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Foreword

The ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The pur-
pose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of contents
is reviewed for appropriate and comprehensive coverage and for in-
terest to the audience. Some papers may be excluded in order to better
focus the book; others may be added to provide comprehensiveness.
When appropriate, overview or introductory chapters are added.
Drafts of chapters are peer-reviewed prior to final acceptance or re-
jection, and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review pa-
pers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

Gas separation using polymer membranes has emerged as a rapidly growing,
commercially viable alternative to traditional methods of gas separation such as
adsorption, absorption, and cryogenic distillation. In the 1980s, the selective
permeation properties of polymers were harnessed on an industrial scale for gas
separations applications. Polymer membranes were commercialized to selectively
remove H, from mixtures with larger molecules (N,, CO, CH,, etc.), O, from air,
and CO, from natural gas. These membrane separations are now practiced at
installations throughout the world. Continued research and development of poly-
meric membranes for these applications contribute to a firm foothold for this
technology in the chemical, petrochemical, and gas processing industries. In the
1990s, vapor separation using membranes was commercialized on a large scale.
For vapor separation, polymer characteristics are quite different from those used
in the gas separations applications just described. Vapor separation polymers
must selectively remove large organic vapors (vinyl chloride monomer, propylene,
ethylene, gasoline, Freons, etc.) from mixtures with permanent gases (N, air) or
selectively remove higher hydrocarbons (propane, butane, etc.) from mixtures
with natural gas or hydrogen. For both gas and vapor separations, fundamental
research in chemistry and materials science of polymer membranes contributes to
the commercial success of this technology by providing polymers with competitive
separation characteristics and stability in industrial processing environments. This
book provides a snapshot of state-of-the-art research in this field from leading
academic, industrial, and government laboratories around the world. As such,
we believe it provides a glimpse into the future of new materials and materials
design strategies for the next generation of polymeric gas separation membranes.

The genesis of this book was the Chemistry and Materials Science of Synthetic
Membranes Symposium held at the Fall National Meeting of the American
Chemical Society (ACS) in Las Vegas, Nevada, on September 8-11, 1997. This
symposium, sponsored by the Polymeric Materials: Science and Engineering
Division of ACS was the largest symposium at the meeting, comprising 10 oral
presentation sessions plus a poster session. Approximately 100 scientists and
engineers from academic, industrial, and government laboratories participated
as speakers or poster presenters at this symposium. The authors and coauthors
of contributions to this symposium were from 18 countries. Although various
professional organizations sponsor several symposia each year dedicated to mem-
branes, these meetings typically explore a wide variety of topics ranging from
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fundamental scientific studies to highly applied engineering analyses. We used this
symposium as an opportunity to provide a worldwide forum focused specifically on
theoretical as well as experimental aspects of the chemistry and materials science
of synthetic membranes.

Based on the overwhelming enthusiasm of the membrane research community
toward this symposium, it seemed appropriate to organize a more permanent
record of some of the excellent, leading-edge contributions presented in Las
Vegas. Therefore, we decided, in concert with the symposium participants, to
organize a brace of ACS Symposium Series Books. This book and its companion,
Membrane Formation and Modification, focus on tailoring separation properties
and control of porous membrane formation. These topics represent the two major
areas of membrane science in which polymer chemistry, polymer physics, and
materials science play key roles in determining the ultimate property sets of
membranes, which, in turn, define the ability of membranes to participate competi-
tively in the commercial separations arena. In this regard, these two books are
unusual. Although recently several books have been published related to gas
separation using polymer membranes, these are the only two books we know of
that focus exclusively on structure—property relations in polymers for membrane-
based separations.

This book is organized into several sections, beginning with the overview
chapter, which provides a short introduction to the fundamentals of gas separa-
tions using polymers and a rapid overview of the two classes of polymers (i.e.,
vapor selective and gas selective) that are used commercially. Then, several
contributions regarding the chemistry and materials science of each class of
polymers are presented. The contributions related to vapor-selective polymers
focus primarily on substituted polyacetylenes, which have the most attractive
permeability—selectivity property profile for many vapor separation applications.
These chapters describe synthesis and gas transport characterization of new and
existing disubstituted polyacetylenes. The impact of processing history and blend-
ing different polyacetylenes on the physical aging properties of these glassy
polymers is described in three chapters. As the unusual transport properties of
this class of polymers are linked, partly to very high free volume, one chapter
describes state-of-the-art characterization of free volume using positron annihila-
tion lifetime spectroscopy. The next two chapters focus on facilitated transport
membranes, based on blends of silver salts with polymers, for vapor phase olefin—-
paraffin and liquid phase aromatic-aliphatic separations. The final chapter of
this section describes the use of plasma treatment to enhance the gas separation
properties of poly(dimethylsiloxane), which is used commercially in large-scale
vapor separation applications. Several chapters then focus on polymers for
gas separation. Two chapters provide new theoretical approaches to predicting
sorption and transport properties of gases in glassy polymers. The remaining
contributions complement the theoretical studies with a focus on synthesis and
characterization of gas sorption and transport properties of highly aromatic, glassy
polyimides and related structures. Afterward, two chapters describe the effect
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of inorganic additives and thermal processing history to alter polymer chain
packing in the solid state to systematically control gas sorption and transport
properties. Because air separation is one of the most important gas separation
applications, it is appropriate that the final chapter in the book describes measure-
ment methodology for detection of oxygen in gas mixtures.

We hope that this book will be of interest to specialists in gas separation
research or technology as well as novices and students of this field. The overview
chapter provides some introductory material to equip a nonspecialist with the
information to further appreciate the more focused chapters that comprise the
bulk of the book. As the focus of the book is on polymeric membranes for gas
and vapor separation and, more specifically, on structure—property relationships
in such materials, we hope that readers from the polymer chemistry, materials
science, and polymer physics communities will also find the book of interest. We
believe the reader can develop an appreciation for the direction of development
of new polymeric materials for gas separations based on this book.

We express our sincere gratitude to the authors of the contributions in this
book. Their time, energy, and commitment to excellence are evident in each and
every chapter. We are also very grateful to the session organizers at the Las
Vegas ACS meeting. Their contributions were instrumental in the great success
of the symposium. On behalf of the participants in the symposium, we warmly
thank Air Products and Chemicals, Inc., Daicel Chemical Industries, Ltd., the
ACS Petroleum Research Fund, and the PMSE Division of ACS for their gener-
ous financial support of the symposium. The staff at ACS Books, particularly
Anne Wilson, provided excellent guidance and encouragement during the entire
manuscript preparation process. Finally, this symposium series book would not
have been possible without the very important contributions from our support
staff, Rosemary Robinson, Melba Garcia, and Marie Brizzard.

The editors dedicate this book to Richard Baker, Donald Paul, and Vivian
Stannett. These pioneers in gas and vapor separation with polymer membranes
have set a standard of excellence in materials science research that is both a
model for and an inspiration to us.

B. D. FREEMAN

Chemical Engineering Department
North Carolina State University

113 Riddick Hall, Campus Box 7905
Raleigh, NC 27695-7905

I. PINNAU

Membrane Technology and Research, Inc.
1360 Willow Road, Suite 103

Menlo Park, CA 94025
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Chapter 1

Polymeric Materials for Gas Separations
B. D. Freeman' and I. Pinnau?

'Chemical Engineering Department, North Carolina State University,
113 Riddick Hall, Campus Box 7905, Raleigh, NC 27695-7905
’Membrane Technology and Research, Inc., 1360 Willow Road, Suite 103,
Menlo Park, CA 94025

Industrial applications of polymers as gas separations membrane
materials fall broadly into two categories: (1) separations using
polymers that are more permeable to the smaller components in a gas
mixture and (2) separations requiring polymers that are more
permeable to larger components in a gas mixture. Optimum polymeric
membrane materials for the first type of separations are stiff chain,
glassy, moderately high free volume polymers that sieve penetrant
molecules rather strictly according to penetrant size. Optimum
polymers for the second type of separations are either highly flexible,
rubbery polymers or certain ultrahigh free volume, glassy substituted
polyacetylenes. Such polymers sieve gas molecules weakly based on
size. Therefore, larger, more soluble penetrants are more permeable
than smaller, less soluble ones. This overview provides an
introduction to the fundamentals of gas separations with polymers,
provides examples of polymers for both categories of separations and
provides current theoretical and practical design rules for preparing
polymeric membranes with optimum performance characteristics.

Separation of gases using polymer membranes is an important unit operation that
competes effectively with well-established processes such as cryogenic distillation,
absorption and pressure-swing adsorption (I). Commercially, the most widely
practiced gas separations using membranes are the production of high purity nitrogen
from air, recovery of hydrogen from mixtures with larger components such as
nitrogen, methane, and carbon monoxide, and purification of natural gas by removal
of carbon dioxide (I). In these separations, membranes with adequately high fluxes
of the more permeable components (oxygen, hydrogen, and carbon dioxide,
respectively) and sufficient selectivity have been developed for membranes to be
competitive with other gas separation technologies. The membrane materials used in
these separations are glassy polymers, which derive high selectivity in large measure
from their ability to separate gases based on subtle differences in penetrant size (2).
Such polymers are most permeable to the smallest components in a mixture and least
permeable to the largest components.

© 1999 American Chemical Society 1

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch001

The separation of organic vapors from supercritical gases is also an application
of considerable industrial importance and is performed economically using
membranes (3-10). The removal of volatile organic compounds (e.g. vinyl chloride
monomer (1), propylene, ethylene, gasoline, Freons (4)) from mixtures with air or
nitrogen is practiced commercially. The removal of higher hydrocarbons from
refinery hydrogen purge streams or from methane in natural gas represents promising
future applications (3, 5). Because organic vapors are typically the minor
components in these streams and because it is often desirable to keep the supercritical
gas components at high pressure (e.g. methane in natural gas), membranes with high
organic vapor/supercritical gas selectivity and high organic vapor flux are required
for economical processes (3-5). Such membranes sieve penetrant molecules based
primarily on relative penetrant solubility in the polymer since larger penetrants are
usually more soluble than smaller penetrants.

The remainder of this overview chapter provides fundamental background
information related to transport of small molecules in polymers and then describes
materials design strategies to prepare polymers with excellent permeability and
selectivity properties for both supercritical gas separations and vapor separations. In
addition to high permeability and selectivity, membranes must also be stable in
industrial process environments, which may be chemically and/or thermally
challenging. For example, due to chemical stability and thermal transition
temperatures of polymers used in gas separations, these materials are typically used at
or near ambient temperatures. The chapter by Bayer e al. in this book describes the
use of selective crosslinking of polyimides to prepare high performance membrane
materials that are stable to 300°C.

Background
The permeability of a polymer film of thickness £ to penetrant A, P,, is (2, 12, 13):

N, ?
P=—~=2"_ 1
* P;, =Py, M

where N, is the steady state gas flux through the film, and p2, and p;, are the
upstream and downstream partial pressures of A, respectively (p2,>p1,)- Methods to
measure permeability and other gas transport properties are described by Felder and
Huvard (14). The chapter by Stevens and Rezac in this book describes a novel
electrochemical probe to measure gas permeability.

When the downstream pressure is much less than the upstream pressure and

ﬁcl((ziar} g)iffusion is the rate limiting step in penetrant transport, permeability is written
as (2, 13):

P, =S,xD, )

where S,, the apparent solubility coefficient, is the ratio of the dissolved penetrant
concentration in the upstream face of the polymer to the upstream penetrant partial
pressure in the contiguous gas or vapor phase, and D, is the concentration averaged
apparent penetrant diffusion coefficient (13).
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Equation 2 is an analytical statement of the solution-diffusion model of penetrant
transport in polymers, which is the most widely accepted explanation of the
mechanism of gas permeation in nonporous polymers (/5). According to this model,
penetrants first dissolve into the upstream (i.e. high pressure) face of the film, diffuse
through the film, and desorb at the downstream (i.e. low pressure) face of the film.
Diffusion, the second step, is the rate limiting process in penetrant permeation. As a
result, much of the fundamental research related to the development of polymers with
improved gas separation properties focuses on manipulation of penetrant diffusion
coefficients via systematic modification of polymer chemical structure or
superstructure and either chemical or thermal post-treatment of polymer membranes.
Many of the fundamental studies recorded in this book describe the results of
research projects to explore the linkage between polymer structure, processing
history, and small molecule transport properties.

Polymers separate gas mixtures because they are more permeable to some
components in the mixture than to others. The ability of a polymer to be more

permeable to component A in a mixture of A and B is characterized by the ideal
selectivity, a5 ; g, which is the ratio of permeabilities of the two components (2):

=P _|Da|y|5a
BRCWEANY

In equation 3, D, /D, is the diffusivity or mobility selectivity, which is the ratio of
the concentration-averaged effective diffusion coefficients of components A and B.
S,/Sg is the ratio of solubility coefficients and is called the solubility selectivity.
Ideal membranes have high permeability coefficients and high selectivity values.
Permeation properties vary dramatically from one polymer to another. Table I
provides permeability and selectivity data for several membrane polymers ranging
from glassy, relatively low permeability polysulfone, PSF, to rubbery crosslinked
poly(dimethylsiloxane), PDMS, to glassy poly(1-trimethylsilyl-1-propyne), PTMSP,
the most permeable polymer known. Oxygen permeability values vary by nearly four
orders of magnitude across this series of polymers, but O,/N, selectivity varies by less
than a factor of four. These polymers and, in fact, all known polymers, are more
permeable to oxygen than to nitrogen because oxygen is both more mobile than
nitrogen (i.e. D, >Dy ) owing to the smaller effective size of oxygen and more

soluble than nitrogen (i.e. So2 > SN,) due to the more condensable nature of O,. In

striking contrast, n-butane permeability coefficients span more than seven orders of
magnitude, and n-butane/methane selectivity values vary by more than a factor of
1000. Moreover, some polymers, such as PSF, are more permeable to methane than to
n-butane while others, such as PDMS and PTMSP, are much more permeable to #-
butane, which is less mobile but more soluble than methane.

Polymers such as PSF are used for separation of gas mixtures where the more
permeable component is the smaller component in the mixture. Examples include air
separation, removal of H, from mixtures with N, and removal of CO, from natural
gas mixtures (2, 16). Polymers such as PDMS and PTMSP are useful for the selective
removal of higher hydrocarbons (i.e. propane, n-butane, etc.) from natural gas or
hydrogen and for the removal of organic compounds from air or nitrogen. These
polymers are more permeable to larger components in a mixture. Figure 1 presents
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Figure 1. Effect of penetrant size on permeability in glassy polysulfone at 23°C (64)
and in rubbery poly(dimethylsiloxane) at 35°C and infinite dilution (76). V. is
penetrant critical volume.
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the permeability of PDMS and PSF to a series of penetrants as a function of critical
volume, a convenient measure of penetrant size. In both polymers, permeability
coefficients of the light supercritical gases H, N, and O, decrease with increasing

Table I. Pure Gas Permeability and Selectivity Properties of Selected Polymers

PSF* PDMS" PTMSP*
Polymer Type Low free Rubbery High free
volume glassy volume glassy
Oxygen Permeability x 1010 1.4 770 9,700
[cm3(STP)scm/(cm2esscmHg)]
O,/N, selectivity 5.6 2.1 1.5
n-Butane Permeability x 1010 0.007 48,500 78,800
[cm3(STP)scm/(cm2esecmHg)]
n-Butane/Methane selectivity 0.026 40 5
Glass transition temperature [°C] 186 (17) -127 (18) >250 (19)
Fractional free volume, FFV 0.14 (17) 0.18¢ 0.29°
PSF=polysulfone +©—Soz @ o—@— C(CHy), —@— O}—
n
Gt
PTMSP=poly(1-trimethylsilyl-1-propyne) -PC:Qﬂ-n
Si(CHy),
GH
PDMS=poly(dimethylsiloxane) -[—s.i-o}-
CH, N

* Pure gas permeability and selectivity data at 35°C, Peq = 5 atm, and Ppemexe = 0 atm
for all penetrants except n-C,H,, (17). n-C,H,, pure gas permeability reported at 35°C,
Preca = 0.68 atm, Ppermeae = 0 atm.

Pure gas permeability and selectivity data at 25°C for a 225 um thick, unfilled,
PDMS film. preq = 4.4 atm, Ppermeate = 1 atm for all penetrants except n-C,H,,.
n-CH,, permeability reported at 25°C, pgeeg = 1.34 atm, Ppermeate = 1 atm.

° Pure gas permeability coefficients at 23°C, Pfeed = 4.4 atm, Ppermeae = 1 atm for all
penetrants except n-butane, where pres=1.34 atm, Ppermeate = 1 atm (8).

¢ based on a density of 0.98 g/cm®(10) and Bondi’s method of FFV estimation (20).

¢ based on a density of 0.75 g/cm?(19) and Bondi’s method of FFV estimation (20).

penetrant size. However, in rigid, glassy PSF, permeability coefficients generally
decrease strongly with increasing penetrant size (in the absence of strong
plasticization effects). For example, gas permeability coefficients in PSF decrease by
approximately three orders of magnitude as penetrant critical volume increases from
65 cm®/mole (H,) to approximately 200 cm*/mole (similar in size to propane). In
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contrast, in soft, rubbery PDMS, the permeability of the hydrocarbon penetrants
increases with increasing size, and all of the hydrocarbons are more permeable than
even H,, the smallest penetrant for which data are presented. The permeability of
PDMS to propane is five times higher than the permeability to hydrogen. To
rationalize the wide differences in permeation properties in Figure 1, the individual
contributions of solubility and diffusivity to permeability must be considered.

Solubility of Gases in Polymers. Figure 2 presents the solubility of a series
of gases and hydrocarbon vapors at infinite dilution in glassy PSF, a conventional
polymer used for supercritical gas separations, and rubbery PDMS, which is used
commercially for removal of organic vapors from mixtures with permanent gases.
Gas solubility increases with increasing critical temperature in both polymers. Like
gas dissolution in liquids, penetrant dissolution in polymers is regarded as a two step
thermodynamic process: (1) condensation of the gaseous penetrant to a liquid-like
density and (2) mixing the pure compressed penetrant with the polymer segments
(12). The first step is governed by penetrant condensability, and the second depends
on polymer-penetrant interactions. For penetrants that do not undergo specific
interactions with the polymer, the first effect is often dominant, and penetrant
solubility scales with measures of penetrant condensability such as penetrant boiling
point, critical temperature, or the force constant in the Lennard-Jones intermolecular
potential (12, 20, 21). For such cases, there is a simple relation between the
logarithm of solubility and one of these measures of penetrant condensability. In this
regard, the following relation between penetrant critical temperature and infinite
((:lziloutiz(an 2g;is solubility at 35°C was derived using a classical thermodynamics model
, 22, 23):

InS, =M+0.016T, @)

In this expression, M is a parameter that depends primarily on polymer-penetrant
interactions, polymer free volume, and TCA is the critical temperature of penetrant A.

While M varies from polymer to polymer, Van Krevelen recommends average values
of -9.7 and -8.7 for rubberg and glassy polymers at 35°C, respectively, when
solubility is expressed in cm’(STP)/(cm®ecmHg)) (20). These constants represent
averages from several polymers and should only be used for approximate estimates of
penetrant solubility in polymers. Although equation 4 is strictly valid for equilibrium
rubbery materials such as PDMS, the solubility data for PSF are also well-described
by it. The values of M determined from Figure 2 for PDMS and PSF are -8.7 and
-7.7, respectively, which are somewhat lower than the average values from Van
Krevelen, and provide an indication of the range of M for various materials. A more
complete list of values of M is provided by Toi et al. (24).

Penetrant solubility in glassy PSF is higher than that of rubbery PDMS for all
penetrants. This result is ascribed to the existence of nonequilibrium excess volume
in all glassy polymers (25, 26). This nonequilibrium excess volume provides excess
sorption sites relative to an analogous equilibrium rubbery material and,
consequently, glassy polymers have higher solubility coefficients than rubbery
polymers of similar structure (27). Since glassy polymers are nonequilibrium
materials, their properties are history dependent (28). In this regard, the chapter by
Tsutsui et al. in this book describes the influence of thermal annealing on sorption
properties of CO, in glassy, syndiotactic polystyrene, and the chapters by Morisato et
al., Nakagawa et al., Costa et al., and Nagai et al. present physical aging properties of
substituted polyacetylenes.
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Figure 2. Penetrant solubility in polysulfone and poly(dimethylsiloxane) at 35°C and
infinite dilution. The lines through the data are the best fits of the data to Equation 4.
The values of M for PDMS and PSF are 1.7x10* and 4.7x10%*

cm3(STP)/(cm3ocmHg), respectively. The polysulfone data are from Ghosal et al.
(77) and the authors’ laboratories. The poly(dimethylsiloxane) data are from Merkel
etal. (31).
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Gas condensability is often the most important effect in determining the relative
solubility of different gases in a polymer. Consequently, equation 4 usually provides
good estimates of solubility selectivity. Moreover, equation 4 indicates that while
penetrant solubility will change from polymer to polymer, solubility selectivity
changes little from one polymer to another, which contributes to the earlier
observation that O, and n-CH,, permeability, for example, varies much more from
polymer to polymer than O,/N, and n-C,H,/CH, selectivity, respectively. Of course,
other effects also impact gas solubility in polymers. If polymer-penetrant interactions
are important, then the chemical structure of the polymer can have a significant
impact on penetrant solubility. For example, polar or quadrupolar penetrants such as
CO, are more soluble in polar polymers than would be predicted based solely on
penetrant critical temperature as a result of favorable polymer-penetrant interactions
(29, 30). Similarly, perfluorinated vapors (i.e. CF,, C,F,, SF,, etc.) are less soluble in
hydrocarbon-based polymers than their critical temperature indicates due to
unfavorable interactions between fluorinated compounds and chemically-dissimilar
hydrocarbon polymers (e.g. PDMS, polyethylene) (31, 32). Facilitated transport
membranes, such as those described in the chapters by Koval et al. and Eriksen et al.
in this book rely upon specific interactions between penetrants and polymers to
provide high solubility selectivity and, in turn, high overall selectivity. As polymer
chain packing becomes more ordered (higher levels of crystallinty, liquid crystalline
order or chain orientation), gas solubility decreases (33). However, the effect of such
improvements in the efficiency of chain packing (and the resulting loss of free
volume) is rather nonspecific (33). That is, changes in the solid state packing of
chains in a polymer matrix influence the sorption properties of all penetrants in the
polymer to approximately the same degree. In general, the more disordered the
polymer matrix or the higher the free volume in the polymer, the higher the gas
solubility. Gas solubility in polymers also depends on gas concentration, though this
effect is usually negligible for light gases (e.g. H,, He, N,, O,) (12). For more
condensable gases (e.g. CO,, hydrocarbon vapors), solubility is more sensitive to gas
pressure, and models of the effect of gas pressure on gas solubility in rubbery and
glassy polymers are available (12). The chapter by Doghieri, et al. in this book
describes a new theory to predict the solubility of gas mixtures in glassy polymers
based on a nonequilibrium equation of state approach.

Gas solubility also depends on temperature, and solubility coefficients obey a
van’t Hoff relation in temperature ranges away from thermal transitions (i.e.
glass/rubber transition, melting point) of the polymer. The heat of sorption reflects
the balance between the enthalpy change on condensation and the enthalpy change
associated with mixing penetrant with polymer segments and can be, therefore, either
positive or negative depending on the relative magnitude of these two factors. In
general, the larger the penetrant, the lower (or more negative) the heat of sorption
(20). For a given penetrant, the heat of sorption is typically lower in glassy polymers
than in rubbery polymers of similar structure (20).

Diffusivity of Gases in Polymers. Influence of Free Volume on Diffusivity.
The rate limiting step in penetrant diffusion in polymers is the creation, adjacent to a
penetrant molecule, of a molecular scale gap or opening of sufficient size to
accommodate a penetrant molecule, thereby permitting a diffusion step (12). These
gaps or free volume elements are created and continuously redistributed throughout
the polymer by the ceaseless, thermally-stimulated molecular motion of the polymer
chain segments. The size, concentration, and mobility of such free volume elements
are critical to the diffusion of gases in polymers. Among amorphous polymers, which
are used in virtually all commercial gas separation membranes, within a given
polymer type (i.e. rubbery or glassy) and class (e.g. polyimides, polysulfones, or
polycarbonates), much of the polymer-to-polymer variation in diffusion coefficients
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can be correlated with the average free volume accessible to the penetrant molecules.
The accessible free volume depends, in turn, on the efficiency of chain packing and
polymer segmental mobility (34).

Cohen and Turnbull developed a statistical mechanics model of diffusion in a
liquid of hard spheres. This model has been widely adapted to describe the diffusion
of small molecules in polymers (35). It provides the following expression for the
diffusion coefficient (36):

D, =A exp(—(%;v;J (&)
f

where A is a pre-exponential factor which depends weakly on temperature. Penetrant

size is strongly correlated with v}, the minimum free volume element size that can
accommodate the penetrant. v is an overlap parameter introduced to avoid double
counting of shared free volume elements, and (v,) is the average free volume in the
matrix. From equation 5, diffusion coefficients decrease very strongly with
increasing minimum free volume element size, v,. This model, based on diffusion
of spheres, cannot provide insight into the effect of penetrant shape on diffusion
coefficients. While this model does not capture the complex cooperative segmental
chain dynamics that govern penetrant transport in polymers, it provides an intuitively
useful qualitative rationale for the effect of free volume and penetrant size on
transport properties of polymers. In many of the contributions in this book, the effect
of polymer structure variations on gas diffusivity and permeability properties is
rationalized based on the notion that changes in polymer structure impact solid state
chain packing (i.e. free volume and free volume distribution) and, in turn, transport
properties.

Equation 5 predicts that in two polymer matrices with different average free
volumes, the effect of penetrant size on diffusion coefficients is weaker (i.e.
diffusivity selectivity is lower) in the higher free volume polymer. For example,
PTMSP has by far the largest amount of free volume among the polymers presented
in Table 1 and, even though it is a stiff, rigid, glassy polymer (a characteristic
commonly associated with polymers having high diffusivity selectivity), it has the
lowest O,/N, selectivity of all polymers, indicating weak size-sieving ability.

Diffusion coefficients are very sensitive to free volume and free volume
distribution. However, a direct, unambiguous measurement of free volume and free
volume distribution in polymers is not available. The most common characterization

of solid state chain packing is average fractional free volume, FFV, which is defined
as follows (13):

FFV=Y Yo (6)
v

In this expression, V is the polymer specific volume, and V,, is the so-called occupied
volume of the polymer, which is commonly estimated by group contribution methods
(20). For correlations of transport properties with free volume, the FFV defined in
equation 6 is used in place of (v) in equation 5, and the parameters A and v, are
treated as empirical adjustable constants. The chapter by Laciak et al. in this book
describes a new methodology for estimating permeability coefficients a priori. Their
approach does not rely explicitly on correlations between transport properties and
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free volume. Rather, their group contribution method allows a direct calculation of
permeability coefficients based only on the chemical structure of the polymer.

