny, Ar, O,, CHy, CO,: 25°C, amorphous
[5]; 3. CH;0H: 25°C, 23 vol.% crystallinity, p/ps, = 1.0 [52]; 4a. CH,Cl,:
24°C, 43 vol.% crystallinity [53]; 4b. CH,Cl,: 21°C, amorphous [55]; 5.
C3Hg: 55°C [68]; 6. (CH3),CO: 35°C, 38 vol.% [2]; 7. C¢Hy: 40°C, amor-
phous [65]; 8. CH3;COOGC,Hs: 30°C, 22 vol.% crystallinity, p/pg, = 0.6
[64]; 9a. CHsCHj: 34°C, 2.8 vol.% crystallinity, p/pg, = 1.0 [69]; 9b.
C¢HsCHj: 34°C, 29 vol.% crystallinity, p/pg, = 1.0 [69]; 10. C¢HsCHj:
23°C, 24 vol.% crystallinity [64].

and quadrupolar penetrants in aromatic polyamides. The
polar amide linkages in the polymer backbone only undergo
solubility-enhancing interactions with polar or quadrupolar
penetrants if the amide linkage self-hydrogen bonding is
weaker than the potentially favorable interactions between
the amide linkages and the penetrant [46]. Carbon dioxide
also exhibits substantial positive deviations from the correla-
tion in Fig. 15b, suggesting potential favorable interactions of
this quadrupolar penetrant with the polar PET matrix.

3.6. Correlation of diffusion coefficients with penetrant size
in PET

Penetrant diffusion coefficients generally decrease with
increasing penetrant size [47]. A convenient measure of
penetrant size is critical volume, which is tabulated for a
wide range of penetrants [26]. Fig. 16 presents diffusion
coefficients in PET which have been reported in the litera-
ture. In this figure, the diffusion coefficients were corrected
to account for the effect of crystallinity and were extrapo-
lated to infinite dilution conditions when possible as
described in Appendix A. When the data could not be extra-
polated to infinite dilution, the penetrant relative pressure at
which the diffusion coefficient measurements were
performed is indicated in the figure caption. Fig. 16 illus-
trates the enormous range of diffusion coefficients in PET.
As penetrant size increases from He to benzene, diffusion
coefficients at infinite dilution decrease by more than eight
orders of magnitude. The literature data reported in Fig. 16
were obtained using PET samples with a wide variety of
thermal history and processing histories. Some of the scatter
of the data in Fig. 16, even after the normalization for crys-
tallinity and, when possible, extrapolation to infinite dilu-
tion illustrates the difficulty in comparing diffusion
coefficients obtained at different experimental conditions
and for samples of different processing histories. Moreover,
the wide difference in diffusion coefficients reported for the
same penetrant (toluene) at very different penetrant activ-
ities (from infinite dilution to saturation), indicates that the
diffusion coefficient of such condensable, aromatic pene-
trants depends strongly on penetrant concentration [48].

To better isolate the influence of penetrant size on diffu-
sion coefficients in PET, Fig. 17 was prepared. In this figure,
data were included only if they could be extrapolated to
infinite dilution conditions based on experimental data in
the original references. The data in Fig. 17 were adjusted
to 25°C as described in Appendix A, since this was the
temperature at which the largest number of data points
were reported in the literature.

These infinite dilution diffusion coefficients for pene-
trants in amorphous PET exhibit, to a reasonable approxi-
mation, a simple power law dependence on penetrant
critical volume [49]:

D, = — (14)
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Fig. 17. Effect of penetrant size on diffusion coefficients in PET: Power law
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where 7 and 7 are adjustable constants. While this equation
is empirical, it is proposed based on analogy with correla-
tions of diffusion coefficients of small molecules in liquids
[26,50,51]. A correlation of diffusion coefficients with
penetrant critical volume should only be applicable for
penetrants small enough that the entire penetrant molecule
participates in the diffusion step. For larger penetrants (e.g.
long chain hydrocarbons), diffusion steps may occur via
motion of only part of the penetrant molecule, so critical
volume would not be expected to capture the effective size
of a penetrant unit participating in a diffusion step. In this
case, diffusion coefficients should become less sensitive to
penetrant size than indicated in this equation. Of course,
critical volume cannot capture the influence of penetrant
shape on diffusion coefficients, so this correlation is
expected to be less accurate for asymmetric penetrants.

The exponent in Eq. (14), m, characterizes the strength of
the dependence of diffusion coefficients on penetrant size.
Polymers with larger values of 1 will have more significant
changes in diffusivity over a given range of critical volume
than polymers with smaller 7 values. Table 5 provides a list
of m values for penetrant diffusion in liquids, rubbery poly-
mers, and glassy polymers. As expected, liquids have the
weakest dependence of diffusion coefficients on penetrant
size, followed by rubbery polymers, as exemplified by
poly(dimethylsiloxane), the most flexible rubbery polymer
known. The exponent for the glassy polymers are substan-
tially greater than those of the rubbery polymer and liquids,
consistent with the more restricted local segmental mobility
of glassy polymers.

Eq. (14) may be used to predict the diffusion coefficients
of various molecules of interest, such as various flavor

Table 5
Power law exponents for diffusion coefficients correlated with critical
volume

Material Material type n

Low molecular mass organic Liquid 0.45
liquids (e.g. hexane, heptane,

benzene) [26,50,51]

Poly(dimethyl siloxane) [49] Rubber 2.2
Polysulfone [49] Glass 8.4

PET Glass 9.1 =09
Poly(vinyl chloride) [49] Glass 10.5

molecules, whose critical volumes are known or may be
estimated. For example, the critical volume of d-limonene
was estimated to be 497 cm*/mol using group contribution
methods [26]. The critical volume was then used in Eq. (14)
to calculate a diffusion coefficient of 2 X 10~ '® cm?s for
d-limonene in PET at 25°C.

4. Conclusions

The dual mode sorption model adequately describes n-
butane sorption in PET. Acetaldehyde equilibrium sorption
isotherms at 35 and 45°C can be described by the Flory—
Huggins sorption model if the interaction parameter is
allowed to vary with concentration. Any acetaldehyde
uptake that occurs in the non-equilibrium excess volume
associated with the glassy polymer is too low to characterize
accurately at the experimental conditions explored. At 45°C
and acetaldehyde pressures of 40.0 cmHg and above,
acetaldehyde triggers significant crystallization of PET
(approximately 37 wt%). Solubility coefficients at low
penetrant pressures are markedly higher in the penetrant-
crystallized sample than in initially amorphous samples,
suggesting the formation of microvoids (which act as highly
efficient penetrant sorption sites) in the polymer sample.
The logarithm of infinite dilution penetrant solubility in
amorphous regions of PET is correlated with penetrant
condensability as characterized by T, penetrant critical
temperature, or by (7./T)?, where T is the experiment
temperature. Infinite dilution, amorphous phase diffusion
coefficients in PET decrease according to a power law
relation with increasing penetrant critical volume.
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Appendix A.

PET is a glassy polymer that can contain significant levels
of crystallinity depending on thermal processing history
[52,53]. Crystallites act as impenetrable barriers to pene-
trant diffusion in polymers [54]. Michaels et al. approxi-
mated the influence of crystallinity on diffusivity as
follows [5,15,17]:

D= &, (A1)

B

where D, is the amorphous phase diffusion coefficient, T a
geometric impedance factor, and  is a chain immobiliza-
tion factor. Crystallites force penetrants to follow a tortuous
path through amorphous regions. The geometric impedance
factor, 7, which is the ratio of the average distance traveled
by a penetrant molecule in traversing a sample to the sample
thickness, accounts for this effect. Crystallites can also
restrict segmental mobility by acting as physical crosslinks.
The chain immobilization factor, 8, accounts for this effect.
Reduction in amorphous phase chain mobility due to the
crystallites is generally most pronounced in flexible rubbery
polymers. In glassy polymers such as PET, the inherent
rigidity of the chain backbone usually imposes more of an
impedance to chain mobility than the crystallites, and B is
approximately one [5], whereas for rubbery polymers, 3 is
greater than one [15]. The geometric impedance factor, 7,
may be a complex function of crystallite amount, shape,
size, and orientation [54]. One simple, empirical model
describing the impact of crystallinity on impedance factor
in PET is [5]:

(A2)

where @, is the polymer amorphous volume fraction. With
this result, Eq. (A1) is

D=D,d,. (A3)

Based on this simple model, penetrant diffusivity, like solu-
bility, is directly proportional to polymer amorphous
volume fraction. Eq. (A3) was used to correct the reported
diffusion coefficients for the effect of crystallinity.

The following empirical model of the concentration
dependence of diffusivity, often observed for vapor sorption
in PET [2,53,55,56], was used to extrapolate the diffusion
coefficients to infinite dilution

D = D explwC], (A4)

where D, is the intercept and w is the slope of the correla-
tion line when the diffusion coefficients were plotted as a
function of concentration.

The extrapolation of diffusion coefficients from the
reported temperatures to 25°C relies on the fact that diffu-
sion of small molecules is an activated process and, at
temperatures far from thermal transitions in the polymer
(e.g. glass transition, melting, etc.), the Arrhenius equation

is obeyed [57]:

D, = Doexp[ %] (AS)
where D, is the amorphous phase diffusion coefficient, Dy is
a front factor, Ep is the activation energy for diffusion, R is
the gas constant, and T is the absolute temperature. When
activation energies of diffusion were reported, the diffusion
coefficients were adjusted, when necessary, to 25°C using
Eq. (AS).

In some cases, the temperature of the experiments was not

25°C, and the activation energy of diffusion was not
reported. In these cases, we estimate the activation energy
of diffusion using the known correlation, reported by Barrer
[58] and VanAmerongen [59], between the front factor and
activation energy:
In Dy = a% — b, (A6)
where a and b are independent of penetrant type. The para-
meter a is independent of polymer type and has a universal
value of 0.64 [60]. b has a value of —In(10"* cm?/s) = 9.2
for rubbery polymers and —In(10 > cm?/s) = 11.5 for glassy
polymers [37]. Eq. (A6) is often referred to as a ‘linear free
energy’ relation. Similar relations between front factors and
activation energies are observed for viscosity of organic
liquids, molten salts and metals [61] and for first order
chemical reaction kinetics [62], which are also activated
processes described by the Arrhenius equation. Addition-
ally, PET is known to follow this relation both above and
below the glass transition temperature [63]. Combining
Egs. (AS) and (A6) gives

D, = exp[—b —(1 - a)% ] (A7)

Based on a single value of the infinite dilution, amorphous
diffusion coefficient at one temperature, the activation
energy can be estimated from Eq. (A7), and this equation
can then be used to estimate the diffusion coefficient at
25°C.
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