Figure 3a presents an example of a typical correlation of gas diffusivity in a
systematic series of amorphous, glassy, aromatic polyimides with reciprocal free
volume. Permeability data, rather than diffusivity data, are often presented as a
function of reciprocal free volume since the effect of free volume on solubility is
usually much weaker than the effect of free volume on diffusivity (37). Therefore,
both permeability and diffusivity usually obey the functional dependence on free
volume indicated in equation 5. This notion is demonstrated in Figure 3b, which
shows the strong correlation between methane permeability and methane diffusivity
in this family of materials. Therefore, it is the variation in diffusivity (not solubility)
from one polymer to another that is responsible for most of the variation in
permeability. Polyimide membranes are used commercially in separation of
supercritical gas mixtures because of their outstanding combinations of permeability,
selectivity, and processability. More detailed information about the gas separation
properties of polyimides and their correlation with polymer backbone structure,
fractional free volume and mechanical properties is provided in the chapter by
Hirayama et al. in this book. Other chapters presenting structure/property relations in
polymers containing imide moieties are those by Langsam, Fritsch, Maier et al., and
Mahajan et al.

Positron annihilation lifetime spectroscopy (PALS) is a more recent tool used to
probe free volume and free volume distribution in polymers (38, 39). PALS uses
orthoPositronium (oPs) as a probe of free volume in the polymer matrix. oPs resides
in regions of reduced electron density, such as free volume elements between and
along chains and at chain ends (38). The lifetime of oPs in a polymer matrix reflects
the mean size of free volume elements accessible to oPs. The intensity of oPs
annihilations in a polymer sample reflects the concentration of accessible free volume
elements. The oPs lifetime in a polymer sample is finite (on the order of several
nanoseconds), so PALS probes the availability of free volume elements on
nanosecond timescales (#0), The minimum free volume cavity diameter required by
oPs for localization is 3.8A (41), which is equal to the kinetic diameter of methane
(42). Thus, PALS probes the dynamic availability of free volume elements similar in
size to those important for gas separations applications. Several recent studies
demonstrate the strong correlation of PALS parameters and transport properties in
polymers (34, 38, 43-45). The chapter by Yampol’skii and Shantarovich in this book
defcribes the use of PALS to characterize free volume distribution in membrane
polymers.

Effect of Penetrant Size on Diffusion Coefficients. For a given polymer,
diffusion coefficients decrease with increasing penetrant size. Figure 4 presents
examples of the effect of penetrant size on diffusion coefficients in low free volume,
glassy PSF and rubbery PDMS. Whereas the gas solubility in PDMS is within a
factor of 2-4 of the gas solubility in PSF for all penetrants in Figure 2 except CO,, the
differences between penetrant diffusion coefficients in PDMS and PSF are
enormously larger. As penetrant size increases from H, to perfluoropropane
(V.=299.8 cm*/mol), diffusion coefficients in PDMS decrease by a factor of 40. In
contrast, in the glassy PSF matrix, diffusion coefficients decrease by a factor of
almost 10,000 over the same range in critical volume. Thus, a fundamental
difference between liquid-like, rubbery polymers such as PDMS and stiff, low-
mobility, glassy polymers such as PSF is a very strong dependence of penetrant
diffusion coefficient on penetrant size in glassy PSF and a weak dependence of
penetrant diffusion coefficient on penetrant size in rubbery PDMS. This difference is
due mostly to the much higher chain flexibility (as characterized by glass transition
temperature) of PDMS. From the data in Figure 4, the diffusion coefficients in these
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Figure 3. Methane diffusivity and permeability in a series of glassy, aromatic
polyimides at 35°C (78). (a) Methane diffusion coefficients as a function of
reciprocal free volume. (b) Correlation between methane diffusivity and methane
permeability.
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Figure 4. Diffusion coefficients in rubbery poly(dimethylsiloxane) and glassy
polysulfone at 35°C as a function of penetrant critical volume. PDMS data are
extrapolated to infinite dilution (76). The butane diffusivity in polysulfone is
extrapolated to infinite dilution. All other polysulfone diffusion coefficients
determined at 10 atm (25, 77). The lines through the data are best fits to equation 5.

The parameter values are 7=0.43 and 11=2.2 for PDMS and 1=4.8x10® and 1} =8.4 for
PSF when diffusivity is in cm?/s and critical volume is in cm®/mol.
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polymers obey, to good approximation, a simple power law relation with penetrant
critical volume:

_ T
T yn
Ve,

DA
)

where Tand 1 are adjustable constants. While equation 7 is empirical, its form is
based on analogy with correlations of diffusion coefficients of small molecules in

liquids (46-48). This result is consistent with equation 5 if critical volume is
correlated with the minimum free volume element size required by for a diffusion
step. 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 segmental steps of small sections of the
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 equation 7. Kinetic
diameter, which characterizes the smallest zeolite window through which a penetrant
can fit (42), is often used as a measure of penetrant size appropriate for correlation of
penetrant diffusion coefficients in polymers. This parameter is particularly
appropriate for small penetrants ranging in size from He up to approximately CH,.
However, for larger penetrants, kinetic diameter does not give a good measure of
penetrant size for transport property correlations, (49) and kinetic diameter values are
not available for many larger penetrants. Therefore, we use critical volume to
characterize penetrant size when penetrants of widely varying sizes are considered.
Of course, critical volume, an equilibrium property, cannot capture the influence of
penetrant shape on diffusion coefficients, whereas kinetic diameter is sensitive to
penetrant shape. When only such light gases are considered (i.e. He, H,, N,, O, CO,,
and CHy4), we use kinetic diameter to characterize penetrant size. A useful
contribution to the field would be the development of consistent measures of
penetrant size from first principles to provide accurate correlating parameters for
transport studies.

The exponent in equation 7, 7, is a crude measure of the size-sieving ability of
the polymer. Polymers with larger values of j will have higher diffusivity selectivity
than polymers with lower values of 1. Based on a fit of the experimental data in

Figure 4 to equation 7, the values of m for PDMS and PSF are 2.2 and 8.4,
respectively. The large difference in these exponents is indicative of the much
stronger size-sieving ability of low free volume, glassy PSF relative to rubbery
PDMS. For comparison, low molar mass organic liquids, such as hexane, heptane,
and benzene, have even weaker size-sieving ability than PDMS. The values of 7 for
these liquids is 0.45 based on the Tyn and Calus correlation of gas diffusion in liquids
with gas critical volume (46-48). At the other extreme, glassy polymers such as
poly(vinyl chloride) have even more stringent size-sieving ability (N=10.5) than PSF
(50).

B.a_sed.on the results in Figures 2 and 4, as penetrant size increases, penetrant
solubility increases and diffusivity decreases. The effect of penetrant size on
permeability reflects the interplay between these two factors. In soft, flexible,

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch001

13

rubbery PDMS, diffusion coefficients decrease much more slowly with increasing
penetrant size than in glassy, rigid PSF. In contrast, while the absolute solubility
levels are higher in glassy PSF than in rubbery PDMS, the change in solubility from
penetrant to penetrant is similar for both polymers. Therefore, the higher
permeability of hydrocarbons (such as propane) than small penetrants (such as
hydrogen) and the increase in permeability with increasing hydrocarbon size reflects
the weak size-sieving ability of PDMS. However, in PSF, the much stronger
decrease in penetrant diffusion coefficients with increasing penetrant size more than
offsets the increase in solubility with increasing penetrant size, and permeability
coefficients decrease with increasing penetrant size.

Factors other than free volume, polymer type (i.e. rubbery or glassy), and
penetrant size also influence diffusion coefficients. Diffusivity can depend on
penetrant concentration. For light, highly supercritical gases, this dependence is
practically negligible in both glassy and rubbery polymers. For more soluble
penetrants such as CO, and organic vapors, however, diffusion coefficients can
change significantly with penetrant concentration. Models for such effects have been
published for rubbery (51, 52) and glassy polymers (53). Usually, diffusion
coefficients increase with increasing penetrant concentration (53), but examples of
decreasing diffusion coefficients with increasing penetrant concentration in both
rubbery (10) and glassy polymers (54) are also reported. Polymer morphology
influences diffusion coefficients. For example, amorphous polymers are used in most
gas separations membranes because polymer crystallites act as low free volume,
impermeable barriers in a polymer matrix, increasing the path length for diffusion,
thereby reducing effective diffusion coefficients and, in turn, permeability of all
penetrants (33). Diffusion is an activated rate process and, consequently, diffusion
coefficients obey an Arrhenius dependence on temperature with a positive activation
energy of diffusion,E,, , (12):

D, =D, exp[-E, /RT] ®)

where D, is the front factor in the Arrhenius equation. Therefore, diffusion

coefficients always increase with increasing temperature (12). In general, the larger
the penetrant, the larger the activation energy of diffusion (20). For a given
penetrant, activation energy of diffusion is a complex function of polymer chain
stiffness, cohesive energy density, and free volume. In general, in the absence of
specific polymer/penetrant interactions, activation energy of diffusion increases with
increasing chain stiffness and cohesive energy density (12, 55, 56) and decreases with
increasing accessible free volume (20).

In the remaining sections of this overview, polymer materials design strategies to
achieve high performance in supercritical gas separation based on diffusivity

selectivity and in vapor separation based on high solubility selectivity will be
discussed.

Membrane Materials Based on Diffusivity Selectivity

In the separation of supercritical gases such as air separation, CO3 removal from
natural gas, and hydrogen recovery from a variety of chemical and petrochemical
processes, the smaller penetrant molecules (O3, CO; and Hp, respectively) are the
more permeable penetrants, and membrane materials research focuses on developing
materials with high diffusivity and high diffusivity selectivity (57). For such
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polymers, a rather general tradeoff relation has been recognized between permeability
and selectivity for such materials: polymers which are more permeable are generally
less selective and vice versa (57, 58). An example of this relation is given in Figure
5, which presents hydrogen permeability coefficients and Hy/N, separation factors
for many polymers. The most desirable materials would have properties in the upper
right corner (i.e. high permeability and high selectivity). However, materials with
permeability/selectivity combinations above and to the right of the line drawn in this
figure are rare. This line defines the "upper bound" combinations of permeability and
selectivity of known polymers for this particular gas pair. Lines such as the one
shown in Figure 5 were constructed empirically for many gas pairs using available
permeability and selectivity data (57, 58). The properties of polymers defining the
upper bound were fit to the following equation (57):

PA AIB (9)

where A, 5 and B, , are parameters which depend on the gas pair. Robeson reported
values of these parameters for many common gas pairs (57, 58).

A recent theory provides the following analytical expressions for the coefficients
in equation 9 (59):

2
d
Aun =(Ef) -1 (10)
and
(i
o =23 ol ) ay

B

In equations 9 and 10, dp and d, are the kinetic diameters of the larger and smaller
penetrants, respectively. The parameters a and b in equation 11 are from the linear
free energy relation between activation energy of diffusion, E;,,and D, , the front

factor in the Arrhenius expression for the diffusion coefficient (60, 61):

E
InD, =a-lT?r*-— b (12)

The parameter a is 0.64 (62). The parameter b has values of 9.2 and 11.5 in rubbery
and glassy polymers, respectively, when D,, has units of cm?/s (20). The polymers
that define the upper bound relation in Figure 5 and related plots for other light gas
pairs are stiff chain, amorphous glassy polymers that achieve high selectivity based
on their strong size-sieving tendency, so the value of b is set to 11.5 in the following
calculations. The parameter f is from the following empirical relation between
activation energy of diffusion and penetrant size (59):
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Figure 5. Hydrogen permeability and hydrogen/nitrogen selectivity of glassy and
rubbery polymers. Data from Robeson (57).
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By, =cd’ - f (13)

Within the context of this model, ¢ and f are adjustable constants that vary from

polymer to polymer. The ratio /f/c is a crude measure of the average interchain
separation. As polymer chain stiffness increases and free volume decreases, ¢ should

increase (20), and as fractional free volume increases, 4/f / ¢ should increase. This
theory is based on four hypotheses: (1) the solution-diffusion mechanism (equation
2) governs gas transport; (2) diffusion obeys an Arrhenius expression (equation 8);
(3) the linear free energy relation (equation 12) is valid; and (4) the effect of
penetrant size on activation energy is given by equation 13.

Equation 4 was used to calculate S, and Sy in equation 11 for several gas pairs,
and A, and B,,; values were calculated using equations 10 and 11. The results,
presented in Figures 6 and 7, are compared with the empirically-determined values of
A,p and B, 5. To complete the calculation of B, using equation 11, a value of f is
required. For simplicity, the value of f which gave the least deviation between the
calculated and observed values of B,,, Figure 7 was estimated, and its value is
12,600 cal/mol. In general, the agreement between the calculated and observed
slopes is strikingly good given the approximate nature of the slopes and the fact that
the predictions are based on a theory with only a single adjustable parameter, f.
Based on the results presented in Figures 6 and 7, A, , increases and B,,, decreases
with increasing difference in the size of the penetrant molecules.

From this theory, the slope of the upper bound or tradeoff curves, A, ;, depends
only on relative gas diameter. Consequently, A,, is not expected to change

significantly with further polymer development efforts. In contrast, B, contains
variables that can be systematically tuned to simultaneously improve permeability
and selectivity characteristics. Higher performance polymeric membranes for
supercritical gas separations which rely on high diffusivity selectivity to achieve high
overall selectivity will result from materials development strategies which

systematically increase B, 5, either through solubility selectivity enhancement and/or
increases in chain stiffness (i.e. increasing c), while simultaneously increasing
interchain spacing (i.e. fractional free volume and f), to increase selectivity while
maintaining or increasing permeability.

Increasing interchain separation to increase permeability without sacrificing
selectivity should only be effective as long as the interchain separation is not so large
that penetrant diffusion coefficients are no longer governed by thermally stimulated
polymer segmental motions. Materials that are near or beyond this limit may already
exist. PTMSP, the most permeable polymer known and the polymer which has the
highest free volume of all hydrocarbon-based polymers, also has the lowest
selectivities for permanent gases (e.g. O,/N,) of all polymers and exhibits many
permeation characteristics similar to those of microporous materials (8, 9).

_The chapters in this book by Langsam, Xu et al., Hirayama et al., Fritsch, and
Maier et al. focus on polymer structure modification to improve the performance of
gas separation membranes relative to the upper bound tradeoff relations. Mahajan et
al. describe characteristics of hybrid inorganic/organic membranes as a route to break
the simple rules that result in equations 8 and 9, possibly resulting in materials with
properties which are above and beyond the upper bound lines. Koval et al. and
Eriksen et al. describe facilitated transport membranes. They seek to strongly
enhance solubility selectivity for penetrant pairs (i.e. olefin/paraffin) where
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Figure 6. Comparison of slopes of In a4/ vs. InPA plots, A/, reported by Robeson

(57, 58) with theoretical prediction (solid line). Gas pairs are listed as A/B (i.e
02/N; implies that O,=A and N,=B).
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Figure 7. Comparison of front factors of In aasp vs. InPA plots, B, 5, reported by
Robeson (57, 58) with theoretical prediction (solid line). The best fit of the data to
the theory is obtained with the parameter f set to 12,600 cal/mole. B,,; has units of
(cm*(STP)ecm/(cm?esecmHg)) *+2,
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diffusivity selectivity alone is not sufficiently high to prepare commercially useful
membranes. An alternative approach to improving gas separation properties of
polymers is described in the chapter by Maki et al. They describe the use of low
temperature plasma treatment to modify the surface of PDMS membranes in order to
improve CO,/CH, gas separation properties.

Membrane Materials Based on Solubility Selectivity

Polymers that are more permeable to larger penetrants than to smaller
supercritical gas components are useful for selective removal of volatile organic
compounds from air or nitrogen and selective removal of higher hydrocarbons (e.g.
propane, butane, efc.) from natural gas or hydrogen streams in petrochemical
processes. Such materials must derive high organic vapor/supercritical gas selectivity
from high solubility selectivity. For example, to remove higher hydrocarbons from
natural gas, ideal membranes should be extremely permeable to the higher
hydrocarbon components of the mixture and relatively impermeable to methane.
Conventional glassy polymers, such as polysulfone, are not suitable because they are
more permeable to methane than to higher hydrocarbons (63, 64). If a conventional
glassy polymer membrane was used, the bulk of the natural gas would have to
permeate through the membrane. Not only would this require a very large membrane
area, but the methane-rich stream would be produced at low pressure.
Recompressing the entire treated stream to pipeline pressure would be economically
impractical. Thus, optimized materials for this separation should have high organic
vapor permeability and high organic vapor/supercritical gas selectivity. As organic
vapors in these separations are larger than the supercritical gas components,
membrane materials that sieve molecules strictly based on size are not useful.

As shown in Figure 4, diffusion coefficients decrease with increasing penetrant
size. Therefore, for an organic vapor/supercritical gas separation, diffusivity
selectivity is always less than one:

D_..
0rganic vapor < 1 (1 4)
Dsupercritica! gas

For overall organic vapor/supercritical gas selectivity to be greater than one,
solubility selectivity must be sufficiently greater than one to offset the unfavorable
diffusivity selectivity. As indicated in Figure 2, larger penetrant molecules are, in
general, more soluble than smaller penetrants. Thus, for organic vapor/supercritical
gas separations, solubility selectivity generally favors the larger organic vapor
components:

S
organic vapor _ 4 (15)

Ssupercriﬁcalgas
At present, there are two classes of polymers that have sufficiently low
diffusivity selectivity to permit:
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Porganic vapor >1 (l 6)
supercritical gas

They are rubbery polymers and ultrahigh free volume glassy materials (5). PDMS is
an important member of the first class, and PTMSP is an example of the second class.
PDMS has the lowest diffusivity selectivity of any rubbery polymer. It has a very
flexible polymer backbone as indicated by its extremely low glass transition
temperature. As a result, PDMS has a very weak ability to sieve penetrant molecules
based on size (¢f Figure 4) and can, therefore, achieve the criterion of equation 15.
Because of its good balance of permeability and selectivity for a wide range of
organic vapor/supercritical gas separations, PDMS is used commercially for the
separation of organic compounds from air (3, 4).

Recent studies have demonstrated that some disubstituted polyacetylenes have
high vapor permeability and high vapor selectivity for gas/vapor separations (5, 8, 9).
These rigid, amorphous polymers contain alternating double bonds along the chain
backbone and bulky side groups that hinder chain segmental motion. They are
characterized by very high glass transition temperatures (> 200°C), high fractional
free volumes, and high gas permeabilities. Attracting the most attention within this
family of polymers is PTMSP. For hydrocarbon vapor separations, PTMSP
possesses the highest mixture C3,/methane and Cs./hydrogen selectivities combined
with the highest C;, permeabilities of all known polymers (9).

An example of the extraordinary separation properties of PTMSP for
hydrocarbon/hydrogen mixtures is given in Figures 8a and 8b, which present propane
and hydrogen permeability coefficients and mixture separation factors as a function
of propane relative pressure in the feed gas. As the propane relative pressure
increases, propane permeability increases by less than a factor of two, from
26,000x10°"° to 41,000x10™° cm*(STP)ecm/(cm®esecmHg). In striking contrast, the
permeability of PTMSP to hydrogen decreases by more than an order of magnitude,

from 22,000x10"° cm’(STP)scm/(cm’esecmHg) for pure hydrogen to about

1,000x10™'° cm*(STP)scm/(cm?esecmHg) when the propane relative pressure is
approximately 0.8. As a result, propane/hydrogen selectivity increases by more than
an order of magnitude, from approximately one to more than 25, in this relative
pressure range. These data illustrate the strong dependence of
hydrocarbon/supercritical gas selectivity on the relative pressure of the hydrocarbon
component for PTMSP. Similar results are also reported for butane/hydrogen
mixture permeation in PTMSP (65).

A structurally similar glassy polyacetylene, poly(4-methyl-2-pentyne), PMP, is
somewhat less permeable than PTMSP but is also more permeable to large organic
vapors than to small supercritical gas components (66, 67). PMP is a hydrocarbon-
based, disubstituted polyacetylene synthesized more than a decade ago by Masuda et
al. (68, 69). It has a low density of 0.78 g/cm® and is the most permeable,
hydrocarbon-based polymer known (66, 67). In hydrocarbon/supercritical gas
mixtures, the permeability of the supercritical gas component in PMP is also
markedly reduced as the relative pressure of the hydrocarbon increases (66, 67).

The strong reduction in light gas permeability in the presence of higher
hydrocarbon copermeants is reminiscent of blocking of light gases by heavier
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Figure 8. Hydrocarbon/light gas separation properties of PTMSP. (a) Effect of
propane relative pressure on propane and hydrogen permeability coefficients in
PTMSP at 25°C. (b) Effect of propane relative pressure on C,Hy/H, mixture
selectivity. The feed pressure of the propane/hydrogen binary mixture was 200 psig
and the permeate pressure was atmospheric (0 psig) (9). Propane relative pressure is
P/P.» Where p is the partial pressure of propane in the feed and p,, is the saturation
vapor pressure of propane.
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hydrocarbon components in microporous carbon (70). In fact, transport properties in
PTMSP have been compared with those of microporous carbon (8, 9, 71).
Furthermore, PALS results suggest that PTMSP has a free volume distribution
consistent with the existence of interconnected free volume elements that span the
sample (44). These composite data suggest that PTMSP and some other disubstituted
polyacetylenes may represent a new class of glassy polymers, so-called superglassy
polymers, that have sufficient free volume so that some free volume elements in the
polymer matrix are interconnected and span the sample, acting as very “fast”
permeation pathways for penetrant molecules. When heavy hydrocarbons
copermeate with light, supercritical gases, sorption of the hydrocarbons into the
interconnected free volume elements effectively blocks most of the permeation of
light gas components. If so, such materials represent a new class of materials for

vapor separation applications. In this regard, the chapters by Masuda et al., Costa et
al., Nakagawa et al., Nagai et al., and Doghieri et al. in this book describe in-depth
studies of the sorption, diffusion, and permeation of gases and vapors in PTMSP and
related high-permeability disubstituted polyacetylenes.

More generally, good materials for organic vapor-gas separations will have
diffusivity selectivity values as near unity as possible and high solubility selectivity.
To illustrate this point, pure gas permeability coefficients and separation factors for
propane/methane for a number of rubbery and glassy polymers as well as liquids are
presented in Figure 9. The permeability coefficients of the organic liquids included
in Figure 9 were estimated as the product of the known solubility of the penetrant
(propane or methane) in the liquid (72) and the diffusion coefficient of the penetrant
in the liquid estimated using the Tyn and Calus correlation (46, 47). Two features are
of interest. First, the permeability and selectivity values span an extremely broad
range. Propane permeability coefficients vary by more than eight orders of
magnitude. Propane/methane selectivity values vary by nearly four orders of
magnitude. Propane/methane solubility selectivity values are between 3 and 30 for
this gas pair, and solubility coefficients for either component do not vary by more
than a factor of 40. Therefore, most of the variation in propane permeability and
selectivity results from the large range of diffusion coefficients and diffusivity
selectivity values. For example, propane diffusion coefficients vary by seven orders
of magnitude, and propane/methane diffusivity selectivity varies by almost three
orders of magnitude. Second, for materials that are more permeable to propane than
to methane, as propane permeability increases, propane/methane selectivity increases.
That is, more permeable materials are more selective. This trend is in stark contrast
to the tradeoff curves for conventional supercritical gas separations where increases
in permeability are usually accompanied by decreases in selectivity (cf. Figure 5).

The most permeable materials presented in Figure 9 are organic liquids. These
compounds have diffusivity selectivity values closest to one (D ,qume/Dineinane=0-7)
among the materials in this figure and the highest diffusion coefficients of the
materials in Figure 9. The fact that low free volume, glassy, strongly size-sieving
polymers (i.e. polyimide, polycarbonate, and polystyrene in Figure 9) have the lowest
propane permeabilities and propane/methane selectivities and weakly size-sieving
materials such as rubbery polymers, organic liquids, and ultrahigh free volume,
glassy, disubstituted polyacetylenes have the highest combinations of propane
permeability and propane/methane selectivity suggests design rules for materials for
this class of separations. Diffusivity selectivity values should be as close to one as
possible. Increasing the number of mobile linkages in the polymer backbone and
increasing the free volume of the polymer matrix are two strategies to achieve this
goal when rubbery polymers are used. For superglassy polymers, a principal design
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Figure 9. Pure gas propane permeability and propane/methane selectivity for a series
of selected organic liquids (O), rubbery siloxane-based polymers (M), and glassy
polymers (®). The glassy polymers include PI, a polyimide (79), PC, polycarbonate
(80), PS, polystyrene (81), and PTMSP (82). Data for the siloxane-based rubbery
polymers are from Stern et al. (83). The solubility of propane and methane in
selected organic liquids (hexane, heptane, octane, acetone, benzene, methanol, and
ethanol) is from the compilation by Fogg and Gerrard (72). Diffusion coefficients of
propane and methane in these liquids were estimated using the Tyn and Calus
correlation (46-48).
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rule should be to increase polymer free volume through chain backbone
modifications that frustrate packing efficiency or reduce cohesive energy density.
Additionally, the permeability/selectivity properties of membrane polymers
which are more permeable to larger components in a gas mixture can be enhanced via
increased solubility selectivity by preparing polymers which have a favorable
interaction with one component in a mixture, thereby increasing its solubility. If such
polymers are rubbery, diffusivity selectivity could be maintained at low values. This
design strategy has been demonstrated for CO,/H, separations where rubbery
polyethers are observed to have the highest combinations of CO, permeability and
CO,/H, selectivities of all non-facilitated transport polymers explored to date (29).
The ether linkages exhibit favorable interactions with quadrupolar CO,, thereby
increasing solubility selectivity, and the rubbery matrix has weak size-sieving ability
(73). These polymers can be approximately 7 times more permeable to CO, than to
H, (29). As another example, solid polymer electrolytes, composed of a rubbery
polymer matrix laced with silver salts, which strongly enhance the solubility of
olefins such as propylene relative to paraffins such as propane (74), may be used to
prepare polymers with very high fluxes of propylene or ethylene and
propylene/propane or ethylene/ethane selectivity values greater than 1,000 (75).

Conclusions

Gas separations applications of interest for polymer membranes may be organized
broadly into two categories, those for which membranes which are more permeable to
smaller components in a gas mixture are desirable and those for which membranes
which are more permeable to larger components in a gas mixture are useful. The
materials design rules to prepare optimal polymeric membrane materials for these
categories of separations are quite different. For separation of mixtures of small,
supercritical gases, where polymers that sieve penetrant molecules as strictly as
possible based on effective penetrant size, moderate free volume, glassy polymers are
most cfficient at the present time. However, as a result of the strong size-sieving
nature of these polymers, such materials follow immutable tradeoff relations, and
future improvements in polymer properties are likely to come from increases in
solubility selectivity while maintaining high diffusivity selectivity or through a
careful combination of polymer backbone modifications which increase the average
free volume in the polymer matrix while maintaining backbone stiffness. In contrast,
for removal of organic vapors from mixtures with light gases, removal of higher
hydrocarbons from mixtures with hydrogen or methane, or for the other examples
mentioned in the previous section, polymers which sieve penetrant molecules based
primarily on relative penetrant solubility are required. Such materials may be
prepared by minimizing diffusivity selectivity. Two routes to achieve weak size-
sieving polymers appear to be available: (1) increase backbone flexibility (i.e. use
rubbery polymers) or (2) increase free volume in glassy polymers sufficiently to
prepare materials with interconnected free volume elements which span the sample
and have separation properties similar to those of microporous carbon. Solubility
selectivity may also be enhanced by modifying polymer structure to increase the
solubility of one component in a mixture or adding agents which can complex with a
desired penetrant in a mixture. In these ways, polymer membrane materials may be
prepared which are suitable for a wide variety of separations applications in the
chemical, petrochemical, and other industries and are competitive with more
traditional gas separations technologies.
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Chapter 2

Synthesis and Gas Permeability
of Poly(diphenylacetylenes) with Substituents

Toshio Masuda, Masahiro Teraguchi, and Ryoji Nomura

Department of Polymer Chemistry, Kyoto University, Kyoto 606-01, Japan

Polymerization of diphenylacetylenes with a variety of substituents is
presented, and the properties of the polymers are surveyed. The
TaCls/cocatalyst (n-BugSn, Et3SiH, 9-BBN, BulLi, etc.) systems have
proven to be quite effective for the polymerization of dipheny-
lacetylenes, providing high molecular weight polymers in good yields.
Most of the produced polymers are completely soluble in organic sol-
vents. High thermal stability and film-forming ability of the polymers
make it possible to prepare thin tough membranes with high gas per-
meability. Interestingly, quite large Po2 values (1100 barrers) are ob-
served with poly(diphenylacetylenes) bearing bulky round-shaped
para-substituents such as ferz-butyl, trimethylsilyl, and trimethylgermyl
groups.

Two essential factors for gas-separation membranes are permeability and
permselectivity, and polymers with high permeability have gathered much attention
due to both fundamental interest and practical importance (I-3). There are several
groups of highly permeable polymers; one of them is substituted polyacetylenes
whose large free volume is considered to contribute to their high gas permeability.
Poly[(1-trimethylsilyl)-1-propyne] [poly(TMSP)], a silicon-containing disubstituted
acetylene polymer, has been recognized as the most permeable polymer known (4-9).
Its oxygen permeability (Pp2) is about ten times larger than that of
poly(dimethylsiloxane) [poly(DMS)]. This polymer is glassy at room temperature
and gives a thin tough film, which is in contrast to poly(dimethylsiloxane). These
findings prompted many membrane scientists into intensive research on the gas per-
meability of this polymer (10-15). However, despite its potential utility as a gas sep-
aration membrane, there are several problems to be solved, among which is its insuffi-
cient thermal stability (6). Thus, the design and synthesis of polyacetylenes with both
high permeability and excellent thermal stability are desirable for practical applica-
tions.

Poly(diphenylacetylene) [poly(DPA)] exhibits the highest thermal stability among
substituted polyacetylenes. In this polymer, weight loss is observed only above 500
°C. However, insolubility of the polymer in any solvent has prevented detailed stud-
ies of its gas permeability (16-17). On the other hand, the introduction of sub-

28 © 1999 American Chemical Society
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stituents into DPA allows the formation of polyacetylenes with inflated molecular
weight as well as high solubility in organic solvents (16, 18-20). Our recent efforts
demonstrated that poly(DPAs) with suitable substituents, especially bulky ones, ex-
hibit high solubility and high gas permeability. The present article intends to focus on
the synthesis and properties, in particular gas permeability, of poly(DPAs) with a va-
riety of substituents.

t=fr

R
CH; Si(CHs)s @ é
<R

poly[(1-trimethylsilyl-1-propyne)] poly(DPAs) with substituents
[poly(TMSP)]

Synthesis of Poly(diphenylacetylenes)

Polymerization of DPAs with Hydrocarbon Substituents. The hydrocarbon DPAs
(1a-1e; Table I) employed bear bulky substituents such as tert-butyl, n-butyl,
adamantyl, and benzyl groups (21-22). The monomers are usually prepared in satis-
factory yields by the Pd-coupling reaction of phenylacetylene with the respective p-
iodobenzenes.

Table 1. Polymerization of 1 by the TaCls/n-Bu4Sn system

Monomers Yieldd  Mw/10% To® Poxd
(%) €O (barrer)
PhC=CCgH4-p-Bu (1a) 84 360 380 1100
PhC=CCgH4-p-nBu (1b) 82 130 320 100
PhC=CCgHs-p-Adm (1c) 73 430 420 55
PhC=CCgH4-p-Bz (1d) 74 87 330 18
PhC=CCgH4-p-Ph (1e) 82 insol. 450 -

2 Methanol-insoluble part. Y Estimated by GPC (PSt. standards). € Measured in air.
d1 barrer = 1 x 10-10cm3(STP)*cm/(cm 2ss*cmHg).

The most effective catalysts for the polymerization of 1 involve combinations of
TaCls with cocatalysts such as n-BugSn, 9-borabicyclo[3.3.1]nonane (9-BBN), and
Et3SiH. These catalyst systems are so active that they achieve good yields of the
polymers. No polymers are obtained without the cocatalysts. Group-6 metal chlo-
rides such as MoCls and WClg, which are quite active for the polymerization of
phenylacetylenes, are not effective for 1 at all. NMR and IR spectroscopic analyses
support the formation of polymers with alternating double bonds in the main chains;
information on the regiospecificity is, however, not available.

Poly(1)s except poly(1le) are completely soluble in organic solvents and possess
quite high molecular weights. For example, poly(1a) dissolves in a variety of sol-
vents such as toluene, cyclohexane, CCl4, CHCl3 and THF, and GPC analysis of
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poly(lc) showed a weight-averaged molecular weight of 4.3 X 106 (23). These
polymers are thermally fairly stable; e.g., the onset temperature of weight loss (7o) of
poly(le) in air is observed at 450 °C, which is comparable to that of poly(DPA). The
polymers from la-1d give free-standing films when cast from toluene solution.

Polymerization of DPAs with Silyl or Germyl Groups. As mentioned above, sili-
con-containing polyacetylenes such as poly(TMSP) and poly(dimethylsiloxane) show
high gas permeability. It is, therefore, expected that silicon-containing poly(DPA)s
will exhibit high gas permeability along with high solubility and thermal stability. A
variety of DPAs with silyl or germyl groups were synthesized and polymerized by the
TaCls-cocatalyst systems (24-27). The monomers investigated by the authors, 2a—
20, are listed in Table II.

Table II. Polymerization of 2 by the TaCls/n-Bu4Sn system

Monomers Yield2  My/1040 TS Popd
(%) (C)  (vamrer)
para-substituted
PhC=CCgH4-p-SiMe3 (2a) 85 220 420 1100
PhC=CCgH4-p-SiEt3 (2b) 84 160 350 95
PhC=CCgH4-p-SiiPr3 (2¢) 83 110 370 20
PhC=CCgH4-p-SiPh3 (2d) 84 220 430 38
PhC=CCeH4-p-SiMe2iPr (2€) 74 160 350 200
PhC=CCgH4-p-SiMe2rBu (2f) 61 insol. 350 -
PhC=CCgH4-p-SiMe,Pa (2g) 63 insol. 350 -
PhC=CCgH4-p-GeMe3 (2h) 52 180 350 -
meta-substituted
PhC=CCgH4-m-SiMe3 (2i) 87 140 400 1200
PhC=CCgH4-m-SiEt3 (2j) 63 54 350 92
PhC=CCsH4-m-Me2tPr (2k) 71 105 350 3.9
PhC=CCgH4-m-SiMe2¢Bu (21) 51 50 350 110
PhC=CCgH4-m-SiMe2Ph (2m) 42 45 350 26
PhC=CCgH4-m-GeMe3 (2n) 60 180 390 1100
disubstituted
PhC=CCgH3-m,m-(SiMe3)2 (20) 0 - - -

2 Methanol-insoluble part. Y Estimated by GPC (PSt. standards). ©Measured in air.
d 1 barrer = 1 x 10-10cm3(STP)*cm/(cm 2+s*cmHg).

The monomers are prepared in high yields similarly to hydrocarbon DPAs. A
similar tendency was recognized with the polymerization catalysts; i.e., combinations
of TaCls with proper cocatalysts (n-Bu4Sn, Et3SiH, 9-BBN, n-BulLli, etc.) exhibit high
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catalytic activity. No polymers are obtained with NbCls, MoCls and WClg-based
catalysts. Yields of the polymers are usually satisfactory, and most of the produced
polymers dissolve in common solvents such as toluene and chloroform. The molecu-
lar weights of the polymers are fairly high. For instance, polymerization of the DPA
with para-trimethylsilyl group (2a) gives a polymer of very high molecular weight
(Myw =220 X 10%)in good yield.

There are no significant differences in the yields between para- and meta-substi-
tuted polymers, but the molecular weights for meta-substituted polymers are generally
lower than those for para-substituted counterparts. The molecular weights of the
polymers decrease when bulky substituents are incorporated onto the silicon atom, es-
pecially in the case of meta-substituted ones. Such a tendency was also found in the
polymerization of TMSP (28-29). Poly(2)s are highly thermally stable; most of the
polymers begin to lose weight in air only around 400 °C and above.

The high polymerizability of phenylacetylenes having two ring substituents [e.g.,
o0,p-(Me3Si)2C¢H3C=CH] provides in good yields polymers whose gas permeability
values are generally superior to those of the monosubstituted ones (30). On the con-
trary, 20, a disubstituted DPA with two trimethylsilyl groups shows poor polymeriz-
ability. For example, an attempt to polymerize 20 by the TaCls/n-Bu4Sn system re-
sulted in low conversion (34%) and no polymer formation. However, copolymers of
20 with a few DPAs are obtained even in low yields as shown in Table III. It is
noteworthy that completely soluble copolymers with high molecular weights are ob-
tained when the feed ratio of 20 to DPA was above 1:1.

Table ITI. Copolymerization of 20 (M1) with DPAs (M2) by the TaCls/n-Bu4Sn

Comonomer Feed Convn. (%) Yield2 My/10%  Tg¢ Poyd
M2) Ratio M; M2 (%) (O _ (barrer)
none - 34 - 0 - - -
DPA 1:2 71 71 insoluble 420 1100
DPA 1:1 38 46 33 37 - 95
DPA 2:1 37 30 14 8.7 370 20

2a 1:1 34 42 21 20 430 3.8
2i 1:1 18 17 7.4 11 — 200

a Methanol-insoluble part. P Estimated by GPC (PSt. standards). ©Measured in air.
d 1 barrer = 1 x 10-10cm3(STP)*cm/(cm 2+s*cmHg).

Polymerization of DPAs with Other Heteroatoms. Polymerization of other het-
eroatom-containing DPAs (3a-3d) was investigated with the motivation of evaluating
the effect of polar groups on the polymerization behavior and polymer properties.
The monomers employed involve alkoxy-, phenoxy-, and carbazolyl-substituted DPAs
as shown in Table IV (31-32).

These monomers are synthesized in good yields by the Pd-catalyzed coupling re-
action of the corresponding 4-iodophenyl ethers and N-(4-iodophenyl)carbazole with
phenylacetylene. O- and N-containing polymers are obtained in good yields by using
the TaCls/n-Bu4Sn system. Addition of cocatalysts such as n-Bu4Sn, Et3SiH and 9-
BBN is quite effective for the formation of high polymers, whereas no polymers are
obtained without them, which is consistent with results of the other DPAs. Of partic-
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ular note is that polymerization of DPAs in the presence of ether solvents does not
lead to the formation of polymers (20), whereas rapid conversion of 3a-3d is accom-
plished despite the presence of heteroatoms. For example, although the polymeriza-
tion of 2i with TaCls/n-Bu4Sn in anisole is completely suppressed, 3a-3c are con-
sumed within 15 min by using the same catalyst system to give the corresponding
polymers. High molecular weight polymer with film-forming ability is attainable in
good yield from 3c. The nitrogen atom in 3d does not inhibit its polymerization, and
the respective polymer with high molecular weight is accessible in good yield. The
most part of this polymer dissolves in toluene, chloroform, THF, anisole, 1,4-dioxane,
DMF, and methyl benzoate. The polymers from 3c and 3d exhibit high thermal sta-
bility; the onset temperatures of weight loss for poly(3c) and poly(3d) are 420 and 470
°C, respectively, which are comparable to that of poly(DPA).

Table IV. Polymerization of 3 by the TaCls/n-Bu4Sn system

Monomers Yield2 ~ My/10% To¢ Po2d
(%) (°C) (barrer)
PhC=CCgH4-p-OMe (3a) 58 54 310 -
PhC=CCgH4-p-O-n-Bu (3b) 58 54 220 -
PhC=CCgsH4-p-OPh (3¢) 69 170 420 37
PhC=CCgH4-p-N-Cz¢ (3d) 67 49 470 2

2 Methanol-insoluble part. P Estimated by GPC (PSt. standards). ©Measured in air.
d 1 barrer = 1 x 10-10cm3(STP)*cm/(cm 2s*cmHg). © Cz = Carbazolyl

Gas Permeability of the Polymers

Figures 1, 2 and 3 plot the oxygen permeability coefficients (Po2) versus the separa-
tion factor against nitrogen (Po2/PN2) of the present polymers along with those of
poly(DMS) and poly(TMSP).

As shown in Figure 1, the substituents on the phenyl ring remarkably affect the
permeability. It is notable that the polymers having tert-butyl (1a), trimethylsilyl (2a,
2i), and trimethylgermyl (2n) groups exhibit very large Po2 values, up to 1100-1200
barrers, which is about a quarter as large as that of poly(TMSP) and approximately
twice as large as that of poly(dimethylsiloxane). Along with poly(4-methyl-1-pen-
tyne) (33), poly(1a) is one of the hydrocarbon polymers whose P2 values are larger
than that of poly(dimethylsiloxane). In contrast, the Po2 values of poly(1lb) and
poly(1d) are much smaller than that of poly(1a). From these results, one can con-
clude that the Po2 value is greatly dependent on the shape of ring substituents and that
introduction of bulky round-shaped substituents generally favors high oxygen perme-
ability. = However, even though round-shaped and bulkier substituents such as
adamantyl (1c), triisopropylsilyl (2c), and triphenylsilyl (2d) groups are introduced,
the permeability does not increase, but rather becomes much smaller (Figure 2). It is
noted that there are no differences in the Poy values between poly(2a) and poly(2i).
It is an indication that the position of the substituents does not play an important role
in the permeability.

Copolymers of 20 with either DPA or 2a show appreciably small Po2 values
(Figure 3), which reveals that the presence of more than two trimethylsilyl groups is
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not indispensable for the formation of highly permeable membranes. The Pog values
of the polymers with oxygen and nitrogen atoms are rather low; e.g., the oxygen per-
meability values of poly(3c) and poly(3d) are 37 and 2.0 barrers, respectively, which
are similar to that of natural rubber (18 barrers).

Figure 4 illustrates the permeability coefficients of poly(2a), poly(2c) and
poly(TMSP) for several gases at 25 °C. These polymers show polygonal lines with
very similar patterns, although the permeability varies to a large extent depending on
the polymer structure. These results suggest that the permeation mechanism is identi-
cal for these polymers.

Summary

This paper has provided an overview of the polymerization of DPAs bearing a variety
of substituents and the polymer properties including thermal stability and gas perme-
ability. The high ability of the TaCls/cocatalyst system to polymerize DPAs permits
the formation of polymers with high molecular weight in satisfactory yields.
Poly(DPA)s are, in general, thermally stable, and many of them are comparable to the
most thermally stable poly(DPA). Several poly(DPA)s with roundshaped substituents
exhibited large P values which are about twice as large as that of
poly(dimethylsiloxane).  Although a systematic discussion of the relationship be-
tween the structure of substituents and gas permeability is not feasible yet, some ten-
dencies of the effect of substituents on gas permeability were demonstrated. The high
permeability as well as good thermal stability of the series of polymers offers the pos-
sibility to find practical applications for these interesting materials in the future.
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Chapter 3

Sorption and Diffusion of n-Alkanes and Alcohols
in Poly(1-trimethylsilyl-1-propyne)
F. Doghieri, M. Giacinti, L. Nicolini, and G. C. Sarti

Dipartimento di Ingegneria Chimica, Mineraria e delle Tecnologie Ambientali,
Universita di Bologna, Viale Risorgimento 2, 40136 Bologna, Italy

The sorption of several penetrants in PTMSP has been studied as a
function of temperature and pressure. For both solubility and
diffusivity isotherms, the experimental results show significant
differences between n-alkanes and alcohols. A discussion of the
experimental data is presented, considering the glassy matrix as a
homogenous phase, and using thermodynamic arguments commonly
applied to standard mixtures. It is thus possible to offer a unique
description of the thermodynamic properties of the various mixtures
examined, in spite of their rather different behaviour. Simple isotherms
for the mobility coefficient are also calculated for all penetrants as a
function of composition. Remarkably, they show very similar trends
for both n-alkanes and alcohols.

During the last decades interest in membrane separation processes and in solutions for
packaging problems has given a substantial boost to research on sorption and mass
transport in polymeric materials. Several interpretative models for the solubility and
diffusivity in rubbery polymers are now available which, at least in principle, allow for
the prediction of the permeability of low molecular weight species in polymeric films
above their glass transition temperature.

On the other hand, estimation of solubility and diffusivity data in glassy polymers
requires direct experimental measurements. The results of these measurements can be
correlated through the use of empirical models. The solubility of low molecular
weight species in glassy polymers is usually described in terms of the dual mode
model (/,2). The dual mode model is a powerful tool for the representation of most
gas solubility isotherms. Its utility has been demonstrated in many studies (3-5).
However, the parameters entering the model are endowed with a physical meaning
not always consistent with the experimental observations (6). Thus, despite some
interesting attempts to interpret the dependence of these parameters on polymer

38 © 1999 American Chemical Society

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch003

39

properties, the dual mode model for the solubility in glassy polymers cannot be used
in a predictive way.

The proper representation of the thermodynamic properties of out-of-equilibrium
systems such as glassy polymers is still an open question. Reliable correlations and
predictive expressions for the mass transport properties in polymeric glasses as a
function of temperature and concentration are also lacking.

This work offers a contribution to the understanding of some fundamental aspects
of sorption and diffusion in glassy polymers. The research focuses on an extensive
experimental study of sorption and mass transport in a specific polymeric matrix. A
high free volume polymer, (poly 1-trimethylsilyl-1-propyne) [PTMSP], has been used
here in order to emphasise aspects of sorption and transport which are peculiar to
polymer/penetrant mixtures below the glass transition temperature. The discussion of
the experimental data presented in this work permits a clarification of concepts which
are of general validity for the interpretation of thermodynamic and mass transport
properties in glassy systems.

Background and Basic Approach

PTMSP is a glassy polymer first synthesised by Masuda et al.(7). It gained a
reputation as one of the most interesting materials for the production of gas
separation or pervaporation membranes. Indeed, the solubility and permeability of
organic vapours and gases in PTMSP are orders of magnitude larger than the
corresponding properties in conventional glassy polymers and their values are even
comparable to or higher than those in many rubbery materials (8,9). The extremely
high free volume of PTMSP, on the order of 30%, is responsible for the extraordinary
properties of the material and makes it a limiting case among glassy polymers (8,10).
The density and, in turn, the free volume of PTMSP samples, however, may have
rather different values according to sample preparation procedures and pretreatments
({1,12). In a previous study, the effect of various pretreatment protocols on the
solubility and diffusivity of ethanol in PTMSP was considered. In particular, it was
determined that keeping the polymer sample under vacuum at a relatively low
temperature for a long time, results in a decrease in both solubility and mobility of
ethanol. On the other hand, only minor changes in solubility and diffusivity were
obtained through preswelling treatment protocols (6).

In this study an extensive set of experiments was conducted to determine solubility
and diffusivity of several vapours in PTMSP. Five different penetrant species were
considered, three alkanes of different molecular weight and two polar components.
The effect of temperature on solubility and diffusivity was also considered by
performing several sorption experiments in the range between 285 and 330 K.

The experimental results are briefly discussed in terms of thermodynamic and mass
transport properties in the glassy polymer mixture. The aim of the discussion is to
highlight peculiarities of solubility and diffusivity in polymeric systems below the glass
transition temperature and to consider possible interpretations. The focus is on the
effect of swelling on the thermodynamic and transport properties in glasses. Indeed, it
is well known that, contrary to the case of rubbery systems, the solute partial specific
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volume in dilute glassy mixtures is much lower than the specific volume of the pure
solute liquid phase (/3). From this point of view, PTMSP represents a limiting case
among glassy polymers, since practically negligible values of the partial specific
volume of both CO, and CH, in PTMSP have been measured at solute concentrations
up to and higher than 20% by weight (/4). Therefore, at least for the sorption of
limited amounts of penetrant mass, the polymer matrix of PTMSP behaves as a rigid
structure with a constant volume. In the sorption experiments performed in this work,
only mixtures with relatively low penetrant content are explored, which allows us to
neglect in all cases the dilation of the polymer sample under sorption conditions.

Experimental

In order to measure the solubility and diffusivity of low molecular weight vapours in
PTMSP, sequences of differential sorption experiments were performed. The mass
uptake as a function of time for each sorption step was measured and recorded using
a Cahn microbalance. Details of the experimental equipment are discussed in a
previous publication (/5). Prof. G.Costa of the CNR-IMAG kindly provided the
polymer, which was synthesised using TaCl, as catalyst, and had an intrinsic viscosity
of 4.5 dl/g in toluene solution at 30°C.

The samples used in this work were cut from the same polymeric membrane, which
was 40 um thick. The membrane was obtained through solvent evaporation from a
toluene solution, and kept at temperature around -20°C after its preparation, in order
to minimise ageing effect on the polymeric material. The density of the membrane
(evaluated from its mass to volume ratio) was slightly higher than 0.80 kg/l. In all
cases sorption experiments were performed by contacting the polymer with pure
penetrant vapour. This protocol permitted an accurate estimate of the fugacity of the
penetrant in the penetrant-PTMSP mixture. In these experiments, the penetrant
concentration range was from 0 to approximately 12% by weight. Both sorption and
desorption experiments were performed for each penetrant and temperature and no
significant difference in the two solubility isotherms was obtained in any case. Indeed,
as demonstrated in previous studies (6,/5), when the analysis is confined to this
concentration range, significant dilation of the sample during the sorption experiment
is avoided. Therefore, all of polymer/penetrant mixture have, to a very good
approximation, the same partial polymer density and this greatly simplifies the data
comparison as well as the discussion.

Five different penetrants were considered, n-pentane (n-Cs), n-hexane (n-C¢), n-
heptane (n-C5), ethanol (EtOH) and methanol (MeOH). For the cases of n-pentane,
ethanol and methanol, solubility and diffusivity isotherms at three different
temperatures 285, 300 and 330 K were examined. Sorption experiments for n-hexane
in PTMSP were performed both at 300 and 330 K, while only the highest temperature
was used for n-heptane.

The vapour phase pressure was controlled to a fixed value for each sorption step
and measured with an accuracy of 0.1 mbar for n-pentane, ethanol and methanol. The
use of a more precise manometer was needed for n-hexane and n-heptane sorption in
order to measure the vapour phase pressure with an accuracy of 0.01 mbar.
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The temperature of the system was controlled to a constant value during the
sorption experiments and the thermostat system kept the temperature constant within
an accuracy of +0.1 K. Two different sequences of sorption experiments, with two
different samples, were conducted for each penetrant at each temperature. Excellent
reproducibility was obtained in all cases. The difference in solubility values obtained
from repeated runs was negligible for most of the experimental conditions examined
and never exceeded 5%.

Results and Discussion

Solubility Isotherms. In Figure 1, the solubility of n-pentane in PTMSP is reported

for three different temperatures. The zero pressure solubility coefficient So, defined as

the limit of the ratio between the penetrant weight fraction an and the corresponding

activity ay, S, = ali_r_)no % , is significantly high at all temperatures: S = 20, 15 and
1 1

10 at 285, 300 and 330 K, respectively.

As also observed by Morisato et al. (/0) and by Doghieri and Sarti (/5), the
solubility isotherms of n-pentane in PTMSP have the usual downward curvature,
which is typical of the sorption of most gases and vapours in glassy polymers.

From the data in Figure 1, a significant temperature effect on the solubility of n-
pentane in PTMSP is also evident at all penetrant activities. As is typical for the
sorption in glassy polymers, the solubility of the penetrant increases as the
temperature decreases at each activity value. This effect is obviously associated with
negative values of the mixing enthalpy, and it appears to be significantly pronounced
in the case of n-pentane.

In Figure 2 the solubility isotherms of n-hexane in PTMSP are reported at
temperatures of 300 K and 330 K. The behaviour is qualitatively similar to that
observed for n-pentane sorption. Both isotherms exhibit a downward curvature and
the solubility coefficient in the low pressure limit, S, is high. For n-hexane, Sy =~ 25
and 16 at 300 and 330 K, respectively. Also for n-hexane sorption, the effect of
temperature on solubility indicates a large negative enthalpy of mixing since the
solubility decreases substantially with increasing temperature.

Remarkably, upon comparing the solubility of n-pentane and n-hexane in PTMSP,
it is observed that, at the same temperature and penetrant activity, the solute mass
ratio dissolved in PTMSP is higher for the higher molecular weight component. The
same trend is confirmed when the analysis is extended to the case of n-heptane, and it
is clearly apparent from Figure 3, where the solubility isotherms for the three alkanes
at 330 K are simultaneously reported. From the data shown in Figure 3, the solubility
coefficient in the low pressure limit for n-heptane in PTMSP may be evaluated as So ~
27.

In Figure 4 the solubility isotherms at three different temperatures are reported for
ethanol in PTMSP. Unlike the case of n-alkanes, the solubility coefficient of ethanol in
PTMSP is quite low in the range of low pressures; it increases with penetrant content
in the low concentration region and it decreases at higher penetrant fugacity. The

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch003

42

0.18 v T v — T v T

0.16 - -
0.14 -
0.12 .
0.10
0.08 .
0.06 [

0.04

Penetrant content (g/g,, )

0.02 Hf

—te

004 006 008 010
Penetrant activity P/P,

o.m F A 1
0.00 0.02

Fig.1 Sorption isotherms for n-pentane in PTMSP.

0.14 | 4
0.12
0.10

0.08

—o— 300K

0.06 —a—330K 1

0.04

Penetrant content (g/g,, )

0.02

—

0.00 A
0.00 0.01

002 003 004 005 006
Penetrant activity P/P,
Fig.2 Sorption isotherms for n-hexane in PTMSP.

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch003

0.16 T T v T T T r T
0.14 .
0.12
0.10
0.08 -
0.06 -

0.04

Penetrant content (g/g,, )

0.02

o.oo A 1 i 1 i 1 1
0.00 0.02 0.04 0.06 0.08 0.10

Penetrant activity P/P,

Fig.3 Sorption isotherms for n-alkanes in PTMSP at 330 K.

0.16 v T T — T T T

0.14 | / _
- 012} .
a |
O o010} 4
=
[ L
g 0.08 | -
E ooeF —o—285K
B ol —o—300K ]
& —a—330K
S i

0.02 + E

000 i 1 i 1 i 1 A 1 "

0.00 0.06 0.12 0.18 0.24 0.30

Penetrant activity P/P,

Fig.4 Sorption isotherms for ethanol in PTMSP.

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1999.

43



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch003

4

resulting sorption isotherms exhibit an unusual S-shape confirming the behaviour
already observed by Nakanishi et al. (/6) and by Doghieri et al. (6).

The peculiar features shown by the sorption isotherms of ethanol in PTMSP are
followed also by the solubility curves for methanol in PTMSP, which are presented in
Figure 5. As in the case of ethanol, the methanol solubility coefficient in the low
pressure limit, Sy, is orders of magnitude lower than for alkanes, and the sorption
isotherms are characterised by the previously mentioned S shape.

The sorption isotherms for ethanol and methanol reported in Figure 4 and 5 cannot
be interpreted on the basis of the well known dual mode model (Z,2). This model
assumes that the penetrant content in the glassy polymer matrix may be expressed as
function of pressure through the sum of two contributions: the first refers to the
penetrant molecules which are considered to be adsorbed onto the surface of
microvoids in the interior of the solid polymer, and the second represents the
contribution due to penetrant molecules which are strictly dissolved into the solid
phase. In the original formulation of the dual mode model the first contribution is
expressed as function of pressure in terms of the Langmuir equation and the second
through Henry’s law.

It must be pointed out that for all the n-alkane sorption isotherms presented in
Figures 1 to 3, one can find a temperature dependent Langmuir affinity constant,
Langmuir capacity and Henry’s law constant which accurately describe the sorption
isotherms. On the other hand, as was also observed by Nakanishi et al.(/6), the S
shaped isotherms typical of the alcohols in PTMSP cannot be simply described
through the dual mode model. On the contrary, it was already pointed out (6) that the
Henry’s law line drawn through the origin intersects the solubility isotherms measured
for alcohols. This behaviour is intrinsically inconsistent with the dual mode basic
ideas, since it would require a negative contribution to the sorption isotherm due to
adsorption in the low pressure range.

The discussion and interpretation of the difference between n-alkanes and alcohols
isotherms will be presented by considering the contributions to the excess partial
Gibbs free energy of the penetrants in the polymer phase. In this analysis, rather
standard arguments from classical theories of mixture thermodynamics are used.

Excess Gibbs Free Energy. The chemical potential of the penetrant in the polymer
mixture at T=330 K is reported, in dimensionless terms, in Figure 6 as function of
penetrant weight fraction for all the vapours considered in this work. The
dimensionless chemical potential u4/RT is the logarithm of the activity and has been

calculated as u/RT=In(P/F,) where P is the pressure in the vapour phase at

equilibrium and P, is the penetrant vapour pressure at the same temperature.

When the solubility isotherms are reported in the usual terms of penetrant mass
ratio versus activity, qualitative differences are apparent between n-alkanes and
alcohols, as already discussed above, which might suggest important differences in the
physical mechanism involved in penetrant sorption. However, when the same
solubility isotherms are presented as penetrant chemical potential versus penetrant
mass fraction for the n-alkanes and alcohols in this study, the isotherms are in all cases
qualitatively very similar to one another. When the data are presented in this fashion,

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch003

0.16 — T — v T v T T T

0.12 .
—o— 285K i ]

010F —o— 300K - i
L —2—330K
0.08 |-

0.06

Penetrant content (g/g,, )

00 01 02 03 o4 0.5
Penetrant activity P/P,

Fig.5 Sorption isotherms for methanol in PTMSP.

o T T T v T 1 T v
-14 .
-2 - .
—~ - -
2
s 3 1
g 4
® -4 A
-
% -
£ )
3
2 64 —o— MeOH 1
< 1 —v— EtOH
= 74 —a—n-C, -
E —o—n-C,
-84 —o—n-C, 4
-9 I

000 002 004 006 008 010 012 0.14
Penetrant weight fraction

Fig.6 Chemical potential isotherms in PTMSP at 330 K.

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1999.

45



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch003

46

only differences in the amount of sorption are evident between n-alkanes and
alcohols. That is apparent from Figure 6 where data at 330 K are reported for all the
penetrants considered in this study. We simply observe that the excess partial Gibbs
free energy for alcohols in PTMSP mixtures is much higher than that for n-alkanes at
all penetrant concentration considered. For higher concentrations, the logarithm of
activity increases more significantly with penetrant weight fraction for n-alkanes than
for alcohols.

The excess chemical potential obviously results from the sum of partial excess
enthalpy and entropy as expressed, in dimensionless terms, by the following well
known relationship:

B EX K _ EX
G H, M
= =] = - = 1
RT - @) = R7 0 R M
_ EX _ Ex _ EX
where H, , S, and G, are the partial excess enthalpy, entropy and free energy of
penetrant in the mixture.

The quantitative differences observed between the two families of penetrants are due
both to enthalpy and to entropy contributions. Based on a qualitative consideration of
the interaction energies between the polymer matrix and the aliphatic or the alcoholic
groups of the different penetrants, the enthalpic term in Equation 1 is mostly
responsible for the quantitative differences observed in the isotherms. This was also
the conclusion drawn in a previous study (/5) where the solubility of ethanol and n-
pentane in PTMSP were qualitatively compared with each other. Based on the
solubility isotherms at different temperatures for n-alkanes and alcohols, we can now
directly evaluate the excess enthalpy of mixing in Eq.(1). In a previous discussion of
the comparison of solubility data for ethanol and n-pentane in PTMSP (6), it was
assumed that the difference in chemical potential for the two penetrants was
essentially due to the enthalpic term. This hypothesis is reasonable since the
interaction energy of penetrant molecules with PTMSP segments should be
significantly different, relative to interaction energies of pure penetrant molecules,
between polar and non polar penetrants.

From the experimental data presented herein, we are now able to estimate the
mixing enthalpy for n-alkanes and alcohols in PTMSP and, thus, to evaluate the

EX

excess enthalpy term in Eq.(1). The excess enthalpy H 1 for the penetrant in the

mixture may be calculated from the solubility data at different temperatures using the
well known relation:

ExX
A = _(51“"1J @
é T oy

Indeed, the use of Eq. (2) for a nonequilibrium glassy phase deserves further
discussion which cannot be presented here and will be reported in a future
publication.
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Excess Enthalpy. From Eq.(2), an estimation of the penetrant excess enthalpy in the

concentration range from 3 to 14% by weight was obtained for n-Cs, n-C, ethanol

and methanol. In the case of n-pentane, the partial enthalpy of mixing increases with

increasing penetrant content. In the concentration interval up to 10% by weight, the
ExX

n-pentane excess enthalpy ranges from -16 to -12 kJ/mol. The H 1 values obtained
0
are thus approximately half the enthalpy of vaporisation A H.; of n-pentane at room
0
temperature (A Hv. ~ 26 kJ /mol as indicated, e.g., in ref. /7 ). Lower absolute
values of the excess enthalpy are estimated for n-Cs at concentrations higher than
10% by weight, probably due to a slight swelling of a polymeric matrix which is more
likely to occur at higher concentrations.

Similarly, the excess enthalpy of n-hexane in PTMSP is evaluated from the data
EX

reported in Figure 2. By considering concentrations below 11% by weight, H 1 is
estimated to range from -17 to -14 kJ/mol. Thus, a relatively narrow range of excess
enthalpy is obtained for the case of n-hexane, and the absolute value of the excess
enthalpy is half the vaporisation enthalpy of the penetrant at room temperature

~0
(A Huwp =~ 30kJ/mol asindicated, e.g., inref. /7).
EX
For ethanol, the excess enthalpy H, calculated from the temperature dependence
of the solubility isotherms, is negligible at very low penetrant concentrations, and it
ranges from -7 to -10 kJ/mol for the higher concentrations inspected.
ExX

For methanol sorption, the excess enthalpy H , can be evaluated from the data in
Figure 5. Its values range from -3 to -5 kJ/mol over most of the concentration

interval inspected. It is negligible for very low methanol concentrations, in close
analogy with the ethanol case.

EX
For the sake of comparison with the case of r-alkanes sorption, for which H | is
e

on the order of 1/2 AH, , it is worthwhile to notice that the ratio between the
absolute value of excess enthalpy and the vaporisation enthalpy at room temperature

EX v
1_11 / AH, | is approximately equal to 1/4 and 1/8 for ethanol and methanol,

respectively.

In summary, the enthalpy of mixing is always negative and thus represents an
important contributions in favour of the solubility of penetrants in PTMSP. For
alcohols in PTMSP, the excess enthalpy is significantly smaller than for the n-alkanes
and even shows negligible values in the low concentration range where the solubility
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coefficiert of alcohols is very small. We can conclude that a relevant contribution to
the difference in partial free energy between alcohols and n-alkanes in PTMSP comes
from different energetic effects of mixing. Moreover, the very different excess
enthalpy values are responsible for the very different solubility isotherms of alcohols
and n-alkanes in PTMSP.

Diffusivity and Mobility Isotherms. The temperature and penetrant concentration
dependence of the diffusion coefficient, D, has been measured for binary mixtures of
PTMSP with n-pentane, n-hexane, ethanol and methanol. Indeed, for each sorption
step in the sequences of isothermal sorption experiments, the kinetics of mass uptake
have been analysed and estimates of the corresponding diffusivity have been obtained
from both small and long time sorption data, as indicated in a previous study (6). The
relative difference in the values of the diffusion coefficients obtained through the use
of long time and short time sorption data is less than 5% in the great majority of cases
and is less than 10% in the worst cases. Indeed, when one compares the diffusion
coefficient results obtained from two different experiments performed under the same
conditions, the diffusivity values are only determined to within approximately + 10%.

In the following discussion, the diffusion coefficient data have been measured
during the same experiments considered above for the solubility data. The reported
diffusivities are obtained as the arithmetic mean between the values calculated from
short time and long time data and are plotted as function of the average penetrant
concentration in each differential sorption step considered.

In Figure 7, diffusivity isotherms at 300 K are presented for n-pentane, n-hexane,
ethanol and methanol. The measured values of D are orders of magnitude higher than
the typical values of diffusion coefficients in glassy polymers. The diffusivity of the
two alkanes in PTMSP show similar trends as a function of the penetrant content. For
both n-pentane and n-hexane, the diffusion coefficient exhibits a maximum variation
of about 40% and a rather flat maximum value at intermediate concentrations.

The diffusivity isotherms obtained for ethanol and methanol are similar to each
other and quite different from those of the alkanes. Very large diffusion coefficients
have been measured in the low penetrant concentration range. Then, the diffusion
coefficients decrease to a minimum value at approximately 7% penetrant weight
fraction. Afterwards, the diffusivity increases again and shows a local maximum value
at ®~11%. The latter trend is also observed for diffusivity coefficients measured at
temperatures of 285 and 330 K. However, for the sake of conciseness, these data are
not presented explicitly. The present data also confirm the diffusivity behaviour of
ethanol in PTMSP reported previously (6).

We observe in this case that, contrary to what could be expected based simply on
molecular weight considerations, the values of methanol diffusivity in PTMSP are the
lowest among all of the penetrants considered.

Remarkably, the temperature dependence of the alcohol diffusivity in PTMSP does
not show a unique trend in the entire concentration range: an increase in temperature
results in an increase or a decrease in the diffusivity according to the value of the
composition of the polymer/penetrant mixture.
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A clear interpretation of the concentration and temperature dependence of the
mass transport properties of both alkanes and alcohols in PTMSP can be obtained
when it is recognised that the diffusion coefficient, D, results from the product of the
mobility, L, and a pure thermodynamic factor, o, defined as

- o 2 In(a,) 3)
ow,

where a; and o, are the penetrant activity and weight fraction, respectively.
Indeed, by considering that the gradient of the chemical potential p is the true

driving force for mass transport, then the corresponding kinetic conductance is
defined in terms of the mobility, L, through the following relation:

J, = _wlpLV(#l/RT) @

where p is the density of the mixture, and J, is the diffusive mass flux density of the
penetrant.
When Eq.(4) is compared with the well known Fick’s law, in the form

J, = -pDVo, 5)
it is easily recognised that the D, L, and a are related as follows:
D=al (6)

This equation clearly states that the diffusion coefficient results from the product
of a purely thermodynamic factor, a,, and a purely kinetic factor, the mobility, L, as
long as the chemical potential is the true driving force for the mass transport process.

As the thermodynamic factor o can be determined from the solubility isotherms
described in the previous section, we are able to estimate the mobility for all of the
penetrant-PTMSP mixtures considered in this study. The thermodynamic factor o at
the mean value of the concentration for a given sorption step can be estimated from
the following relation

) ln(alﬁ") -In(a,,)
ln(a)lﬁ,,) -In(®,,)

where the subscripts iz and fin refer to initial and final values for the sorption step,
respectively.

The values of mobility are obtained as the ratio between the diffusivity and the
thermodynamic factor, estimated using Eq.(7). Mobility values are reported as a
function of the average penetrant weight fraction in each sorption step.

In Figure 8, the mobility isotherms at 300 K are reported for binary mixtures of
PTMSP with n-pentane, n-hexane, ethanol and methanol. Despite some scatter in the
data due to the uncertainty in the values of the diffusion coefficient and to some error
propagation due to the use of Eq.(7), it is quite evident that all the isotherms show the
same shape. In all cases the mobility coefficient decreases exponentially with
increasing penetrant weight fraction. These results confirm the data obtained for

)
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ethanol and n-pentane in a previous study (/5). Therefore, the difference in the
diffusion isotherms between alcohols and n-alkanes is only due to differences in the
thermodynamic factor of the diffusion coefficient. The mobility coefficients, which
have a pure kinetic meaning, follow very similar trends for these very different
families of penetrants.

From the point of view of transport kinetics, it is reasonable to expect that the
difference among the penetrants is essentially due to the difference in molecular
weight. This point of view is consistent with the data in Figure 8. The mobility
coefficient calculated from the data measured in this work is a monotonically
decreasing function of the penetrant molecular weight at any fixed value of the
penetrant weight fraction. Furthermore, the ratio between the mobility of two given
penetrants at fixed temperature and weight fraction is substantially independent of
concentration. These observations are confirmed by a comparison of the mobility data
at 330 K for the alkanes, which is shown in Figure 9. For the results presented in
Figure 9, the mobility is also a decreasing function of penetrant molecular weight, and
the ratio of the mobility of one penetrant to another is independent of concentration.

For all the cases considered here, in the concentration range studied, the mobility
coefficient almost exponentially decreases with the penetrant weight fraction. The
slope, J1n(L)/8 w, is between approximately -20 and -16.

The measured concentration dependence of the mobility coefficient for PTMSP is
opposite to that commonly observed for rubbery polymers. The reason for this
difference is due to the decrease in the specific free volume of PTMSP mixtures as the
penetrant concentration increases, at least as long as the swelling of the polymer
matrix is negligible (6).

Similar isotherms for the mobility coefficient are observed at all temperatures and,
moreover, the ratio between the mobility coefficients at different temperatures for the
same component are essentially independent of concentration. This observation
permits the evaluation of a unique activation energy, E,, for the mobility coefficient of
a given penetrant in PTMSP. The values of the activation energy of the mobility
coefficient in PTMSP for n-alkanes and alcohols are reported in Table I.

It is worthwhile to notice that the value of the activation energy measured for the
penetrants in PTMSP is significantly lower than that in the other glassy polymers used
as gas separation membranes. Indeed, this result is consistent with previous results for
the activation energy of diffusion coefficients of gases in PTMSP (/8). The previously
reported activation energies of diffusion were evauated based on gas permeability and
sorption data.

Tab.I Activation energy for the mobility coefficient

species n-Cs n-Cs EtOH MeOH

E. (kJ/mol) 6.0 ~6.5 14 32
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Conclusions

The solubility of several penetrants in PTMSP indicate relevant differences between
polar and non-polar components. In particular, for the alcohols, unusual S shaped
solubility isotherms are observed which cannot be explained by the dual mode model.
Variations of solubility with temperature were also considered in this work, and the
mixing enthalpy for n-pentane, n-hexane, ethanol and methanol in PTMSP was
calculated. Significant negative mixing enthalpies were measured in all cases, and
absolute values of the excess enthalpy of the sorption is much higher for the alkanes
than for the alcohols.

By considering the solid glassy mixture as a homogeneous phase, the apparent
qualitative differences between the solubility of alkanes and alcohols in PTMSP may
be easily interpreted as simple quantitative differences in energetic and entropic
contributions to the free energy of mixing. Indeed, the chemical potentials of the
penetrant species in the mixture show similar isotherms for every case considered.
The difference in the value of the chemical potential for alkanes and alcohols in
PTMSP is mainly due to differences in energetics of the sorption process, and not to
entropic effects.

The diffusivity data also show interesting differences between n-alkanes and
alcohols. The diffusivity of alcohols, in particular, give unexpected non monotonic
isotherms as a function of penetrant content. This effect is essentially due to the
thermodynamic factor of the diffusion coefficient. When the mobility coefficient is
calculated, simple monotonic isotherms are obtained in all cases, with similar
dependences of penetrant mobility on penetrant content. The mobility of alcohols and
alkanes exponentially decrease with increasing penetrant weight fraction. The slope of
the corresponding isotherms is similar in all cases.
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Chapter 4

Mixed-Gas Permeation Properties and Physical
Aging of Poly(4-methyl-2-pentyne)
A. Morisato, Z. He, and 1. Pinnau

Membrane Technology and Research, Inc., 1360 Willow Road,
Menlo Park, CA 94025

Poly(4-methyl-2-pentyne) [PMP] is a glassy, disubstituted, purely
hydrocarbon-based polyacetylene. PMP has a density of only 0.78
g/cm3 and a high fractional free volume of 0.28. The polymer has very
high hydrocarbon permeabilities; for example, the n-butane
permeability of PMP in a mixture of 2 mol% n-butane in methane is
7,500 x 10-10 cm3(STP)-cm/cm2-s~cmHg at 25°C. In contrast to
conventional, low-free-volume glassy polymer membranes, PMP is
significantly more permeable to n-butane than to methane in gas
mixtures. In this paper, we present the gas permeation properties of
PMP in mixtures of n-butane with methane. The mixed-gas permeation
and physical aging properties of PMP are compared to those of poly(1-
trimethylsilyl-1-propyne), the most permeable polymer known.

The recovery of organic vapors from waste gas streams using polymeric membranes is
a well established process (I). Typically, composite membranes are used for this
process. These membranes consist of a thin, selective rubbery layer coated onto a
microporous support material. The selectivities of these membranes for organic
vapors over nitrogen are typically about 10-100. Currently, commercial vapor
separation membrane applications include small systems (10-100 scfm) to recover
fluorinated hydrocarbons (Freons) and other high-value solvent vapors from process
vent streams to large systems (100-1,000 scfm) for recovery of hydrocarbon vapors in
the petrochemical industry (7).

The most promising new membrane-based vapor separation applications include:
(i) separation of higher hydrocarbons (C,.) from methane for dewpoint and heating
value control of natural gas, (ii) recovery of hydrogen and/or hydrocarbons from
petroleum refinery waste gases, and (iii) separation of olefins (ethylene or propylene)
from polyolefin polymerization purge gas streams. In all of these applications, the
higher hydrocarbons are the minor components in the feed gas. To minimize
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Chapter 4

Mixed-Gas Permeation Properties and Physical
Aging of Poly(4-methyl-2-pentyne)
A. Morisato, Z. He, and 1. Pinnau

Membrane Technology and Research, Inc., 1360 Willow Road,
Menlo Park, CA 94025

Poly(4-methyl-2-pentyne) [PMP] is a glassy, disubstituted, purely
hydrocarbon-based polyacetylene. PMP has a density of only 0.78
g/cm3 and a high fractional free volume of 0.28. The polymer has very
high hydrocarbon permeabilities; for example, the n-butane
permeability of PMP in a mixture of 2 mol% n-butane in methane is
7,500 x 10-10 cm3(STP)-cm/cm2-s~cmHg at 25°C. In contrast to
conventional, low-free-volume glassy polymer membranes, PMP is
significantly more permeable to n-butane than to methane in gas
mixtures. In this paper, we present the gas permeation properties of
PMP in mixtures of n-butane with methane. The mixed-gas permeation
and physical aging properties of PMP are compared to those of poly(1-
trimethylsilyl-1-propyne), the most permeable polymer known.

The recovery of organic vapors from waste gas streams using polymeric membranes is
a well established process (I). Typically, composite membranes are used for this
process. These membranes consist of a thin, selective rubbery layer coated onto a
microporous support material. The selectivities of these membranes for organic
vapors over nitrogen are typically about 10-100. Currently, commercial vapor
separation membrane applications include small systems (10-100 scfm) to recover
fluorinated hydrocarbons (Freons) and other high-value solvent vapors from process
vent streams to large systems (100-1,000 scfm) for recovery of hydrocarbon vapors in
the petrochemical industry (7).

The most promising new membrane-based vapor separation applications include:
(i) separation of higher hydrocarbons (C,.) from methane for dewpoint and heating
value control of natural gas, (ii) recovery of hydrogen and/or hydrocarbons from
petroleum refinery waste gases, and (iii) separation of olefins (ethylene or propylene)
from polyolefin polymerization purge gas streams. In all of these applications, the
higher hydrocarbons are the minor components in the feed gas. To minimize
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membrane area requirements, it is highly desirable to use a selective layer material
that is more permeable to the larger, condensable hydrocarbons than to the smaller
supercritical gas mixture components, such as methane, hydrogen or nitrogen.

Background

Gas and vapor transport through polymeric membrane is typically described by the
solution-diffusion model. Gas molecules at the high-concentration (high-pressure)
side of the membrane dissolve in the membrane material and diffuse through the
membrane along a concentration gradient to the low-concentration (low-pressure) side
of the membrane. It is assumed that the gas phases on either side of the membrane are
in thermodynamic equilibrium with their respective membrane interfaces, and that the
interfacial sorption and desorption processes are rapid compared to the rate of
diffusion through the membrane. For simple gases, Fick's law leads to the equation:

J=w )

where J is the volumetric gas flux (cm*(STP)/cm’s), D is the diffusion coefficient of
the gas in the membrane (cm2/s), £ is the membrane thickness (cm), S is the
solubility coefficient (cm3(STP)/cm3-cmHg), and Ap is the pressure difference across
the membrane (cmHg).

The gas permeability, P (cm3(STP)-cm/cm2-s-cmHg) is commonly expressed as:
P=DxS @

The selectivity «,, , is defined as the ratio of the permeabilities P4 and Pg:

7
o = e—— 3
AlB P, 3
Equation (3) can also be written as:
P, D, S,
o =A = TA A (4)
AlB })B A SB

The ratio (Da/Dpg) is the ratio of the diffusion coefficients of the two gases and is
referred to as the diffusivity selectivity, reflecting the different molecular sizes of the
gases. The ratio (Sa/Sp) is the ratio of the solubility coefficients of the gases and can
be viewed as the solubility selectivity, reflecting the relative condensabilities of the
gases. The diffusion coefficient decreases with increasing molecular size, because
large molecules interact with more segments of the polymer than small molecules. On
the other hand, the solubility coefficient typically increases with molecular size,
because large molecules are normally more condensable than smaller ones. For the
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membranes used for the separation of organic vapors from permanent gases, the
balance between the diffusivity selectivity and solubility selectivity determines
whether a membrane material is permanent-gas-selective or organic-vapor-selective.

In conventional, low-free-volume, glassy polymers, such as polysulfone, the
permeability generally decreases with increasing permeant size. Glassy polymer
membranes are used for the separation of permanent gas mixtures (O,/N,, Ho/CH,,
CO,/CH,). On the other hand, in rubbery polymers, the permeability typically
increases with increasing penetrant size and condensability. Rubbery membranes are,
therefore, more permeable to large organic vapors than to small permanent gases. The
most commonly used rubbery membrane material for commercial membrane-based
vapor separation systems is crosslinked polydimethylsiloxane [PDMS], the most
permeable rubber known. PDMS has high organic-vapor/permanent-gas selectivity
and can easily be formed into thin-film composite membranes.

Polyacetylenes for Gas and Vapor Separation Applications. Polyacetylene-based
polymers have been studied extensively for gas separation applications (2-4). These
new amorphous, glassy polymers are characterized by very high glass transition
temperatures, typically >200°C, low densities, and high gas permeabilities. In
particular, poly(l-trimethylsilyl-1-propyne) [PTMSP], has the highest gas

. permeabilities of all known polymers (2-4). In contrast to conventional glassy

polymers, such as polysulfone, PTMSP is significantly more permeable to large
organic vapors than to small permanent gases (J5).

A similar highly permeable, disubstituted polyacetylene, poly(4-methyl-2-
pentyne) [PMP], was synthesized more than a decade ago by Masuda et al. (6). The
chemical structure of PMP is shown in Figure 1. The pure-gas permeation properties
of poly(4-methyl-2-pentyne) are similar to those of PTMSP; the gas permeabilities
increase as the size, or condensability, of the penetrants increase (7). The physical
properties, nitrogen permeabilities, and oxygen/nitrogen selectivities of PMP and
PTMSP are shown in Table 1.

Table I. Physical properties of high-free-volume, glassy poly(4-methyl-2-
pentyne) and poly(1-trimethylsilyl-1-propyne).

Physical Property PTMSP PMP
T, >250°C >250°C
Density 0.75 g/em3 0.78 g/cm3
Fractional free volume 0.29 cm3/cm3 0.28 cm3/cm3
Nitrogen permeability 7,000 Barrers* 1,300 Barrers*
Oxygen/nitrogen selectivity 1.4 2.2

* 1 Barrer = 1x10™"° cm’(STP)«cm/cm’+s-cmHg

In this study, we investigated the gas permeation properties of glassy PMP
membranes in mixtures of n-butane/methane. The influence of feed gas composition
and feed temperature on permeability and selectivity is discussed. Furthermore, the
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Figure 1.  Chemical structure of poly(4-methyl-2-pentyne).
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effect of the downstream pressure conditions (atmospheric or vacuum) on the physical
aging of PMP membranes was studied using nitrogen as the probe penetrant.

Experimental

Polymer Film Preparation. Isotropic, dense films of PMP were prepared by a ring-
casting method from cyclohexane solution (1.5 wt%) onto a glass plate. The films
were dried at ambient conditions for 48 h and then under vacuum at 80°C for 3 days to
completely remove the solvent. Film samples with thicknesses of 20-40 um (+ 0.5
um) were used for the permeation measurements.

Characterization of Mixed-Gas Permeation Properties. The mixed-gas permeation
properties of isotropic PMP films were determined for several n-butane/methane
mixtures. The permeation experiments were performed using the constant
pressure/variable volume method (8) at a feed pressure of 150 psig and atmospheric
permeate pressure (0 psig). The feed temperature was varied between 0°C and 50°C.
The following n-butane/methane feed mixtures were used: 1, 2, 4, 6, and 8 mol% n-
C4H,o in CH,, respectively. The stage-cut, that is, the permeate flow rate to feed flow
rate was less than 1%. Thus, the residue composition was essentially equal to the feed
composition. The feed, residue, and permeate compositions were determined with a
gas chromatograph equipped with a thermal conductivity detector.

The permeate flux, J, measured by the constant pressure/variable volume method

is given by (8):
j=22p (‘—1!) )
76-T-A\ dt

where A is the membrane area (cm?), p, is the atmospheric pressure (cmHg), T is the
gas temperature (K), and dV/dt is the volumetric displacement rate of the soap film in
the glass capillary (cm3/s). The mixed-gas permeability coefficient of each gas
component was calculated from the relationship:

X, J-f

P=—n—_et—
Xp'Pi—X%X3°P,

©

where x; and x; are the mol fractions of the gas components in the feed and permeate
streams, respectively, and p; and p; are the pressures (cmHg absolute) on the feed and
permeate side of the membrane, respectively. The mixed-gas selectivity was
calculated with equation (3).

The effects of physical aging on the pure-gas permeation properties of PMP were
determined with nitrogen by both the constant pressure/variable volume method (15
psia permeate pressure) and the constant volume/variable pressure method (0 psia
permeate pressure). The experiments were carried out at 25°C; the feed pressure was
50 psig.
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Results and Discussion

Mixed-Gas Permeation Properties of PMP for n-Butane/Methane Mixtures.
Recently, we reported the mixed-gas permeation properties of PTMSP, a high-free-
volume, glassy polymer (5,9,10). Contrary to the permeation behavior of
conventional, low-free-volume glassy polymers, such as polysulfone, PTMSP is
significantly more permeable to large, condensable hydrocarbons than to small
permanent gases, such as methane, nitrogen, or hydrogen. In fact, PTMSP exhibits
the highest mixed-gas C,.+ hydrocarbon/methane and C,,/hydrogen selectivity
combined with the highest hydrocarbon permeability of any known polymer. One of
the most interesting features of mixed-gas transport in PTMSP is blocking of the least
condensable gas components in mixtures by co-permeation of condensable gases. For
example, in a mixture containing only 2 mol% n-butane in methane, the methane
permeability in PTMSP is reduced to only 10% of its pure-gas permeability (5,9).

The mixed-gas transport behavior of PMP is qualitatively similar to that of
PTMSP. The data in Table II show that PMP is significantly more permeable to n-
butane than to methane. For a feed gas mixture of 2 mol% r-butane in methane at a
feed pressure of 150 psig and atmospheric permeate pressure at 25°C, the mixed-gas
n-butane/methane selectivity of PMP is 14 and the n-butane permeability is 7,500 x
107 cm3(STP)-cm/cm2-s-cmHg. This result indicates that the n-butane/methane
selectivity in PMP is dominated by a high solubility selectivity, similar to the behavior
of high-free-volume, glassy PTMSP (5,70). The methane permeability of PMP in the
mixture was reduced 5-fold by co-permeation of n-butane.

Table I. Mixed-gas permeation properties of high-free-volume, glassy PTMSP
and PMP. Feed: 2 mol% n-butane in methane; feed pressure: 150 psig;
permeate pressure: atmospheric (0 psig); temperature: 25°C.

Permeability Mixed-gas Mixed-gas/

Polymer Polymer type (Barrers)* selectivity pure-gas CH4
ymer typ n-C4Hjo CHs n-C4H;o/CH4  permeability
ratio
PTMSP glassy 53,500 1,800 30 0.1
PMP glassy 7,500 530 14 0.2

* 1 Barrer =107'° cm’(STP)+cm/cm’+secmHg.

The unusual mixed-gas permeation properties of PTMSP are due to its
extraordinarily high excess free volume. Srinivasan ef al. (1) and Pinnau et al. (9)
suggested that the free-volume elements in PTMSP may be connected, leading to a
structure with interconnected channels throughout the polymer. Such a structure
could lead to significant transport of large, condensable gases by sorption and surface
diffusion along the interior surface of such channels. Both n-butane permeability and
n-butane/methane selectivity of PMP are lower than those of PTMSP. The lower
permeability and selectivity of PMP may be the result of a lower free volume and less
connectivity of free volume elements in the polymer matrix.
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The permeation properties of PMP were also determined as a function of feed gas
composition using mixtures of 1 to 8 mol% n-butane in methane. The mixed-gas
permeation conditions were the same as those described above. The n-butane and
methane permeabilities of PMP as a function of the relative n-butane pressure are
shown in Figure 2. The relative n-butane pressure, p/pgy, is the partial n-butane
pressure in the mixture to the n-butane saturation pressure at 25°C (35.2 psia). As the
relative n-butane pressure in the feed gas increased from 0 to about 0.1, the
permeability of methane decreased about 5-fold, whereas the n-butane permeability
was essentially constant. As a result, the n-butane/methane selectivity of PMP
increased from 11 at a relative n-butane pressure of 0.05 to 16 at a relative n-butane
pressure of 0.38, as shown in Figure 3.

Influence of Temperature on Mixed-Gas Permeation Properties of PMP. The
permeability coefficients for a mixture of 2 mol% n-butane in methane were
determined at temperatures ranging from 0 to 50 °C. The feed pressure was 150 psig;
the permeate pressure was atmospheric (0 psig). The temperature dependence of gas
permeation through polymers is given by the Arrhenius relationship:

pnen{-) o

where Py is a pre-exponential factor, Ej, is the activation energy of permeation (J/mol),
R is the gas constant (8.314 J/mol-K) and T is the gas temperature (K). The activation
energy of permeation is the sum of the activation energy of diffusion, Eq, and the heat
of sorption, Hg:

E,=E,+H, ®

The activation energy of diffusion depends on the polymer chain mobility and the
size of the penetrant relative to the intra- and inter-molecular polymer chain gaps.
Diffusion coefficients in polymers always increase with increasing temperature, that
is, Eq is always positive. In most polymers, gas solubilities decrease with increasing
temperature; therefore, Hy is generally negative.

In pure-gas measurements, PMP showed negative activation energies of
permeation to all gases tested (including supercritical gases such as nitrogen or
methane), that is, permeabilities increased with decreasing temperature (7). On the
other hand, in mixed-gas permeation measurements with the binary mixture of 2
mol% n-butane in methane, PMP exhibited positive activation energy of permeation
for methane (+9.6 KJ/mol) and negative activation energy of permeation for n-butane
(-7.9 KJ/mol). The Arrhenius plots of permeability for n-butane and methane as a
function of reciprocal temperature are shown in Figure 4.

The n-butane/methane selectivity increased monotonically from 8 to 24 as the
feed temperature was decreased from 50 to 2°C, as shown in Figure 5. It is important
to note that both n-butane permeability and n-butane/methane selectivity increased in
the PMP membrane as the feed temperature decreased. This temperature/permeability
behavior is completely different from that in low-free-volume glassy polymers used
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Figure 2.  Mixed-gas methane and n-butane permeability of poly(4-methyl-
2-pentyne) as a function of n-butane relative pressure. Feed: 2 mol% n-butane
in methane; feed pressure: 150 psig; permeate pressure: atmospheric (0 psig);
T=25°C.

8 mol%

% mot% 6 mol%
mol'/

14 a 2 mol%

Selectivity
n-butane / methane

ol o s by

1 mol%

P

i

10:.1..I....l....l....l...
0 0.1 0.2 0.3 0.4 0.5

n-Butane relative pressure (plpm)

Figure 3.  Mixed-gas n-butane/methane selectivity of poly(4-methyl-2-
pentyne) as a function of n-butane relative pressure. Feed: 2 mol% n-butane in
methane; feed pressure: 150 psig; permeate pressure: atmospheric (0 psig);
T=25°C.
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Figure 4.  Mixed gas n-butane and methane permeability of poly(4-methyl-
2-pentyne) as a function of temperature. Feed gas: 2 mol% n-butane in
methane; feed pressure: 150 psig; permeate pressure: atmospheric (0 psig).
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Figure 5. Mixed gas n-butane/methane selectivity of poly(4-methyl-2-
pentyne) as a function of temperature. Feed gas: 2 mol% n-butane in
methane; feed pressure: 150 psig; permeate pressure: atmospheric (0 psig).
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for separation of permanent gases. In low-free-volume glassy polymers, the
permeability decreases for all permanent gas components, whereas the selectivity
increases as the temperature decreases.

Physical Aging of Poly(4-methyl-2-pentyne). Nagai et al. (12,13) and Shimomura
et al. (14) reported that the gas permeability of PTMSP decreases rather dramatically
with time. This phenomenon has been ascribed to three separate mechanisms: (1)
physical aging leading to relaxation of the enormous levels of excess free volume in
the polymer, (2) contamination of the sample by sorption of pump oil vapors during
permeation experiments, and (3) chemical aging due to oxidation of the double bonds
in the polymer chain backbone.

Figure 6 shows the pure-gas nitrogen permeability of PMP as a function of time.
The nitrogen permeability of PMP decreased to about 75% of its initial value during
29 days using the constant pressure/variable volume method (15 psia permeate
pressure). This result indicates that the high gas permeability of PMP is relatively
stable under these test conditions. On the other hand, the gas permeability to nitrogen
decreased to only 10% of the initial value under vacuum conditions which utilized a
rotary vacuum oil pump to reduce the pressure at the permeate side of the film sample.
The higher decrease in nitrogen permeability for the sample tested using the constant
volume/variable pressure method is probably due to sorption of pump oil vapor into
the excess free volume of the polymer. This hypothesis is supported by a recent study
of Nagai et al. who showed that the nitrogen permeability in PTMSP also decreased
to about 10% of its initial value using a rotary oil vacuum pump, whereas the
permeability decreased to only 70% when a sample was tested using an oil-free
vacuum pump (13).

Conclusions

Poly(4-methyl-2-pentyne) [PMP] is a high-free-volume, glassy, disubstituted
polyacetylene. The mixed-gas permeation properties of PMP are qualitatively similar
to those of high-free-volume, glassy PTMSP, the most permeable polymer known. In
contrast to conventional low-free-volume glassy polymers, PMP is more permeable to
large, condensable penetrants, such as n-butane, than to small, permanent gases, such
as methane. In gas mixtures, the permeability of methane is reduced to about 20% of
its pure-gas value by co-permeation of a highly sorbing hydrocarbon, such as n-
butane. This reduction in methane permeability is the result of partial blocking of the
excess free volume in the polymer by preferential sorption of n-butane. The n-
butane/methane selectivity of PMP increased from 11 to 16 by increasing the relative
n-butane pressure from 0.05 to 0.38. As the feed temperature decreased, both the
mixed-gas n-butane/methane selectivity and n-butane permeability of PMP increased.
As expected for a high-free-volume, glassy polymer, PMP exhibits significant
physical aging. The nitrogen permeability of a polymer sample decreased to about
70% of its initial value after 29 days using the constant pressure/variable volume
method. On the other hand, the nitrogen permeability decreased to only 10% of its
initial value using the constant volume/variable pressure method, indicating that the
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higher decrease in permeability was caused by sorption of pump oil vapor in the free
volume of the polymer. This result is consistent with previous studies on PTMSP.
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Chapter 5

Aging of Gas Permeability
in Poly[1-(trimethylsilyl)-1-propyne] (PTMSP)
and PTMSP-Poly(tert-butylacetylene) Blends

T. Nakagawa', T. Watanabe', M. Mori', and K. Nagai’

!Department of Industrial Chemistry, Meiji University, Higashi-mita, Tama-ku,
Kawasaki 214-0033, Japan
’Department of Chemical Engineering, North Carolina State University,
Raleigh, NC 27695

The effect of aging on gas permeability in glassy poly[1-
(trimethylsilyl)-1-propyne] (PTMSP) was investigated in terms of the
dual mode sorption and transport theory. The decrease in the gas
permeability coefficient depended not only on the decrease in the hole
saturation constant of Langmuir adsorption (C'y), which is related to
the volume of the microvoids, but also on the decrease in the gas
permeability coefficient in the Henry's law mode (k,D,). The
decrease in C'y originated from the relaxation of nonequilibrium
excess volume in the Langmuir mode, which is called physical aging.
To stabilize the permeability of PTMSP, poly(tert-butyl acetylene)
(PTBA), whose solubility parameter resembles that of PTMSP, was
synthesized and PTMSP/PTBA blend membranes were prepared. The
mixing of each polymer was excellent, and no microphase separation
was observed for a blend containing 20 vol % PTBA (PTMSP/PTBA
80/20). The effect of PTBA content on C'y , gas permeability, and
also on aging of gas permeability was investigated. Although C'y
values and gas permeability decreased with an increase in PTBA
content, the stability of gas permeability is maximized in the
PTMSP/PTBA 80/20 blend. The spin-lattice relaxation time (T;) of
carbon atoms was also a maximum for the PTMSP/PTBA 80/20
blend, which means that molecular motion is slowest for this
composition. The T value of the carbons in the methyl groups of the
trimethylsilyl group was very low compared with T, values of
carbons in the backbone. These T values did not change during aging
for the PTMSP/PTBA 80/20 blend. The oxygen permeability of this
80/20 blend membrane is 6,140 Barrers at 30°C.

Poly[1-(trimethysilyl)-1-propyne] (PTMSP) is a glassy polymer which was first
synthesized by Masuda and Higashimura's group (1,2). PTMSP has the highest gas
permeability, diffusivity, and solubility of all nonporous polymeric membranes,
though the selectivity is very low. Both the high diffusivity and solubility
coefficients of gases come from the large excess free volume of PTMSP. The biggest

68 © 1999 American Chemical Society

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch005

69

problem, however, is a decrease in its gas permeability with time (i.e. physical
aging) and upon absorption of low volatility organic vapors (i.e., pump oil vapor).
The absorption of low volatility organic vapors can be prevented by careful
experimental protocol. However, the effect of physical aging on gas permeability
must be minimized by modification of PTMSP.

In this paper, physical aging of gas permeability properties of PTMSP is
described using the dual mode sorption and transport model. This model is also used
to rationalize the increase in stability of gas permeation properties as a result of
blending PTMSP with poly(zert-butyl acetylene) (PTBA).

Experimental

Polymer Synthesis. PTMSP was synthesized according to Masuda's method(Z,2).
The polymerization was performed in toluene under a dry nitrogen atmosphere for
24 h at 80°C. TaCls was used as a catalyst.

The polymerization of tert-butyl acetylene was performed in toluene under a
dry nitrogen atmosphere at 30°C for 24 h. The catalyst was MoCls. The chemical
structure of the monomers, 1-trimethylsilyl-1-propyne and t-butylacetylene, and the
corresponding polymers, PTMSP and PTBA, are shown in Figure 1.

Membrane Preparation.  All PTMSP, PTBA and PTMSP/PTBA blend polymer
membranes were cast on a horizontal glass plate from polymer solutions in toluene.
They were immersed in methanol until just before beginning experimental
measurements to prevent hysteresis of the membranes.

Gas Sorption and Permeability. Gas sorption isotherms at 35°C and elevated
pressure were determined by a gravimetric method using a CAHN 2000 electronic
micro-balance. Gas permeabilities were measured using an adaptation of the constant
volume, variable pressure technique, which employed an MKS Baratron model
310HBS-100SP pressure transducer for upstream pressures below 1 atm and at
temperatures in the 30-90°C range. An MKS Baratron model 370HA pressure
transducer was used for permeability measurements at 35°C and upstream pressures
as high as 40 atm.

NMR Measurements. High resolution, solid-state NMR measurements were
performed using a JEOL JNM400 spectrometer at 30°C. The spin-lattice relaxation

time (T;) of 13C and 29Si were obtained using the CP T pulse sequence at a spinning
speed of 6 kHz (3).

Theoretical Background

A quantitative description of penetrant solution and diffusion in microheterogeneous
media has evolved over the past forty years and has become known as the dual mode
sorption theory (4). Originally, this theory postulated that two concurrent modes of
sorption are operative in a microheterogeneous medium. Nonlinear sorption
isotherms can be decomposed into a linear part that accounts for normal solution
(Henry's law-type domain) and a nonlinear Langmuir-type domain that accounts for
immobilization of the penetrant molecules at fixed sites in the medium.

Meares concluded that the glassy state contains a distribution of microvoids
frozen into the structure as the polymer is cooled through its glass transition
temperature (5-7). In the glassy state, segmental motion of the polymer chains is
restricted, resulting in fixed microvoids or "holes" at the molecular level as shown in
Figure 2. These microvoids in the glassy state immobilize a portion of the penetrant
molecules by entrapment or adsorption.
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Figure 1. Chemical structure of the monomers, 1-trimethylsilyl-1-propyne
and t-butyl acetylene, and the corresponding polymers, PTMSP and PTBA.
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Figure 2. Schematic pictorial representation of dual-mode sorption.
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Based on this model, sorption isotherms are described using the following
equation (4):

C=C,,+C,,=k,,p+(’;+—”bl;p 1)
where C is the total concentration of gas dissolved in the polymer
[cm3(STP)/cm3(polymer)], Cp is the gas concentration in the Henry's law mode, and
Cy is the gas concentration in the Langmuir mode. The parameters of the model are
kp, which is the Henry's law solubility constant, b, which is the hole affinity
constant, and C'y, which is the hole saturation constant. The gas pressure in contact
with the polymer sample is p.

The three parameters of the dual mode sorption theory, kp, Cy, and b, are
determined by analyzing an isothermal plot of C versus p. For gas sorption at low

pressure, where bp « 1, the sorption isotherm in Equation 1 reduces to the following
linear expression,

C=(kp +C'yb)p @

Generally, solubility coefficients of the same gas in different amorphous polymers
do not vary widely. Therefore, C'y is roughly proportional to the amount of
microvoids in the polymers. At sufficiently high pressure, the microvoids become
saturated and will no longer sorb additional penetrant molecules. When bp » 1,
sorption in the microvoids reaches the saturation limit, C'y, and Equation 1 again
reduces to a linear form,

C=kpp+C'y 3)

As shown by Equation 3, kp can be obtained from the slope of the sorption isotherm
at high pressure, and C'y can be determined from the y intercept of the high
pressure data. b can then be determined from the slope of the low pressure data as
indicated in Equation 2.

If the penetrants sorbed in both the Henry's law and Langmuir modes diffuse
independently through both domains, the permeability coefficient of the glassy
membrane is expressed as follows (8-10):

C',bD,

— H
P=k,D,+ T+ @
where Dp is the diffusion coefficient in the Henry's law mode, and Dy is the
diffusion coefficient in the Langmuir mode.

Plots of permeability coefficients versus (1 + bp)! should be linear. The
intercept and slope of the line correspond to kpDp and C'ybDy, respectively. Once
the equilibrium parameters from the dual mode sorption theory are known, the two
diffusion coefficients, Dp and Dy, can be determined.

Results and Discussion

Effect of Physical Aging on Gas Permeability.  Literature values of the oxygen
permeability coefficient of PTMSP are strikingly variable. At room temperature, the
minimum and maximum values are 3,000 and 12,000 Barrers (/1,12). The unusually
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wide variation in Oz permeability makes PTMSP a remarkable material. In this
regard, the effect of storage time in vacuum at 30°C on gas permeability is shown in
Figure 3. The permeability coefficients of each gas decreased by 50-60 % over the
course of 2 weeks. This phenomenon is typical for aging of PTMSP membranes
whose thicknesses are 100-200 um. There are two reasons for the decrease in gas
permeability coefficients with time: (1) absorption of low volatility pump oil vapor
in the PTMSP membrane and (2) physical aging. Even if a liquid nitrogen trap is
used between the permeation cell and an oil rotary vacuum pump or oil diffusion
pump in the gas permeation apparatus, PTMSP still absorbs oil vapor and
permeability coefficients decrease. A plasticizer such as dioctylphthalate, which is
contained in the rubber gasket of the permeation cell, also decreases the gas
permeability (/3). The effect of catalysts (I4), absorbed oil vapor (12,15,16),
temperature (/7) and storage in air or under vacuum (/2,17,18), on the decrease in
PTMSP permeability has also been reported.

Characterization of Aged PTMSP membranes. Physical aging is a very special
phenomenon in glassy polymers. It is well known that annealing below the glass
transition temperature is effective for reducing the nonequiliblium excess volume of
glassy polymers. Annealing causes a decrease in the nonequiliblium excess volume,
and this decrease then causes a reduction in diffusivity and solubility (/9-22). The
nonequiliblium excess volume is the volume of the Langmuir mode, which can be
evaluated using C'y values. The C'y value of PTMSP calculated from the sorption

isotherm of CO; at 35°C, which was first reported by Ichiraku et al. (24), was 112.9

cm3(STP)/cm3(polymer). This value is fifteen times higher than that of glassy
polystyrene (23,24) and is the highest CO, C'y value of any known polymer.

One of the authors reported decreases in d-spacing (13) and C'y (12) of PTMSP
membranes upon aging. Upon aging, based on density measurements, wide-angle X-
ray diffraction, and positron annihilation lifetime spectroscopy studies, Yampol'skii
and co-workers also inferred a decrease in the free volume of PTMSP(/8).

The CO, permeability coefficient measured at 35°C for a PTMSP membrane
annealed at 75°C for varying lengths of time is shown in Figure 4. The measurement
was performed by increasing the upstream pressure of CO; from 1 to 40 atm, and
then decreasing it from 40 to 1 atm. The permeability coefficient was lower at higher
pressures, which is consistent with the dual sorption and partial immobilization
transport theory expressed by Equation 4. Figure 4 shows no plasticization of
PTMSP by CO; even at the highest pressure (40 atm), but a small hysteresis effect
was observed. The relationship between CO, permeability coefficient and (1 + bp)’!
is shown in Figure 5. As already mentioned, physical aging derives from relaxation
of the nonequiliblium excess volume. This causes a decrease in C'y and Dy. It is
quite clear, however, that the decrease in the y-intercept in Figure 5 signifies a
decrease in kpDp in the Henry's mode. Therefore, the relaxation of the
nonequiliblium excess free volume in glassy PTMSP not only affects the Langmuir
mode but also the segmental motion in the Henry's law mode.

We previously characterized the molecular motion of carbon atoms in the main
chain and side chain of PTMSP using 13C spin-lattice relaxation time (3). During
aging, changes in T values of the side chain carbons were smaller than those of the
backbone chain carbons. This result suggests that molecular motions, such as
twisting, of the backbone carbons were most strongly influenced by aging.
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Figure 3. Effect of aging time at 30°C on the gas permeability coefficient of
PTMSP. Upstream pressure for each of these measurements is 20-30 cmHg.
Aging protocol: stored under vacuum at 30°C.
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Figure 4. Effect of thermal treatment time at 75°C in nitrogen on a weekly
basis for one month on the CO; permeation isotherm of PTMSP at 35°C.
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Figure 5. CO; permeability coefficient versus (1+bp)-1. These data are re-
plotted from the closed symbols in Figure 4.
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Gas Permeability and Aging of Blend Membranes of PTMSP and PTBA.
Although the gas permeability of PTMSP is the highest of all polymeric materials, its
decrease over time is remarkable. Therefore, stabilization of gas permeability in
PTMSP is required. Many papers have reported modifications of PTMSP to control
physical aging. Such methods include filling PTMSP with poly(dimethylsiloxane) oil
(25), halogenation (26-28), copolymerization with phenylpropyne (29), blending
with poly(phenylpropyne) (30), and laminating with poly(dimethylsiloxane) film
(16). In this paper, the gas permeability and molecular motions of blend membranes
composed of PTMSP and PTBA are reported.

Characterization of PTMSP/PTBA Blend Membranes. Figure 6 shows wide-
angle X-ray diffraction patterns of the blend membranes. The content of PTBA (in
volume %) was gradually increased from 0 % (PTMSP) to 100 % (PTBA). The

PTBA membrane exhibits a peak at 17.8 degrees 26 in blend membranes containing
20 % or more PTBA. PTBA also exhibits a peak at 9.8 degrees. The 9.8 and 17.8
degree peaks suggest the average intersegmental and intrasegmental distances,
respectively. PTBA is an amorphous, glassy polymer, like PTMSP. PTMSP exhibits

an amorphous halo peak centered at 11.2 degrees 26.
Figure 7 shows the effect of PTBA content on C'y (obtained from CO, sorption)

and oxygen permeability coefficient at 30°C. As expected, both C’, and O,
permeability decrease monotonically upon increasing the concentration of PTBA
since PTBA has a lower fractional free volume than PTMSP.

Gas Permeability and Oxygen/Nitrogen Selectivity. Figure 8 shows the effect
of PTBA content on the permeability coefficient of oxygen and the ideal separation
factor for oxygen and nitrogen at 30°C. The PTBA oxygen permeability coefficient
is 160 Barrers, which is about 25% of the value for poly(dimethylsiloxane), the most
permeable rubbery polymer. It is very helpful to understand the effect of the
difference in side chain bulkiness on sorption and transport properties. In this regard,
the trimethylsilyl group and methyl group in PTMSP enlarge the intersegmental
distance and, therefore, free volume relative to that in PTBA. From Figure 7, the
decrease in the permeability coefficient of oxygen is almost linear with the decrease
in C'y. The compatibility of PTMSP with PTBA is evaluated by the relationship
between the logarithm of gas permeability of the blends and the vol % of PTBA (31-
33). To calculate the volume fraction of PTBA in the blend requires the density of
each component. In this study, the density of PTMSP and PTBA were determined to

be 0.74 and 0.83 g/cm3, respectively. Typical representative equations for the
permeability of homogeneous and microphase separated blends are expressed by
Equations 5 and 6, respectively:

InP = ¢InP; + @,InP, (5)

_pB+2R+20,(R-B)

P=
' B+2R+¢,(R-F)

O

where P; is the permeability coefficient of component 1, P; is that of component 2,

and @, and @, are the volume fractions of components 1 and 2, respectively. In
Equation 6, components 1 and 2 refer to the continuous and discontinuous phases,
respectively. The straight dashed line in Figure 8 is the theoretical line corresponding
to Equation 5 and the solid curve corresponds to Equation 6, when PTMSP and

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch005

76

} Wijlend

/ Mﬂlmd
//A N ___a00 lend

e
0 wlew
[ oa
J
~—

L - L v

10 20 30 40 50

Figure 6. Wide-angle X-ray diffraction patterns of PTMSP/PTBA blend
membranes. Composition is given in volume percent.
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Figure 7. Effect of PTBA content on the O, permeability coefficient at 30°C
and the hole saturation constant (C'yg) of CO3 in the blend membranes at
35°C. Upstream pressure for O, permeation experiments is 20-30 cm Hg. C’
is calculated from the CO, isotherms up to 30 atm.
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Figure 8. Effect of PTBA content on the O, permeability coefficient and the
02/N3 ideal separation factor at 30°C. Upstream pressure for permeation

experiments is 20-30 cm Hg.
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PTBA are the continuous phase and discontinuous phase, respectively. The solubility
parameters of PTMSP and PTBA are 7.74 and 7.45 (cal/cm3)1/2, respectively (34),
and the degree of polymerization of PTBA is known to be slightly less than that of
PTMSP. Thus the formation of a phase-separated blend composed of PTBA domains
in a PTMSP matrix was not expected. When the blend ratio of PTMSP/PTBA is
80/20, gas permeability follows the straight line, which is consistent with a
homogeneous (i.e., non-phase separated) blend. Figure 9 shows the time dependence
of the permeability coefficients of N3, O,, and CO; of the PTMSP/PTBA 80/20
blend membrane, which was kept in an evacuated vessel at 30°C between
permeability measurements. The decrease in permeability coefficients with time has
been reduced relative to that of pure PTMSP. The influence of aging time on oxygen
permeability coefficients of the blend membranes is shown in Figure 10 as a function
of the initial permeability of the blend. The 80/20 PTMSP/PTBA membrane is the
best based on the balance of the permeability coefficient and its stability.

CO, sorption isotherms for the blend membranes at 35°C are shown in Figure
11, and the dual-mode sorption parameters are summarized in Table I. C'y decreases
with an increase in PTBA content. The C'y value does not directly correlate with the
stability of permeability, because the C'y value is a measure of the total volume of
the nonequiliblium excess volume (i.e., the microvoids), and it is the size distribution
of the microvoids which is important for stabilization. The bigger microvoids easily
decay with aging. The initial C'y value of 128 cm3(STP)CO2/cm3polymer for the
80/20 blend membrane was not changed after aging this blend for 2 weeks.

Table I Dual-mode sorption parameters for CO, in PTMSP,
PTBA, and PTMSP/PTBA blend membranes

Membrane kp" (o) HZ) v’

PTMSP 0.937 149 0.0347
80/20 Blend 0.673 128 0.0440
40/60 Blend 0.738 61.6 0.0728
PTBA 0.714 364 0.0924

1) cm3(STP)/(cm3(polymer)-atm)
2) cm3(§TP)/ cm3(polymer)
3)atm "

Solid-state NMR of PTMSP/PTBA Blend Membranes. The CP/MAS 13C NMR
spectrum of PTBA is shown in Figure 12. The peak assignments are also shown in
this figure. The two peaks at 60-90 ppm and 180-210 ppm are spinning side bands

(SSB). In the liquid state, the NMR signal of the methyl groups (o) in the t-butyl
moiety is split into two parts due to the difference in the configuration of the
polymer chains. However, a single peak is observed in the solid state spectrum
presented in Figure 12. In Figure 13, the CP/MAS 13C NMR spectra of several
PTMSP/PTBA blends are shown. Each chemical shift coincides with the CP/MAS
spectra of the PTMSP and PTBA membranes. No changes in chemical shift values
were observed with variations in PTBA content. The intensity of the peak in the
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Figure 9. Effect of time under vacuum on the gas permeability coefficients
at 30°C of PTMSP/PTBA 80/20 membrane. Upstream pressure is 20-30 cm
Hg.
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Figure 12. Solid-state CP/MAS 13C NMR spectrum of PTBA membrane.
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Figure 13. Solid-state CP/MAS 13C-NMR spectra of PTMSP/PTBA blend
membranes.
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backbone chain is very weak for the 40/60 blend membrane because of the higher
PTBA content.

Molecular Motion of PTMSP/PTBA Blends Before and After Aging. The
authors have already reported the influence of aging on the molecular motion of
PTMSP, copolymer membranes and blend membranes composed of 1-trimethylsilyl-
1-propyne and 1-phenylpropyne (35). The motions of the carbons in the main chains
changed upon aging, but those of the side chain groups did not change.

Figures 14 and 15 show the relationship between PTBA content and carbon
spin-lattice relaxation time (T;) of the PTMSP side-chain and backbone carbon
atoms, respectively. The effect of PTBA content on C'y is also shown in these
figures. T} of the methyl group carbon atoms (a) in the side-chain of PTMSP became
longer with increases in PTBA content. This result indicates that the molecular
motion of the trimethylsilyl groups became slower. On the other hand, T, values for
the carbon atoms of the other methyl group (b) and the backbone chain show a
maximum at 20 vol % PTBA, which suggests perfect mixing of PTMSP and PTBA.
These results coincide with the maximum stability of the gas permeability coefficient
(cf. Figure 10).

Conclusions

PTMSP exhibits significant decreases in gas permeability with age. During aging,
the nonequilibrium excess volume of glassy PTMSP relaxes. The reasons for the
decrease in gas permeability were not only relaxation of the nonequilibrium excess
volume in the Langmuir mode, but also reduction of the permeability coefficient in
the Henry's law mode. This latter effect appears to be correlated with relaxation of
the nonequilibrium excess volume.

Blending PTMSP with PTBA is a novel strategy to improve the stability of the
gas permeability of PTMSP membranes by controlling the excess free volume,
which is characterized by C'y. The compatibility of PTMSP and PTBA is excellent.
The 80/20 blend exhibited perfect mixing based on the relationship between gas
permeability and volume content of PTBA and based on the molecular motions of
the blend as characterized by '*C T;. The stability of gas permeability was also best
for the 80/20 blend, and the oxygen permeability coefficient of this blend is 6,140
Barrers at 30°C. The nonequilibrium excess volume hardly decreased with age. The
molecular motions of the trimethylsilyl group were not influenced by aging.
However, motions of the carbon atoms in the backbone were reduced after aging.
The spacing between the polymer segments in PTMSP/PTBA blend membranes is
wide enough to permit motions of the side-chain after aging.
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Chapter 6

Physical Aging Phenomena
in Poly(zert-butylacetylene) Solvent Cast
Films: Influence of Operating Conditions

G. Costa!, C. Iurill?, B. Cavazza', and A. Turturro?

Istituto di Studi Chimico-Fisici di Macromolecole Sintetiche e Naturali,
IMAG—CNR, via De Marini 6-16149 Genova, Italy

’Dipartimento di Chimica e Chimica Industriale, University of Genova,
via Dodecaneso 31-16146 Genova, Italy

The influence of the experimental conditions used to prepare films of
cis/trans poly(tert-butylacetylene) [PTBA] on density and physical
aging phenomena have been investigated. Films with different free
volumes were obtained by casting from solvents with different
thermodynamic characteristics. In order to choose the most appropriate
solvents, the solubility parameter of PTBA was determined both
through a calculation based on group contribution methods and by
viscosity measurements in different solvents. Films from solvents with
different solubility parameters have been prepared under controlled
conditions. On increasing evaporation time and polymer-solvent
affinity, higher density values and, consequently, higher chain packing
and lower free volume are achieved. Aging phenomena, studied by
dilatometric and calorimetric techniques, occur whenever the films
undergo thermal treatment, indicating that densification takes place as a
result of enhanced chain mobility at the elevated temperatures of the
thermal treatment protocol.

Most properties of the substituted polyacetylenes (PA), such as permeability to
penetrants, solubility, and thermal stability are strongly related to the number and/or
steric hindrance of the substituents (/-4). However, these properties cannot be related
in a straightforward fashion to the kind of substituents or to the mono- or double-
substitution along the main chain. In fact, the configuration of the repeat units and,
consequently, the chain conformation and packing have to be taken into account and
might be responsible for the properties of different polymers. For instance, it has been
shown that structural differences originating from different cis/trans tactic ratio in
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poly(1-trimethylsilyl-1-propyne) [PTMSP] and poly(terz-butylacetylene)[PTBA] films,
lead to large changes in solubility (5,6), density (7), oxygen-permeability and
oxygen/nitrogen permselectivity (/), as well as in chain packing and sorption
properties (7,8).

One of the major problems which limits the practical application of PTMSP in
the field of polymer-based membranes, both for gas-separation and pervaporation
processes, is the physical aging which occurs even at room temperature despite its high
glass transition temperature (3,6,9-14). This has also been observed in PTBA (7).
Indeed, recent investigations in our laboratory on solvent cast films of PTBA samples
with different tacticity have shown that chain packing and physical aging phenomena
induced by thermal treatments are strongly related to the geometric structure of the
polymer (7). It can be reasonably foreseen that films with different properties (due to
the modified organization of the polymer chains) can also be obtained by varying the
experimental conditions used to prepare them. For example, by casting films from
various solvents, the arrangement of the chain segments during the film formation
(solvent evaporation) can lead to different chain packing and, consequently, to a more
or less permeable membrane.

In the present work the specific volume of cast films, obtained by evaporation
under controlled conditions from solutions of PTBA in solvents with different
thermodynamic characteristics, is reported. In order to make a careful choice of the
systems, the solubility parameter of PTBA has been determined both through a
calculation based on group contribution methods and by viscosity measurements. A
correlation between thermodynamic characteristics of the solvents, free volume of the
resulting membranes and extent of chain packing which occurs when the membranes
undergo thermal treatments, is also given.

E«perimental

Materials. The monomer, fert-butylacetylene, was distilled twice over CaH, at
atmospheric pressure and under nitrogen atmosphere. Analytical grade solvents were
refluxed over a proper drying agent and distilled in an inert atmosphere. MoCls (purity
>99.5%) and (CsHs)sSn were obtained from Aldrich, and used as received.

Polymerizations. Polymers were prepared as described in the literature (I5).
Typically, polymerization reactions to prepare PTBA with a mixture of cis and trans
isomers (cis/trans PTBA) were carried out in toluene at 30°C for 24 h in the presence
of MoCl; as a catalyst. 100% cis PTBA was prepared in benzonitrile, using the same
reaction time and temperature mentioned previously. For 100% cis PTBA,
MoCls/(CéHs)sSn was used as the catalytic system. Monomer conversion was
determined by gas chromatography using chlorobenzene as an internal standard.

Polymer Characterization. Viscosity measurements were carried out at 30°C using
an automatic Schott-Gerate viscometer. Calorimetric analysis was performed under
nitrogen in a Perkin-Elmer DSC 7; the experiments were done in the temperature
range from 25 to 200°C. This range was chosen on the basis of the thermogravimetric
analysis. Heating and cooling rates were always 10 K/min. The microstructure of the
polymers was determined by solution BC NMR spectroscopy, in CDCl; (with
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tetramethylsilane as an internal standard) at room temperature on a Bruker AM-270
operating at 67.93 MHz for carbon.

Film Preparation. Solvent cast films ~200um thick were prepared on a teflon plate
from solutions (concentration 2 g/dl) in different solvents. Solvent evaporation was
controlled by using an appropriate plate cover, according to the evaporation time
selected. The solvent evaporation rate was followed by determining the weight of the
polymer solution as a function of time. The evaporation times, e\, were 6, 70, and 145
h, and they refer to the time required to evaporate 90% of the solvent.

Dilatometric Analysis. The density of the films at room temperature and as a
function of temperature was determined using a capillary dilatometer with mercury as
the filling liquid (16). Dilatometric runs were performed in the temperature range from
20 to 90°C (heating rate 0.25 K/min) to avoid degradation of the polymer. Degradation
has been reported in samples kept at 100°C for a long time (). More details related to
these experiments can be found in our previous paper (7).

Results and Discussion

Calculation of the Solubility Parameter. The solubility parameter of PTBA, Sprsa ,
has been calculated on the basis of group contribution methods, described by Hoy (17),
Van Krevelen (/8) and Small (19). These methods provide an estimate of the
solubility parameter based on the primary chemical structure of the repeat unit which,
for PTBA, is given in Figure 1.

| |
n lE(ll -————C=(|3 -
C C
CH3/ |\CH3 CH3/ I\CH3
CH3 L CH3 1l n

Figure 1 Chemical structure of poly(tert- butylacetylene)

Taking into account the molar volume group contributions for glassy polymers
(18) and the group molar attraction constants at 25°C, the calculated values of 8preA
are: 16.4, 157 and 15.6 MPa'? according to Van Krevelen, Hoy and Small,
respectively.

Solubility Parameter from Viscosity Measurements. Based on the calculated
values of Sprpa, several solvents (with solubility parameters ranging from 14.5 to 19
MPam) were selected in order to perform viscosity measurements. These experiments
were performed on both 100% cis PTBA samples and PTBA with cis/trans
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microstructure (55% cis). The results are summarized in Table I. Some significant
differences have been noticed in the intrinsic viscosity behavior of the two samples in
different solvents. For instance, CHCl; / toluene and n-heptane/ n-hexane present
opposite solvent characteristics for 100% cis PTBA and for PTBA with lower cis
content. The viscosity is higher in heptane than in hexane for 100% cis PTBA and
lower in heptane than in hexane for cis/trans PTBA. The same trend is observed for
toluene and chloroform.

Table 1. Relative viscosity of PTBA samples in solvents with different solubility
parameters, &

Solvents 5 InNee”
MPa'? 100% cis PTBA __cis/trans PTBA
n-hexane 14.9 0.23 0.11
n-heptane 15.3 0.26 0.10
methylcyclohexane 15.9 0.35 0.15
cyclohexane 16.8 0.38 0.14
carbontetrachloride 17.6 0.35 0.13
toluene 18.2 0.21 0.11
chloroform 18.7 0.26 0.10
. Hoy(17)

determined at 30°C; concentration: 0.25 g/dl

Similar behavior has been described in the literature for other polyacetylenes.
Indeed, different solubility properties, originating from differences in the polymer
microstructure, have been reported for PTMSP  (5,6,20,21) and
poly(trimethylsilylacetylene) (5).

A plot of In 1 at ¢=0.25 g/dl against the solubility parameter of the solvents is
given in Figures 2 and 3 for solutions of 100% cis and cis/trans PTBA samples,
respectively.

The best fit of the experimental data gives two very similar curves; the
maximum in these curves occurs with the best solvent, which is cyclohexane for 100%
cis PTBA and a solvent with & between cyclohexane and methylcyclohexane for
cis/trans PTBA. Generally, it is assumed that the polymer has the same solubility
parameter as that of the best solvent (/9,22). Therefore, Sprsa values deduced from our
experiments are almost the same for the two samples: 16.8 MPa'? for the 100% cis
sample and 16.3 MPa'”? for the cis/trans PTBA sample. These data are in very good
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agreement with the calculated PTBA solubility parameters. Deviations between
measured and calculated values are only about 5%.

Density. The density at room temperature of cis/trans PTBA films cast from toluene
and cyclohexane and prepared at different evaporation times, tey, Were obtained from
dilatometric measurements. The specific volume, v, of the polymer as a function of
temperature was calculated using the following relationships (16):

Vsp(T) = [ va(T)-(mpg-Ampg) Vep pg(T))/my 0y
Amyg =(Ah-0)V 51 ?)

where m, and mpy; are the mass of polymer and mercury in the dilatometer,
respectively; vq4 and vgug are the volume of the dilatometer and the mercury,
respectively, at the measurement temperature; Ah is the change of the mercury height
in the dilatometer capillary with temperature; ¢ is the inner cross-section of the
capillary; and vos},,ﬂg is the specific volume of mercury at 20°C.

A typical dilatometric curve is shown in Figure 4 for a film obtained from
toluene solution. Run I and II refer to two successive experiments performed on the
same sample: after run I was carried out on as-cast films up to 80°C, the dilatometer
was cooled (cooling rate 0.5 K/min) and kept overnight at room temperature. Run II
was performed with the same heating rate as for run I. As already found for the
PTBA/CHCI; system (7), a temperature, Tp = 51°C, at which the packing phenomenon
begins is present only during the first heating run, both for PTBA/toluene and
PTBA/cyclohexane systems. A linear increase of specific volume with temperature is
observed from room temperature up to T,. Then, a deviation occurs and the volume
increases at a lower rate. This is due to the normal dilation of the polymer with
temperature and to a simultaneous densification process induced at high temperature
by slow molecular motions which lead to a better packing of the chains. This
phenomenon is discussed in our previous work (7). Density data given in Table II refer
to films as-cast and after the thermal treatment in the dilatometer from room
temperature up to 80°C (run I).

Table II. Density values for cis/trans PTBA cast from toluene and
cyclohexane before and after heat treatment in dilatometer

Solvent Tev h p>C, glem? Ap
As-cast Heat-treated

Toluene 6 0.9030 0.9145 0.0115
145 0.9309 - -

Cyclohexane 6 0.9189 0.9253 0.0064

70 0.9298 0.9357 0.0059
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The results show that by increasing the evaporation time better chain packing
is achieved independent of the solvent and in agreement with our previous findings
(7). Moreover, when the best solvent, cyclohexane, is used, a much lower evaporation
time (70 h) is needed to reach the same density as that of a film prepared from toluene
solution (145 h). A comparison of these data with our previous results on chloroform
cast films (7) clearly shows that, under the same preparation conditions, density
increases as the affinity between the polymer and the solvent increases. That is, going
from chloroform to toluene to cyclohexane as the solvent, density of the as-cast films
increases.

These results are interpreted as follows: the polymer concentration at which
film formation begins, during the solvent evaporation, increases on increasing the
affinity between polymer and solvent. Thus, when a good solvent is used, the polymer
is homogeneously dissolved in solution up to very high concentrations and the chains
have enough time to slowly organize to a more compact structure than that which is
obtained when polymer precipitation occurs from a more dilute solution. As a result,
the sample will be characterized by a low specific volume, i.e. a low free volume
content, when the polymer is cast from thermodynamically better solvents.

Different density values have also been reported for PTMSP films prepared
from toluene and n-hexane (6). We believe that, also in this case, the higher density
values measured for films cast from n-hexane solution can be ascribed to the better
thermodynamic characteristics of this solvent. Indeed, based on results from our
laboratory the solubility parameter of n-hexane, as compared to Siouene, is nearer to that
of PTMSP.

The density of heat-treated PTBA films is always higher than that of as-cast
films, which strengthens the notion that physical aging always occurs when specimens
undergo thermal treatment.The amount of density increase which takes place as a
result of heat treatment decreases when the initial density is higher, that is, when films
have been obtained from solutions of the polymer in good solvents. This trend is
similar to the one observed for CHCl; cast PTBA films prepared with different
evaporation times (7). However, the amount of increase in density upon heat
treatment, Ap, in that system does not correlate with Ap values reported in the present
work. This finding cannot be easily explained at present.

Thermal Behavior.  Calorimetric measurements confirmed that a packing
phenomenon takes place during the first heating scan. DSC profiles exhibit a very
broad exothermic peak, which starts at about 100°C (Figure 5), which is much higher
than the temperature Tj, revealed by dilatometry (Figure 4). This discrepancy originates
from the different scanning rates, 10 and 0.25 K/min, used for the calorimetric and
dilatometric experiments, respectively. The associated packing enthalpy, ranging from
11 to 5 J/g, can be related to the solvent evaporation time used to prepare the films, 6
to 145 h. In other words, a higher exothermic effect is observed in films with lower
density. Second DSC scans did not exhibit any exothermic phenomenon.
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Figure 5. DSC thermograms of cis/trans PTBA films cast from toluene; t.,:a) 6 h;
b) 70 h;c) 145h
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Concluding Remarks.

Films from cis/trans PTBA prepared with lower solvent evaporation rates are always
characterized by higher density values, independent of the thermodynamic
characteristics of the solvent.

When the specimens undergo thermal treatment during either dilatometric
analysis or calorimetric measurements, a packing process takes place as a result of
enhanced chain mobility. This process occurs at relatively low temperature not too far
above room temperature.

The cubic thermal expansion coefficient, determined from the specific volume
vs. temperature plot, both before and after the densification process, (run II), is o, =
2.0« 10™* °C! (7), typical of that for glassy polymers.

The density increase upon ordering is larger for initially less dense samples,
but the final state is not identical and retains memory of the initial packing. The
thermal treatment does not overcome the effect of the solvent evaporation rate on
chain packing.

The most interesting result from the present study is that it is possible to
prepare membranes with different levels of free volume and, consequently, with
different physical aging stability, by choosing the most suitable operating conditions
(solvent, evaporation time, etc.).
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Chapter 7

Effects of Physical Aging
on Gas Permeability and Molecular Motion
in Poly(1-trimethylsilyl-1-propyne)
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'Department of Chemical Engineering, North Carolina State University,
Box 7905, Raleigh, NC 27695-7905
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The effect of physical aging on gas permeability and molecular motion
of poly(1-trimethylsilyl-1-propyne) (PTMSP) membranes synthesized
using various catalysts was studied. During aging, the gas
permeability of PTMSP membranes synthesized using TaCl; and
TaCl-Ph,Bi was dramatically reduced, but the gas permeability of
PTMSP synthesized using NbCl, was stable. The decrease in gas
permeability of PTMSP membranes synthesized using various
catalysts was correlated with changes in the non-equilibrium excess
free volume in the polymer matrix. In the case of PTMSP synthesized
using NbCl, no change in C T, and ¥Si T, (NMR spin-lattice
relaxation times) was observed during aging. However, '°C T, of the
backbone chain carbons of PTMSP membranes synthesized using
TaCl, and TaCl,-Ph,Bi increased upon aging. This change probably
accompanied the relaxation of non-equilibrium excess free volume of
PTMSP membranes synthesized these catalysts.

Polymeric membranes must have good permeabilities, permselectivities, and long-term
stability. Moreover, they must be compatible with the process environment in which
they will be used. However, polymers with high permeability tend to have low
selectivity and vice versa (I). Poly(1-trimethylsilyl-1-propyne) (PTMSP) has the
highest intrinsic gas permeability of all known synthetic polymers. It was first
synthesized by Masuda and Higashimura in the 1980’s (2). However, PTMSP has the
lowest selectivities of all known polymers and exhibits unstable gas permeability (3).
PTMSP has a glass transition temperature of more than 250°C (2). In all glassy
polymers, small-scale polymer segmental motions lead to relaxation of non-
equilibrium excess free volume and, as a result, the physical properties of glassy
polymers drift over time. Because PTMSP has more free volume than other glassy
polymers, a dramatic decline in gas permeability occurs when the non-equilibrium
excess volume in PTMSP relaxes (3,4). Membrane contamination via absorption of
organics (such as pump oil vapor) also decreases gas permeability of PTMSP
membranes (4). In the absence of such contaminants, the decrease in gas permeability
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in PTMSP membranes is due to a relaxation of non-equilibrium excess free volume, a
process known as physical aging (4). As the amount of excess free volume is reduced
during physical aging, the constraints on molecular motion increase, and polymer
segmental mobility decreases.

The catalyst used for polymerization influences several properties such as the
solubility of PTMSP in various solvents (7). Even though the cis-trans content of
PTMSP has not been quantitatively determined, Costa et al. (5) and Izumikawa et al.
(6) reported that the polymerization catalyst NbCl; produced a more regular chain
configuration than TaCl;. In addition, PTMSP synthes1zed using NbCl, had a cis-rich
structure relative to that prepared with TaCl,. In this study, the effects of physical
aging on gas permeability and molecular mot10n of PTMSP membranes synthesized
using various catalysts are reported.

Experimental

Polymers. The PTMSP samples were previously synthesized (4,8), utilizing
Masuda et al.'s methods (2,7).

CHs; CH3

| Catalyst
c Ecl aays _6 c c -)-
HiC—Si—CH H3C-—SI|—CH3

CH3 CHj;

Poly(1-trimethylsilyl-1-propyne) (PTMSP)

Polymerization catalysts included tantalum (V) chloride (TaCl;), niobium (V) chloride
(NbCl,), and TaCl;-triphenyl bismuthine (Ph,Bi) as a cocatalyst (TaCl,:Ph,Bi=1:1).
The welght-average molecular weights (M,, g/mol) of the PTMSP samples were

86x10* (TaCly), 260x10* (TaCl,-Ph,Bi), and 35x10* (NbCL). The intrinsic

viscosities ([n], dLg") were 6.0 (TaCl,), 9.3 (TaCl,-Ph,Bi), and 0.7 (NbCl,), and
were measured in toluene at 30°C. No thermal events were recorded in differential
scanning calorimetry scans at temperatures up to 250° for all PTMSP samples. These
samples were, therefore, glassy under the conditions used in this study.

Membranes. PTMSP membranes with uniform thicknesses of 60 to 200 um were
prepared by casting on a horizontal glass plate from a solution of the polymer
dissolved in toluene. To prevent physical aging and contamination, all membranes
were immersed in methanol until just before beginning gas permeation, gas sorption,
and NMR experiments. The methanol treatment was performed at least 48 hours at
room temperature in order to attain the equilibrium sorption of methanol in the PTMSP
membranes (i.e., to prepare samples with the same initial condition). PTMSP
membranes swell when immersed in methanol. The experiments were started after the
macroscopic contraction of the swollen membrane was finished. The detailed
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procedures before beginning the experiments were reported previously (8). Aged
membranes were prepared by storing them in a vacuum vessel at 30°C.

Gas Permeation and Sorption Measurements. The gas permeability was
determined by the vacuum-pressure method using an MKS Baratron pressure
transducer. The upstream pressure was up to 1 atmosphere. The gases used were
hydrogen (H,), nitrogen (N,), oxygen (O,), carbon dioxide (CO,), and methane
(CH,). Sorption isotherms fgor propane (C;H,) were determined at 35°C using a
gravimetric quartz spring balance operating at pressures up to 1 atmosphere.

NMR Measurements. High resolution, solid-state NMR measurements were
performed at 30°C using a JEOL JNM 400 spectrometer (9). The spin-lattice relaxation
times (T,) were obtained by the CP T, pulse sequence. The same T, measurements
were performed on at least three separate membranes prepared at the same time from
the same casting solution.

Results and Discussion

Gas Permeability. Figure 1 presents N, permeability coefficients for as-cast and
aged PTMSP membranes synthesized using various catalysts. The initial value of an
as-cast membrane was measured between 24 and 48 hours after the membrane was
removed from methanol.

Gas permeabilities of PTMSP membranes synthesized using TaCl,; and TaCl;-
Ph,Bi were dramatically lower than those of PTMSP membranes synthesized using
NbCl,. For other gases (e.g., H,, O,, CO,, and CH,), the same trend was observed.

Figure 2 presents the relationship between kinetic diameter (/0) and aging ratio
of PTMSP membranes synthesized using various catalysts. The aging ratio is the
permeability coefficient of a membrane stored for 12 days relative to its initial
permeability [P(12 days)/P(as-cast)]. The PTMSP synthesized using NbCl, had stable
gas permeability coefficients, but the gas permeability of PTMSP synthesized using
TaCl; and TaCl,-Ph,Bi was reduced upon aging. With increasing kinetic diameter, the
aging ratio slightly decreased.

The ideal separation factors changed with age because the aging ratio of each
gas was different. Table I summarizes the ideal separation factors of as-cast and aged
PTMSP membranes synthesized using various catalysts. PTMSP synthesized using
TaCl,-Ph,Bi, which exhibited the most distinct decline in gas permeability upon aging,
showed a clear increase in separation factor after aging. However, in the case of
P(O,)/P(N,), where there is a very small difference in kinetic diameter, the change in
separation factor with aging was small. PTMSP synthesized using NbCl,, which had
more stable gas permeability values than PTMSP synthesized using TaCl, or TaCl;-
Ph,Bi, showed the smallest change in separation factor.

Based on these gas permeation results, aging of gas permeability appears to
depend on the chain configuration of PTMSP since the polymerization catalyst, which
is believed to be important in determining chain configuration, influenced aging
behavior. With the aging conditions used, the gas permeability of PTMSP synthesized
using NbCl was more stable than that of PTMSP membranes synthesized using TaCl,
or TaCl;-Ph,Bi. This result suggests that the non-equilibrium state of PTMSP
synthesized using NbCl, is more stable than that of polymers prepared with TaCl, or
TaCl,-Ph,Bi.

In general, the permeability can be represented as the product of gas solubility
and gas diffusivity. In previous studies of light gases (4,11), the reduction in gas
permeability of PTMSP upon aging depended on gas diffusivity more than gas
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Figure 1. Permeability coefficients of nitrogen in as-cast and aged PTMSP
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Figure 2. Relationship between aging ratio and kinetic diameter of the PTMSP
membranes synthesized using various catalysts. Aging ratio: Permeability coefficient
(12 days)/ Permeability coefficient (as-cast).
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solubility. Gas diffusivity, in turn, depends on free volume and molecular motion of
the polymer chains.

Table I. Ideal Separation Factors of As-cast and Aged® PTMSP
Membranes Synthesized Using Various Catalysts

Catalyst H/N, O/N, CO/N,  CO,CH,

Initial_Aged Initial Aged Initial Aged Initial Aged
TaCl, 27 29 15 16 49 56 19 22
TaCl,-Ph,Bi 25 30 14 16 47 65 19 25
NbCl, 26 28 14 15 49 53 19 20

* Aging protocol: stored in a vacuum vessel for 12 days at 30°C.

Free Volume. The Langmuir sorption capacity, C'y, of the dual-mode sorption
model (12,13) characterizes gas sorption in the non-equilibrium excess free volume of
a glassy polymer. The total sorbed gas concentration in a glassy polymer, which is a
summation of Henry’s law dissolution (C;,) and Langmuir type hole filling (Cy), is
given by:

Cubp
C=C,+C,=k,p+——— 1
p T Ly =Kpp 1+bp 1)

where k;, is the Henry's law coefficient, and b is the hole-affinity parameter.

Based on parameters estimated from sorption isotherms for C,H, in as-cast and
aged PTMSP membranes, only C',; showed a distinct change as a result of the aging
protocol. Figure 3 presents C'; values for C;H; in as-cast and aged PTMSP
membranes. The C'y values for PTMSP synthesized using TaCl;-Ph,Bi was
dramatically reduced upon aging, indicating a decrease in the non-equilibrium excess
free volume during the aging process. On the other hand, the C'y value for PTMSP
synthesized using NbCl; was practically independent of aging, suggesting that the
polymerization catalyst strongly influences aging behavior in PTMSP.

When the aging protocol includes thermal annealing at various temperatures,
the same trend in C'y is observed (4). That is, both gas permeability and C'y of
PTMSP are reduced by thermal treatment (4). Furthermore, aging-induced decreases
in gas permeability of PTMSP synthesized using various catalysts are correlated
systematically with changes in C',. Therefore, aging appears to reduce the non-
equilibrium excess free volume of PTMSP which, in turn, reduces the Langmuir
sorption capacity and the gas permeability.

Molecular Motion. Spin-lattice relaxation times, T,, determined using solid-state
NMR provide a practical method to characterize molecular motion of polymers in the
solid state. In this regard, Figure 4 presents *Si T, values for as-cast and aged
PTMSP membranes. Based on the results in this table, the spin lattice relaxation time
is not sensitive to aging for PTMSP synthesized with the three catalysts considered in
this study.

Table II summarizes the *C T, of each distinct carbon in as-cast and aged
PTMSP membranes. As previously described (9), for PTMSP synthesized using
NbCl,, no changes in T, values were observed as a result of aging. In contrast, the T,
values of the backbone chain carbons (C_ and C,) of PTMSP synthesized using TaCl
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and TaCl,-Ph,Bi decreased upon aging. The T, values of side chain carbons (C, and
C,) were almost constant. The reduction in backbone chain carbon spin lattice
relaxation time is probably closely coupled to the relaxation of non-equilibrium excess
free volume of PTMSP synthesized with TaCl, and TaCl,-Ph,Bi.

Table II. “C T, of C,-C,* in the As-cast and Aged® PTMSP

Membranes
Catalyst C,Is] G, [s] C. [s] C, [s]
Initial Aged Initial Aged Initial Aged Initial Aged
TaClg 24 24 59 64 189 26.1 178 279
TaCl,-Ph,Bi 23 28 58 56 222 274 219 252
NbCl, 26 26 52 50 256 259 277 26.2

* Repeat Unit Structure: C,H,-C,=C_-Si(C H,),
® Aging protocol: stored in a vacuum vessel for 14 days at 30°C.

Conclusions

The effect of physical aging on gas permeability of PTMSP synthesized using various
catalysts was studied. With the aging protocol used in this study, the gas permeability
of PTMSP synthesized using TaCl; and TaCl,-Ph,Bi was dramatically reduced after
aging. However, the gas permeability of PTMSP synthesized using NbCl; was stable.
The C’; values of PTMSP prepared with different catalysts also exhibited the same
behavior. Based on T, measurements, only backbone chain carbons of PTMSP
synthesized using TaCl, and TaCl,-Ph,Bi decreased as a result of aging. This decrease
in molecular motion is probably closely related to the relaxation of non-equilibrium
excess free volume of PTMSP synthesized with TaCl; and TaCl;-Ph,Bi. Based on
these composite data, the non-equilibrium state of PTMSP prepared using NbCl;
appears to be more stable than that prepared using TaCl, and TaCl,-Ph,Bi.
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Chapter 8

Free Volume in Polymeric Membrane Materials
as Determined by Positron Annihilation
Lifetime Spectroscopy

Yuri P. Yampolskii' and Victor P. Shantarevich?

Institute of Petrochemical Synthesis, 29 Leninsky Pr., 117912 Moscow, Russia
Institute of Chemical Physics, 4 Kosygina Str., 117334, Moscov:, Russia

Positron annihilation lifetime spectroscopy (PALS) is an efficient tool
for measuring free volume and sizes of free volume elements in
polymeric materials. This is particularly important for studies of
membrane materials, since free volume determines the permeation rate
of small molecules. Free volume was studied by means of PALS in
polymers characterized by extremely high permeability: poly(1-
trimethylsilyl-1-propyne) and copolymers of 2,2-bistrifluoromethyl-4,5-
difluoro-1,3-dioxole and tetrafluoroethylene. The results obtained were
compared with those observed for conventional glassy polymers. For
the first time, the size distribution of free volume has been determined
for these membrane materials.

The free volume (FV) in polymer systems is of great interest because the size and
concentration of its elements (holes) affect numerous transport and other
physicochemical properties of polymers. Positron annihilation lifetime (PAL)
spectroscopy is now one of the most efficient approaches for investigations of FV. The
foundations of this method for probing polymers were based in particular on Walker-
Brandt-Berko’s free volume model (I). According to this model, Positronium, Ps, (a
bound atomic system, which consists of an electron and the positron) tends to be
localized or trapped before its annihilation in FV or, in other words, in areas with
reduced electron density. Accordingly, annihilation characteristics (lifetimes and
intensities of longer lifetime components of annihilation radiation) provide information
regarding the concentration and sizes of FV elements. (2-5)

PAL spectra have been extensively used for probing free volume in membrane
polymeric materials. Correlations have been reported between free volume parameters
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and transport properties of polymers (4,6-9). It is generally accepted that PAL
distributions in most polymers consist of three components. The long-lived component
characterized by lifetime 5 (ns) and intensity I5 (%) is sensitive to free volume. This
work focuses on free volume as measured by the PALS method in polymers. Three of
the polymers investigated in this work have chemical structures that lead to unusually
loose chain packing: poly(1-trimethylsilyl-1-propyne) (PTMSP) and copolymers of 2,2-
bistrifluoromethyl-4,5-difluoro-1,3-dioxole and tetrafluoroethylene known by their
trademark names of AF2400 and AF1600. The mole fraction of the dioxole
comonomer is approximately 90% and 65% in AF2400 and AF1600, respectively. In
these materials a fourth component of the PAL spectrum appears. It is distinguished by
a lifetime 7,4, which is much longer than that observed in other polymers.

Until recently, most of the PAL data were analyzed in a finite-term lifetime
approach. A computer program PATFIT, which represents annihilation lifetime
distribution in a discrete manner, i.e. as a sum of several exponents, is employed for
this purpose. As an alternative, Gregory and Jean (10,11) proposed using a continuous
lifetime analysis. In this approach the Laplace inversion program CONTIN, originally
developed by Provencher (12) for analysis of fluorescence spectra, is used to obtain a
continuous probability density function of annihilation lifetimes from PAL spectra. In
this way one can obtain size distributions of FV in polymers.

One of the purposes of this work is to compare the results of application of
both programs, PATFIT and CONTIN, for the treatment of positron annihilation
characteristics obtained in studies of polymer samples distinguished by unusually long
Ps lifetimes or, according to existing notions, substantially larger sizes of FV. Dense
films of PTMSP and both dense films and porous membranes prepared from poly(2,6-
diphenylphenylene oxide) (PPO) were the objects of the investigation using the
CONTIN method. Additionally, some new results are presented which shed light on Ps
behavior in polymers and are “discussed in terms of the importance of proper
methodology for the application of PALS as a way for probing free volume.

Experimental Section

PTMSP was synthesized by polymerization in the presence of the catalytic
system TaCls/triisobutylaluminum. The polymer had an intrinsic viscosity of 5.7 dl/g
and M,=2,000,000 (GPC). The films were cast from solution in toluene and dried in a
vacuum oven at 40-50° C for several days until a constant weight was achieved.

Commercial forms of the amorphous glassy perfluorinated polymers AF2400
and AF1600 purchased from DuPont Co in powder form were used as received. Some
of the properties of these materials are described in (/3). The films were cast from 2
wt.% solutions in perfluorotoluene and dried in the same way as the PTMSP films.

Dense films of PPO were cast from solution in chloroform and prepared in the
manner just described. Porous PPO membranes obtained by the phase inversion
method were provided by Dr.F.P. Cuperus (The Netherlands) and used as-received.
Two samples of different porosity were prepared. Those samples were characterized by
surface areas of 70 and 200 m%/g.

Isotactic poly(vinyl cyclohexane) (PVCH) films having varying degree of
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crystallinity were obtained by ion-coordination suspension polymerization in the
presence of TiCl/tri(isobutyl)aluminum as the catalytic system. The product was
treated with boiling n-hexane. Thus the isotactic fraction was obtained in the solution
while the atactic polymer remained as an insoluble residue. Films of isotactic PVCH
were cast from cyclohexane solutions. The polymer had an intrinsic viscosity of 2.2
dV/g in cyclohexane. Crystallinity in the range of 5-35% was obtained by annealing at
60-140°C for different times. Crystalline content was determined by X-ray diffraction.

The PAL measurements were performed using an ORTEC standard “fast-fast”
coincidence circuit of a positron lifetime spectrometer with time resolution of 230 psec
(full width at half maximum (FWHM) of the prompt coincidence curve). Integral
statistics for each PAL spectrum included at least 10 counts. A high purity and defect
free single crystal Silicon sample was used as a reference. Its PAL spectrum consisted
of a single component with a lifetime of 220 psec. Measurements were performed
either at ambient conditions, i.e. in contact with air, or in nitrogen at 1 atm in a special
cell.

Results and Discussion

High Free Volume Polymers. It has been shown that PAL distribution of glassy
polymers distinguished by extremely high gas permeability and diffusion coefficients
cannot be fit by a 3 component model spectrum; on the other hand, a 4 component
model provide excellent fits (13,14). Table I gives PAL spectra for PTMSP and the
two perfluorinated glassy polymers. These materials are endowed with permeability
coefficients to light gases on the order of 10*-10* Barrers (13,15).

Table I. Positron annihilation lifetime spectra components T;, ns and I;, % in high
permeability polymers

Polymer T L T I T I; T L
PTMSP* 021 41 058 25 2.5 5.0 6.7 30
AF2400 020 22 042 62 L7 24 6.0 13
AF1600 0.18 21 039 56 0.68 85 4.7 15
PS** 023 41 0.54 26 2.1 33 - -
*PTMSP sample obtained by polymerization in the presence of TaCls
**PS: atactic polystyrene.

The PAL spectrum of polystyrene, which is considered as a conventional glassy
polymer, is also presented in Table I for comparison. It is seen that much longer
lifetimes (5-7 ns for 1s) are characteristic of high permeability materials. Interestingly,
such long lifetimes have been observed as well in silicagels and zeolites (16) or even in
porous UF membranes as is shown below. All of this information is in line with the
assumption that high free volume polymers like PTMSP are akin to porous sorbents
(probably with open or closed porosity).

An equation was proposed and extensively used for the calculation of
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equivalent radii R; of FV elements based on PALS lifetime data (2,3,17):

-1
7 =05 1= Ry Lo 2R )
Ry 2n Rg

where T; (i=3 or 4) is expressed in nanoseconds, R; and Ry are in Angstroms, and Re=R;
+ AR, which is an empirical parameter. The value of AR is 1.656 A. An application of
this equation shows that the radius of FV elements as sensed by the PAL method in
high permeability materials like PTMSP or AF2400 can be as large as about 6-7 A,
whereas in conventional glassy polymers it is equal to 3-4 A. Below, it is shown that, in
fact, these values can be a lower limit of FV element sizes in these high permeability
materials.

Aging of PTMSP. An unusual feature of PTMSP is that this glassy material is prone
to aging behavior at ambient temperatures, i.e. at temperatures over 200 K below its
glass transition, resulting in a decrease in gas permeation parameters (/8). This effect is
observed in vacuum or in inert atmosphere. Therefore, it is a consequence of structure
or morphological transformations which proceed rapidly in this material. Another type
of slower process takes place in the presence of oxygen during long term storage of
this polymer. This process involves partial oxidation of the main chain (19,20). Table II
presents CO, permeability and solubility coefficients of as-cast PTMSP and the
material aged after storage for several years at ambient conditions.

Table II. CO;, transport and sorption parameters, PALS parameters and d-spacing of
original and aged PTMSP at 25°C.

Parameter Original PTMSP* Aged PTMSP
P, Barrer** 18,000 1060

S, cm*(STP)/cm’-atm*** 10 3.9

C’h, cm’(STP)/cm®*** 139 18

T3, NS 2.5 1.7

L,% 5.0 7.8

T4, DS 6.7 3.8

L, % 30 15

R, A 7.1 5.8
d-spacing, A (WAXD)" 10 8.9

* The polymer was synthesized using TaCls catalyst
**] Barrer = 10" cm*(STP)-cm/cm®s-(cm Hg)

*** According to Bondar et al. (21).

* WAXD = wide angle X-ray diffraction

It is seen that both parameters decrease markedly thanks to partial oxidation
(appearance of C=O bonds according to (19,20)) of the main chains that makes the
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chains more flexible. Infrared and nuclear magnetic resonance spectroscopy reveal the
presence of the C=0 bonds. Simultaneously, the PAL spectrum is changed, reflecting a
significant decrease in FV element size (from 7.1 to 5.8 A). Approximately the same
change is observed in interchain distance (so called d-spacing) as revealed by WAXD.

Effect of Oxygen Present During the PAL Measurement. Another peculiarity of
PAL spectra in high surface area materials like silica gels is that an additional
mechanism for annihilation of o-Ps appears which involves the reaction with molecular
oxygen on pore walls (22). Recently it was shown that this is also true for high
permeable (high surface area) material such as PTMSP (23). If the PAL measurement
is performed for this polymer in inert atmosphere instead of air the lifetime parameter
T4 increases from 6.6 to 13.8 ns. This result means that the real sizes of the free volume
elements in PTMSP are even larger than the values given in the previous paragraph.

Table III gives the results of a similar study of the effects of replacement of
atmospheric oxygen by pure nitrogen on the PAL parameters of another highly
permeable glassy polymer, AF2400. For comparison, another perfluorinated membrane
material, Nafion, was also studied. It should be noted that Nafion is distinguished by
low gas permeability: the permeability coefficient of oxygen in Nafion is only 0.6
Barrer at ambient conditions (24).

Table III. Effect of gas atmosphere during measurement on the observed PALS

parameters of AF2400 and Nafion

Parameter AF2400 Nafion

Air Nitrogen Air Nitrogen
Ty, NS 0.19610.007 0.20210.015 0.17310.032 0.16610.025
I, % 22.6£1.8 219434 10.914.2 13.143.3
Ty, IS 0.41510.006 0.42240.010 0.38940.015 0.39910.012
I, % 60.6£1.5 60.8+3.1 78.212.4 77.4£2.4
T3, IS 1.5940.12 2.1240.37 0.95+0.25 1.2810.49
I, % 3.440.2 2.840.2 4.312.2 2.840.7
T4, IS 6.02+0.04 8.0010.14 3.3040.07 3.2940.20
Ii, % 13.440.13 14.540.3 6.7+0.3 6.610.8

Although the PAL spectrum of Nafion can be described by 4 components, the
14 lifetime and corresponding intensity are relatively small. Table III shows that the
lifetime 7, of AF2400 is increased from 6.0 ns in air to about 8 ns in the inert
atmosphere without any change of the corresponding intensity. Some changes also
occur in the T lifetime. On the contrary, oxygen exerts virtually no effect on the PAL
spectrum of Nafion, a result that agrees with the concept of a low “surface area” in
conventional glassy polymers that do not exhibit exceptionally long o-Ps lifetimes.

Continuous PAL Free Volume Size Distribution. The results described above were
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obtained by a finite-term treatment of the experimental lifetime distribution. However,
an application of the CONTIN program allows calculation of the lifetime distribution,
which can be converted into the size distribution of FV elements using Equation 1.

Table IV shows a comparison of PAL spectra in PTMSP and a dense PPO film
(crystallinity of about 40%) obtained using PATFIT and CONTIN programs. It is seen
that PPO has a PAL spectrum typical of most polymeric materials: the intermediate
positron lifetime component 1, is close to 0.4 ns, whereas the o-Ps component is in the
range of 2-3 ns.

Table IV. Comparison of lifetime distributions of positron annihilation in dense films of
PTMSP and PPO using PATFIT and CONTIN programs.

Parameter PTMSP* PPO
PATFIT CONTIN PATFIT CONTIN

11, DSec 0.13640.006 0.13 0.141+0.008 0.15

T2, NSEC 0.3604£0.010  0.40 0.370+0.008  0.35

13, DSeC 1.52040.012 1.75 1.780+0.140 -

T4, NSEC 5.580+0.020 5.63 3.060+0.130  2.30

I, % 23.90+1.40 24.540.4 18.35+1.50 14.611.2

L, % 29.40+1.30 26.710.7 50.46+1.21 54.0+2.0

I, % 5.58140.02 5.410.8 15.38+2.65 -

L, % 40.50+0.30 42.943.0 15.80+2.97 31.040.6

*Sample obtained by polymerization in the presence of the catalytic system
TaCls/triisobutylaluminum

Although the PATFIT program allows calculation of two longer lifetime
components T; and T4 in PPO, these lifetimes do not differ markedly and have similar
intensities of about 15%. The CONTIN program, which was used in the range of
annihilation rates from 0.1 to 15 ns™ (or lifetimes from 0.06 to 10 ns) with 75 points in
the solution, describes these two lifetime components as one fairly broad peak with a
maximum at 2.3 ns and an intensity of 31%. Alternatively, the PATFIT and CONTIN
analyses give similar results for the long lived components of PTMSP (T3, T4, Is, Ly).
The PATFIT treatment of annihilation data for PTMSP gave a lifetime 7,=5.58 ns with
a very large intensity of 40.5%. In conclusion, the PATFIT and CONTIN data exhibit
very good agreement for PAL spectra of PTMSP, which can be considered as evidence
of an appropriate selection of the resolution function.

The lifetime distribution for PTMSP at ambient temperature is shown in Figure
1. Using this distribution, the size distribution of FV was calculated by means of
Equation 1. Naturally, the o-Ps size distribution consists of two peaks (Figure 2). The
dashed line in Figure 2 shows the calculated dependence of the annihilation rate
(Ai=1/7; ns™) versus FV radius used in computing the size distribution by means of
Equation 1.

The CONTIN method has been extensively used for determination of the size
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Figure 1. Lifetime distribution of PTMSP obtained using the Laplace inversion
program CONTIN. The value a(A) is the probability density function of the decay
with the rate A.
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Figure 2. Free-volume hole radius distribution R pdf(R) (relative units) of PTMSP
(pdf(R) is probability density function) obtained from the two right-hand peaks in
Fig. 1. The dashed line shows the calculated dependence (3) of annihilation rate, (in
ns') versus radius of FV elements used in computing the size distribution.
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distribution of FV in different polymers (9,11,25-27), and the present work gives an
opportunity for a comparison of FV distribution in various materials. Recently, the
performance of the CONTIN method and the maximum entropy method (MELT)
were compared (28). It was shown that both the CONTIN and MELT approaches
provide excellent estimates of the intensities and lifetimes of Ps components.
Therefore, we can compare the widths of o-Ps peaks in the cases of monomodal FV
size distributions (polymers such as polystyrene, polycarbonates, etc. with "normal"
free volume) and bimodal size distributions (polymers such as PTMSP with unusually
large free volume). For the latter material, the full width at half maximum, 3, of the
right-hand peak (Figure 2) corresponding to the fourth component 14 is equal to 0.7 A.
The corresponding & value for the third component 13 is 0.46 A. The values of 5,
which correspond to FV size distributions described by the 13 and 14 components of
various polymers, are given in Table V. It can be concluded that the widths of the
peaks of FV size distributions do not show a systematic variation when the average
size R; of FV is increased from 2.5 to about 5 A.It could be assumed that a transition
from the microvoids having the sizes typical for conventional glassy polymers (2-4 A)
to unusually large microcavities charasteristic for PTMSP would be accompanied by
corresponding extension of FV size distribution. Table V shows that this is not the
case. It will be interesting to study the size distribution of FV in other materials which
show extralong lifetime components in their PAL spectra. This work is now in
progress.

Table V. The width of peaks 6 in CONTIN size distribution of FV in polymers at

ambient temperature.
Polymer R;, A 8 (A) Reference
Polystyrene 2.88 0.77 25
Polyepoxide 2.48 0.89 11
Polycarbonate 2.94 0.64 9
Tetramethyl polycarbonate 3.20 0.61 9
Hexafluoro polycarbonate 3.38 0.37 9
Hexafluorotetramethyl 3.69 0.68 9
polycarbonate
PTMSP 2.5 0.46 (t3) This work

5.0 0.70 (14)

A Model of Ps and e" Behavior in Polymers. Let us consider now the results of the
investigation of porous PPO membranes. Figure 3 gives the probability density
function Ao(A) of annihilation with rate A for the Ps part of the PAL spectra. These
results were obtained by CONTIN analysis of the experimental PALS data for
samples with surface areas of 70 and 200 m?/g. Increasing the surface area to 200
m?/g causes the right-hand peak (Figure 3, curve 2) to shift to longer times 14, and its
intensity becomes much larger. The long lifetime component of the Ps spectrum of the
sample with a surface area of 200 mz/g and having an intensity (according to PATFIT
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Figure 3. Positronium lifetime distribution of the two porous samples of PPO: 1
surface area is 70 m%/g, 2 surface area is 200 m?/g.
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analysis) of 6.5% is characterized by an average lifetime of 35 ns even at atmospheric
conditions, i.e. in the presence of oxygen. It should be noted that the application of
Equation 1 at such long lifetimes is not accurate (5), because neglecting the intrinsic
annihilation rate of triplet Ps (A=0.007 nsec") in comparison with Ps annihilation in the
FV elements is not fully justified. A correction proposed by us (5) leads to somewhat
larger estimated pore radii (approximately by a factor of 1.3) relative to the prediction
of Equation 1. Therefore we must conclude that the PPO sample with a surface area of
200 m?/g contains pores with a mean radius of about 14 A or more.

It would be interesting to find a relation between PAL results and pore volume
(and/or pore size distribution and/or surface area) as determined by standard methods
like Helium and Mercury porosimetry or the BET method. Indeed, Venkateswaran et
al. (29) found a positive correlation connecting surface area in porous materials and the
intensity of the long-lived Ps component (L, in the nomenclature of the present work).
Interestingly, this correlation does not involve the other parameter of the PAL
spectrum, the long-lived lifetime Ts. The polymeric materials studied in the present
work encompass a wide range of surface area. Since the surface area of PTMSP dense
films has been reported (30) to be as large as 550 m?/g, specific surface area in the
materials studied varied by nearly one order of magnitude. Hence, further exploration
of this correlation is possible. As seen from the data given in Table VI, an increase in
surface area is accompanied by a growth of intensity L.

Table VL. Effect of the specific surface areas in “porous” samples on the intensities in

the PAL spectra 1.
Material Surface area, m’/g L.%
Porous PPO membrane 70 2
Porous PPO membrane 220 7.1
PTMSP dense film 550 40.5

However, there is no quantitative agreement with the empirical correlation
reported in (29). It can be assumed that surface area should correlate with both L and
14 parameters of PAL spectra.

The study of these samples permits one to estimate as well the diffusion
coefficient of Ps in the polymer matrix before its localization in a FV element. This
knowledge is important for the methodology of PAL spectroscopy applied to probing
free volume structure in polymers. A strong variation of the intensity of the long-lived
peak due to variation of the surface area implies that the Ps diffusion length, lps, is
comparable to the average distance between pores in the PPO membrane material. The
assumption made above leads (31) to the following inequality for lps: 3-107<lp<5-107
cm. Bearing in mind that lp, = (6Dpt)'?, with T representing the nonlocalized Ps
lifetime, one can obtain the following estimate for the diffusion coefficient of
nonlocalized Ps:

5-10<Dpi<1.5-10* cm?-sec™
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The lower limit is rather close to the value reported in (29) for cross-linked epoxy
resins (1.5-10° cm’sec™) and somewhat lower than Dy, in the amorphous part of ice
(32). The D, values found by us, Venkataswaran et al. (29), and Eldrup et al. (32) are
significantly larger that the diffusion coefficient of localized Ps (3-10° cm?-sec™') which
was determined using quenching experiments in different glassy polymers
(polycarbonate, polysulfone, and polystyrene) (33). These results favor the notion that
it is Ps, and not free positrons, which have a much larger diffusion coefficient (D,=0.1
cm®sec” according to Maurino and Brandt (34)) that diffuses before annihilation. An
alternative hypothesis, which should be, therefore, discarded, is that free positrons,
after diffusion, are localized in a pore where they form Ps. It can also be noted that the
accuracy of diffusion coefficient estimations could be increased in studies with oxygen-
free samples.

A concept being developed by us is based on an assumption (35) that in the
PAL method, preferential localization of Ps in disordered areas of a polymer and of
free positrons in ordered areas takes place. Semi-crystalline materials with varied
crystallinity can be used in order to test this concept. In Table VII, the variation of I;
intensities is shown for poly(vinyl cyclohexane) samples with crystallinity in the range
from 5 to 35%.

Table VIL Influence of crystallinity of PVCH on the intensities I and I;’.*

Crystallinity, c % L, % I, %
5 23.0+0.2 23.0
10 234402 20.7
20 20.3+0.3 18.4
35 19.6 +0.3 14.9

*The value of I3' is defined as Iy’ = I3(5%)[1 - c], where I3(5%) is the value of I at the
crystallinity ¢ = 5%.

The value I’ has been calculated on the basis of an additivity rule valid for the
model (35). In this model, o-Ps formed in the crystalline and amorphous phases
annihilate in these phases respectively. Therefore, the observed weaker dependence of
I; on crystallinity favors redistribution of Ps from ordered (crystalline) to disordered
areas, where o-Ps can find FV elements in which to localize before annihilation. These
results also agree with the estimate of Dp; made above.

Conclusions and Future Directions

Thus, this work contains the first report of the lifetimes and FV (hole) size
distributions in polymers distinguished by an unusually loose structure (high free
volume): PTMSP and microporous PPO membranes. It was shown that PATFIT and
CONTIN descriptions of the annihilation data are in reasonable agreement: maxima of
CONTIN peaks coincide with T; components in the PATFIT finite-term spectra. The o-
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Ps peak corresponding to the larger FV elements in PTMSP has a width comparable to
those of smaller FV elements in conventional glassy polymers.

A fundamental result of the PALS studies of high free volume polymers such as
PTMSP, amorphous glassy teflons AF, as well as microporous PPO membranes is that
the size distribution of FV in these materials is bimodal and not monomodal as in
conventional glassy and rubbery polymers. It will be useful in the future to compare the
results of the application of different programs (CONTIN, MELT) for hole size
distribution in samples with well defined microstructure, such as zeolites, in order to
check the findings of the PALS method.

Moreover, it will be especially interesting to test these results also by molecular
modeling. The creation of well equilibrated, realistic amorphous packing models for
PTMSP and the polymers having similar high FV is the major prerequisite to determine
if there is, in fact, a bimodal size distribution of FV elements, whether the FV elements
form an infinite or, at least, large, in the microscopic scale, cluster, and, therefore, why
PTMSP and similar materials are so permeable.
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Chapter 9

Facilitated Transport Membranes: Separation
of Ethene from Ethane with Silver Ion-Exchanged
Nafion® Hollow Fibers

0dd Ivar Eriksen', Ivar M. Dahl', Ingrid B. Vik!, and Mark L. Posey’

ISINTEF Applied Chemistry, P.O. Box 124, Blindern, 0314 Oslo, Norway
’Phillips Petroleum Company, Bartlesville, OK 74004

Nafion® hollow fibers were ion-exchanged in aqueous sodium
hydroxide, mounted in a steel permeator and tested with a humidified
1:1 feed mixture of ethene and ethane. Humidified helium was used as
a purge gas at atmospheric pressure. The permeability of ethene and
ethane was about 24 and 9 Barrers, respectively. The separation factor
of about 3 corresponded to the solubility ratio of the feed components in
water. The mounted fibers were afterwards ion-exchanged in aqueous 2
M silver nitrate solution, and steady-state fluxes of ethene and ethane
were measured at feed pressures of 1-5 atm and with a downstream
helium purge at atmospheric pressure. The permeability of ethene
through the silver ion-exchanged Nafion® hollow fibers was in the range
of 2900-1700 Barrers with calculated facilitation factors in the range of
115-66 at feed pressures of 1-5 atm. From the flux data, the estimated
values for the equilibrium constant K” for co-ordination of ethene to
silver ions within the fibers was comparable to values reported in bulk
aqueous solutions. The permeate purity was determined as a function of
feed pressure and ethene recovery and a long-term separation test was
performed to evaluate stability.

In a facilitated transport membrane process, carriers react or coordinate reversibly with
a solute which is transported through the membrane. The principles for such a
membrane process for separation of ethene from ethane are shown in Figure 1. On the
feed side of the membrane, ethane and ethene are dissolved in the membrane surface.
Only ethene can form a complex with the silver ions within the membrane. Diffusion
of the ethene-silver ion complex across the membrane to the permeate side takes place
according to a concentration gradient. On the permeate side the partial pressure of
ethene must be low so that a decomplexation reaction occurs and ethene is released
from the membrane surface. Ethane can only diffuse through the membrane according
to the concentration gradient across the membrane.
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Figure 1.  Facilitated transport membrane for separation of ethene from ethane.
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A drawback of immobilized liquid membranes (ILM) (/) is that the liquid phase used
as a solvent for the carrier molecules may be forced out of the pores at high pressure
gradients. In particular, this can be a severe problem for thin separating barriers which
are necessary for gas separation membranes in order to obtain high fluxes, and thereby
an economical process. Another drawback is that the carrier molecules may leak out
over time.

Water-swollen, silver ion-exchanged hollow fibers would be an interesting
alternative to porous hollow fibers for which aqueous solutions of Ag" can be
immobilized. Such fibers should offer a facilitated transport membrane separation
system for gaseous olefins with improved stability and performance compared to
immobilized liquid membranes (ILM) for two main reasons:

1) A large portion of the carriers are counter-ions to the negatively charged
polymeric network, and carrier loss caused by solvent condensation on the
membrane surfaces is diminished.

2) The membrane is a non porous polymer which is swollen by the solvent. If
the membrane dries out during operation, it can be swollen again by proper
humidification of the feed.

Flat films are the most convenient configuration for laboratory tests of

membranes, and in previous work we reported that silver-exchanged Nafion® N-117
flat films gave a very good selectivity to ethene over ethane for a humidified feed at
atmospheric pressure (2),(3). Table I shows that the water content in these membranes
can be adjusted by a swelling procedure, and that this affects the diffusivity and the
equilibrium constant for the ethene-silver ion co-ordination within the polymeric
membrane.
In this work silver ion-exchanged hollow fibers were tested instead of flat films. The
procedures and techniques presented here are also discussed in a Phillips Petroleum
patent (4). We demonstrate a very simple procedure to obtain silver ion-exchanged
hollow fiber modules that are very convenient for studying the separation of ethene
from ethane at feed pressures up to 5 bars. Some preliminary flux data are presented
to show the very high permeability and selectivity to ethene that can be obtained with
these fibers. Based on the flux data, the equilibrium constant for the co-ordination of
ethene to the silver ions within the Nafion® hollow fibers was estimated to predict the
saturation feed pressure for the fibers.

Experimental

Preparation of ion-exchanged hollow fibers. Nafion® hollow fibers (a poly
(perfluorosulfonic) ionomer supplied by Perma Pure Products, Inc. under the
trademark of Nafion, tubing size (030), having an inner diameter of 0.61 mm and an
outer diameter of 0.84 mm), were refluxed 4 hours in aqueous 0.2 M NaOH solution.
The Na+-exchanged Nafion® fibers were washed and stored in distilled water. The
Nafion® fibers were then mounted and glued in the inlet and outlet gaskets of a
stainless steel permeator having a length of 24.5 cm and an inner diameter of 1 cm.
The effective membrane area on the inside of the hollow fibers in the
permeator was 25 cm? for a 7 fiber module and 350 cm? for a 50 fiber module. The
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Table I. Summary of Test Results Obtained for Nafion® Flat Film Membranes.

Nafion® N-117 L n ) Py Py Water  S.F.
Membrane um ethane ethene ethane ethene content Jp/J|
weight %

untreated ¥
Na*-membrane | 212 4.2x10° 1.1x10°% 2 6 3
Ag'-membrane | 212 3.9x107 1.8x10* 2 1010 15 460

preswollen @
Na'-membrane | 318 4.3x10° 14x10° 36 120 3
Ag'-membrane | 316 22x10° 1.1x10° 19 9740 55 500

preswollen @
Na‘'-membrane | 347 4.9x10° 1.5x10° 45 136 3
Ag'-membrane | 332 24x10° 1.3x10° 21 12510 67 540

Fluxes, J, of ethene and ethane are in cm*(STP)-cm>s™ through Na* - and Ag" -
membranes of Nafion with a 1:1 molar ratio of ethene and ethane as feed gas at
atmospheric pressure. The corresponding permeabilities, P, are given in Barrers
1o1° cm3(STP)-cm~cm'2-s"-cm Hg") The separation factor (S.F.) is given as the
flux ratio.

(1) no heat pretreatment.

(2) preswollen in glycerine by heating to 225 °C.

(3) heated dry in oven to 340 °C and quenched, preswollen in glycerine by
heating to 225 °C. All the Ag*-membranes were immersed in aqueous 2 M
AgBF, solution 4 days before testing.

Source: Reproduced with permission from reference 3. Copyright 1993 Elsevier Science.

shell compartment of the permeator, which was equipped with an inlet and outlet for
the purge gas, was filled with distilled water during the mounting procedure. After the
fibgrs had been mounted, the water in the shell compartment was removed, and the
Na -exchanged Nafion® fibers were tested with the humidified feed gas. After
measuring the steady-state fluxes of the feed gases through the sodium ion-exchanged
hollow fibers, the shell compartment was filled with an aqueous 2 M AgNO3 solution
for 3 days. After the aqueous AgNO; solution had been removed from the shell
compartment, the silver ion-exchanged Nafion® fibers were tested with the humidified
feed gas. All tests were performed at room temperature for total feed pressures
between 1 and 5 atm and with helium as a purge gas at 1 atm.

Characterization of the fibers. The Na'-fibers were 100% ion exchanged and had a
water content of 16 weight %. The Ag" exchanged fibers had an Ag content
corresponding to 80% ion exchange and a water content of 14 weight %.

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch009

119

Analysis of water content. Dry sodium or silver ion-exchanged fibers were cut into
samples of different lengths and weighed before immersing in distilled water for 3
days. Excess water inside the fibers was removed by blowing briefly through the
samples with air. Excess water on the outside was removed with an absorbing paper.
The samples were then immediately placed in closed vessels and weighed.

Analysis of sodium and silver content. The Nafion®-Na® fiber samples were
digested in a nitric acid/hydrogen peroxide solution at high temperature and pressure,
and the content of sodium or silver was determined by means of Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP). The Nafion®-Ag* fiber samples were
digested with nitric acid and dry-ashed at 600 °C. The residue was dissolved in nitric
acid and diluted, and the silver content was determined by ICP analysis.

Flux measurements. The test apparatus and the method used for flux calculations
were described in a previous paper (2). Figure 2 shows a schematic of the apparatus
used for testing the modules. Both the sodium and silver ion-exchanged hollow fibers
were tested with custom-mixed 50:50 mole % mixture of ethane and ethene. The feed
stream was humidified through a steel cylinder packed with Chromosorb P adsorbent
(200 g) impregnated with water (200 ml). The humidified feed flowed through the
mounted fibers at a flow rate of about 17-38 cm’*(STP)/min. Helium (99.995 %) was
humidified by bubbling through water at atmospheric pressure and flowed through the
shell compartment as purge gas at a rate of 10 cm*(STP)/min. The flow of feed and
purge in the fibers was co-current. The relative humidity of the feed and the purge
gases to the fibers was not measured, but due to the steady-state flux conditions, it was
assumed that the relative humidity of both the purge and the feed gases was near 100
%. The flow rates along the feed side of the permeator (inside the fibers) were
controlled with a mass flow controller on the reject stream from the permeator.
During testing, both the permeate and reject streams were analyzed by gas
chromatography, and the fluxes of ethane and ethene were calculated from calibration
data as previously reported (2). The relative standard deviation in the flux values was
below 4 % for at least five measurements at steady-state conditions. Mass balances
were performed using the compositions of the purge and reject streams exiting the
permeator to calculate the average partial pressures on both sides of the hollow fibers.
All gases were supplied by Hydro Gas.

Results and Discussion

Na'-exchanged modules. Nafion® polymers in the Na"-exchanged form have a low
intrinsic ethene/ethane separation factor. The permeability through the Na'-exchanged
fibers, based on linearized flux data, was about 24 and 9 Barrers for ethene and ethane
respectively, using the wall thickness of the dry fibers. The calculated permeabilities
were confirmed for two other modules prepared and tested using similar procedures.
The corresponding separation factor of about 3 was in accordance with the model
which assumes that ethene and ethane are mainly dissolved and transported through
the imbibed water. Figure 3 shows the fluxes, J, of ethane and ethene in 10"'2 mole-
cm™?s” obtained through the sodium-exchanged hollow fibers and the calculated
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Figure 2.  Test apparatus for hollow fiber modules
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Figure 3.  Fluxes J of ethane and ethene in 10'> mole-cm™?s™ through the

sodium-exchanged hollow fiber module.
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fluxes obtained by linear regression. The linear regression correlation coefficient is
0.99 with slopes of (260 5)x10'l2 mole-cm™s-atm™ for ethane and (700 + 24)x10'12
mole-cm™?s™-atm™ for ethene at 95 % confidence limits. The low flux of ethane and
ethene through the sodium-exchanged module corresponded to a recovery below 0.2 %
for both feed components. The concentrations of both ethane and ethene in the purge
gas leaving the permeator were below 0.04 mole %. The partial pressures of ethane
and ethene in the permeate were below 0.1 % of the feed partial pressures in all tests,
and the driving pressures of ethene and ethane at these conditions were set equal to the
partial pressures of the feed.

The effective diffusion coefficients, D,, were calculated from the observed
flux, J, versus the partial feed pressure pr and the fiber wall thickness L using
Equations 1 and 2 below (2):

JL=fD,pe/ (V,-m) ¢Y)
D, = (dW/dpg) LV, @

The water content, f, in the sodium-exchanged fibers was about 16 weight %. ICP
analysis confirmed that the degree of proton exchange with sodium ions was near 100
%. D, for ethane and ethene calculated from equation 2 was about 1x10® cm*s™. The
effective diffusivity through the fibers is thereby of the same order as for ethene in
water, for which a value of 1.8x10" cm?s™' has been reported (3).

Ag'-exchanged modules. The Na'-fibers were then ion-exchanged with Ag+ and
tested again with humidified feed gas. Table I summarises the flux data. The ethene
fluxes through the Na*-fibers were negligible compared to the fluxes through the Ag*-
fibers. The linearized ethene flux through the Na'-fibers obtained from Figure 2 was
used to calculate the facilitation factor for the Ag*-fibers at a given driving pressure.
The facilitation factor, F, is defined as the ratio of the ethene flux through the Ag’-
fibers to the ethene flux through the Na*-fibers at equal driving pressures.

Table I1. Ethene Fluxes J in and facilitation factors obtained for the 7 fiber Ag* -module.

Feed J ) P F
pressure | (cm*STP) (cmHg) (Barrer)  (Unitless)

(atm) cm?s’!

1 8.5x10™ 33 2950 115

2 1.4x103 59 2620 97

3 1.6x103 87 2080 83

4 1.8x1073 114 1810 73

5 2.1x10° 137 1770 66

For facilitated transport Nafion® membranes in which the ethene flux is limited
by diffusion through the membrane and not by mass transfer between the gas and
membrane interfaces, we have previously shown that the diffusivities of the feed
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components and the equilibrium constant for the co-ordination of ethene to silver ions
within the membrane can be calculated by a simple mathematical model (3), in which
it is assumed that the driving pressure equals the feed partial pressure. However, in
this model the recovery of ethene during flux measurements should be as low as
possible in order to neglect the back-diffusion. The content of ethene in the purge
outlet for the silver ion-exchanged module was up to 24 mole %, and the model which
assumes a driving pressure of ethene equal to the feed partial pressure was no longer
valid. To estimate the effective diffusion coefficient for ethene, the concentrations of
ethene on the shell side were considered in the mathematical model. Equation 3 gives
the concentration difference, AX, of the ethene-silver ion complex across the hollow
fiber wall as a function of the equilibrium constant K’, the silver-ion concentration Cr,
the partial ethene pressure on the feed side, pr, and the ethene partial pressure on the
permeate side of the fiber, pp.

AX = CT'K"pF (1+K"pp) - CT'K"pp (1+K"pp) (3)
The ethene flux, J, through the fiber is assumed to be given by Equation 4 in which L

is the fiber wall thickness, f is the water fraction in the fiber and Dag is the effective
diffusion coefficient for ethene.

J = f:Dap-AX/L 4)
J=cK'(pr/ (1+K"pr) - pp/ (1+K"pp) ) %)
c= f‘DAB'CT/L (6)

A non-linear least-squares regression analysis was used to fit the observed ethene
fluxes to Equation 5. From this analysis, K" = 0.7 £ 0.1 atm” and ¢ = (14 0.1)x10'7.
Based on data reported by Trueblood and Lucas (6), this result is of the same order as
in bulk silver nitrate aqueous solutions. A water content, f, of about 14 weight % was
determined for the silver ion-exchanged fibers. Based on ICP analysis, the silver ion
concentration, Cr, within the fibers was estimated to be about 5 M, which corresponds
to an ion exchange of sodium with silver of about 80 %. The estimated effective
diffusion coefficient for ethe{16e in 2the_:l facilitated mode, calculated from c in Equation
6, was on the order of 2x10  cm™-s . Table I shows a summary of the constants
obtained for the module with an effective membrane area of 25 cm?.

Table III. Summary of Parameters Calculated for Facilitated Transport Through
Nafion® Hollow Fibers.

Nafion L (,J,m) DAB DAB CT f K’

hollow fibers Ethzane Ethene (M) (weight %) (atm™)
(cm™s’) (cm's)

Na*-form 115 1x10° 1x10 - 16 -

Ag*-form 115 1x107 2x10° 5 14 0.7
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To test the stability of silver ion-exchanged Nafion® hollow fibers for olefin
separation, a 50 fiber module was prepared and tested. The observed and calculated
ethene flux as a function of the driving pressure is shown in Figure 4.

The permeate purity was determined as a function of feed pressure and ethene
recovery (100'moles in permeate/ moles in feed) for the 50 fiber module. The recovery
was varied by adjusting the feed flow to the module. The results are summarized in
Figure 5. The module gave the expected behavior of decreasing purity with increasing
feed pressure and with increasing recovery. This is because of saturation effects in the
Ag*-ethene complex transport system. The productivity of the 50 fiber module was
very good.

Long time testing. A 107 day test was performed with the 50 fiber module at 2 bar
absolute feed pressure and a flow which originally gave about 50% recovery. Note
that a better recovery could be obtained by changing the feed flow rate to match the
membrane capacity. The experiment was configured to run continuously and
unattended except during sampling. The performance was very steady during the first
1500 hours of operation, with generally >96% purity and >40% recovery as shown in
Figure 6. The three dips in recovery at times less than 1000 hours are most likely due
to dehydration of the membrane. The water saturators for the feed and helium streams
had to be refilled periodically. The module continued to perform well until 1500
hours. Apparently the Ag* had been deactivated because rehydration of the membrane
with water did not recover the performance. At the 2300 hour mark, the membrane
was regenerated with a AgNOj5 solution and recovery returned to 44% for experiments
that are not shown in Figure 6.

Conclusion

Facilitated transport hollow fiber modules for studying the separation of ethene from
ethane can be prepared by a very simple procedure using commercial hollow fibers of
Nafion® polymer. The flux data obtained through the fibers using a humidified feed at
pressures up to 5 bars showed that the silver-exchanged hollow fibers have a very high
selectivity to ethene. An analytical model for facilitated transport of ethene across the
fibers, which assumes that the flux is proportional to the concentration gradient of the
ethene-silver ion complex across the hollow fibers, was used to estimate the
equilibrium constant, K”, for co-ordination of ethene to silver ions within the fibers.
K’ was comparable to values reported in bulk aqueous solutions of AgNO;. The
transport properties from relatively thick fibers in this study can be used to evaluate a
membrane separation process for recovery of ethene from ethane. In particular, the
optimal feed and permeate pressures and the necessary membrane thickness can be
determined. The long-term stability seems reasonable, provided the process streams
are saturated with water. Further data are required to determine the reason for the
performance decline. Performance may be restored by repeating the Ag" ion exchange
step.
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List of symbols
PF feed partial pressure in atm
pp permeate partial pressure in atm
Da effective Fickian diffusion coefficient for ethene in cm®s™.
Dag effective Facilitated diffusion coefficient for ethene in cm?s™.
J flux in cm*(STP)-cm%s!
L film thickness in cm
Va molar gas volume at 25 °C (24467 cm3-atm-mole")
m partition coefficient
(concentration in gas phase / concentration in liquid phase)
Cr carrier concentration in mole-cm™
X concentration of silver-ethene complex in Ag*-membrane in mole-cm™
K’ equilibrium constant in atm™, silver-ethene coordination
K equilibrium constant in M, silver-ethene coordination
(K=K"m'V,)
f fraction of water in the membrane
(wet weight-dry weight)/dry weight
P permeability coefficient in Barrer ( 10'% cm*(STP)-cm-cm™s™-cm Hg“)
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Chapter 10

Poly(vinyl alcohol)-Silver Nitrate Facilitated
Transport Membranes for the Separation
of Aromatic and Aliphatic Compounds

Carl A. Koval!, Debra L. Bryant!, Sarah L. Roberts!, and Richard D. Noble?
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Boulder, CO 80309-0215
’Department of Chemical Engineering, University of Colorado,
Boulder, CO 80309-0424

Poly(vinyl alcohol) (PVA) membranes containing silver(I) salts were
prepared by several methods and found to be effective for the
separation of benzene and cyclohexane using hydrated liquid feed and
sweep streams. Benzene/cyclohexane selectivities exceeded 30 and
benzene permeabilities exceeded 1 pm kg m-2 hr-l. Removal of the
casting solvent by freeze-drying results in a membrane with a uniform
distribution of silver. Despite the large selectivities observed in
transport experiments, benzene and cyclohexane absorb equally well
into the membranes and exhibit similar diffusion coefficients.

Separation of hydrocarbons by traditional distillation processes, which are energy
intensive, can constitute as much as 70% of the product cost. Membranes can be
used in combination with distillation in the form of membrane-distillation hybrid
processes in order to lower operating costs and to produce higher throughput.(1) In
addition, membranes can separate azeotropic and close-boiling mixtures which
would be difficult to separate by distillation alone.(2)

Several aromatic compounds including benzene, styrene and ethylbenzene are
among the top 50 chemicals produced in the United States. Separation of benzene
from various saturated compounds using membranes has been addressed by several
research groups.(3-7) Recently, we published a preliminary report on the use of
poly(vinyl alcohol) (PVA) membranes containing silver(I) salts for the separation of
benzene and cyclohexane.(8) The use of this material for the separation of butenes
was originally reported by Ho et al.(9) In this paper, we report the results of further
studies on the preparation, characterization and performance of of PVA-AgX
membranes for separation of aromatic compounds.

Preparation and Characterization of Poly(vinyl alcohol)-Silver Nitrate
Membranes

Our earlier studies utilized PVA-AgX membranes that were prepared by casting from
aqueous PVA solution that contained the various amounts of Ag(I) salts and
formaldehyde as the cross-linking agent.(8) Scanning electron microscopy/energy
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dispersive X-ray analyses (SEM/EDXR) with a Ag probe showed the PVA-Ag(I)
membranes prepared in this manner have an inhomogeneous distribution of Ag(I)
throughout the cross-section of the membranes. A high concentration of Ag(l) was
found in the top layer of the membrane which had been exposed to air during the
solvent evaporation/curing process, while a significantly lower concentration of
Ag(I) existed in the bottom membrane area which had been in direct contact with the
casting dish. It was thought that use of water as the casting solvent might be
responsible for the migration of Ag(I). Therefore, two alternative preparations were
investigated.

As discussed in our earlier paper (8), PVA-AgNO3 membranes containing as
much as 45 wt% Ag(I) can be prepared using the above procedure. However, when
these membranes are contacted with water, all but 72 wt% of the Ag(l) is rapidly
lost. Surprisingly, the remaining 7+2 wt% of the Ag(I) remains in the PVA
membrane even after months of storage in water. This suggests that the PVA-
AgNO3 membranes may be acting as a fixed-site carrier membrane. Based on these
results, the membranes described below were prepared with 7 wt% Ag(I) either as
AgBF4 or AgNO3. PVA-AgX membranes typically absorbed 2-3 times their dry
mass when saturated with water. Therefore, the nominal concentration of Ag(l) ion
in membranes prepared with 7 wt% is approximately 0.2 M.

The first alternative preparation used for preparing PVA-Ag(I) membranes
was reported by Yeom et al.(10) The preparation used dimethylsulfoxide (DMSO) as
the solvent instead of water and glutaraldehyde(GA)/para-toluenesulfonic acid(p-
TSOH) to crosslink the polymer instead of formaldehyde. The initial PVA-Ag(I)
membrane prepared using the new procedure were complicated by the phase
separation of the DMSO solvent from the polymer during the curing process. As the
polymer solidified, the phase separation of DMSO caused a shrinkage in the solid
polymer portion of the membrane resulting in a thick membrane, approximately 1
mm, with a diameter of only approximately one quarter of the diameter of the casting
dish. This problem was solved by casting the polymer solution onto a hydrophilic
polyethylene (PE) support prior to evaporation of the solvent. Shrinkage was
significantly reduced.

This type of PVA-AgX membrane was prepared by dissolving 10 wt% PVA
in DMSO with heating. A crosslinking solution, which contained equimolar amounts
of glutaraldehyde as a 50 wt% solution in water and p-TSOH acid dissolved in 100
mL of DMSO, was added to the polymer solution and heat was removed. AgBF4,
was added with stirring in dim light due to the possible reduction of Ag(I). AgBF4
was used as the Ag(I) salt due to its solubility in DMSO. The solution remained clear
although it became slightly yellow in color. The polymer solution was poured onto a
porous PE support. Solvent evaporation was accomplished in the dark at room
temperature for approximately 4 days.

Although the performance of membranes prepared using DMSO/GA were
similar to those prepared using water/formaldehyde, SEM/EDXR analyses showed
that the Ag(I) was also distributed inhomogeneously in these materials. Therefore, a
freeze-drying procedure was developed for removing the water used as the solvent in
the original preparation. PVA/AgX membranes were prepared using the initial steps
detailed in our earlier report. The solution was poured into a dish which could be
fitted onto a lypholizer with an air tight connection. The casting dish was
immediately placed in a isopropanol/dry ice bath resulting in solidification of the
polymer solution. The cast membrane was attached to the lypholizer with the ice bath
still in place and vacuum was applied. The ice bath was removed after approximatel};
5 minutes. The cast membrane remained under vacuum, at approximately 2 x 10~
Torr, for approximately 5 hr. The membrane appeared dry upon removal from the
casting dish.
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A cross-section of the PVA-Ag(I) membranes prepared by freeze-drying was
analyzed by SEM(EDXR) with Ag probe. The distribution of Ag(l) in these
membranes was reasonably homogeneous as shown in Figure 1. No phase
separation or clear demarcation of inhomogenity was visible in the cross-section as
was the case in previous PVA-Ag(I) membranes. It appears that by varying the
curing process with the freeze-drying procedure, a homogeneous distribution of
Ag(I) in the polymer matrix was achieved.

Performance Characteristics

The transport performance of PVA-Ag(I) membranes was investigated using liquid
feed/liquid sweep (perstraction) transport cells described elsewhere.(8, 11)
Membranes were equilibrated in deionized water prior to transport experiments and
the feed and sweep solutions were saturated with water to insure membrane
hydration was maintained throughout the length of the experiment unless otherwise
indicated. The feed solution was 1:1(v:v) benzene:cyclohexane. All transport
experiments had concentration change of the sweep solution monitored over time by
injecting 1 pl samples into a Hewlett Packard 5890 gas chromatograph (GC) with a
25'x 0.32 mm Ultra 1 column and flame ionization detector. The column stationary
phase was a (.52 um layer of crosslinked methyl silicone gum.

For PVA-AgBF4 membranes prepared using DMSO/GA as described above
with 43% crosslinking of possible sites, the benzene flux was 1.0 pm kg m-2 hr-1
and the benzene/cyclohexane selectivity was 53. Another membrane was prepared
with 20% of possible sites crosslinked. The benzene flux was 0.9 um kg m-2 hrl
and the selectivity of 28. The lower selectivity was due to an increase in cyclohexane
flux for the membrane with less crosslinking. A transport experiment using a 180
lum freeze-dried PVA-AgNO3 membranes resulted in a benzene flux of 4 um kg m2
hr! with selectivity for benzene of 48. The fluxes and selectivities for these new
formulations of PVA/AgX membranes were very similar to those previously reported
for membranes cast using water and formaldehyde.(8) Therefore, it appears that
neither the nature of the casting solvent, the cross-linking agent, or the distribution of
Ag(I) has a major effect of the ability of these materials to separate benzene from
cyclohexane. .

One interesting and potentially useful aspect of the benzene/cyclohexane
separation afforded by PVA-AgX membranes is that the benzene flux increases
almost linearly with benzene feed concentration up to feed mixtures that are as high
as 80% benzene by volume. This is illustrated for a PVA-AgNO3 membrane in
Figure 2. This result is somewhat surprising because when Ag(I) is incorporated
into ion-exchange polymers such as DuPont's Nafion, the facilitation effect saturates
at high concentrations of unsaturated organic compounds in the feed solution.(12)

An important issue regarding the eventual utility of PVA-AgX membranes for
hydrocarbon separations is the hydration requirements. In transport experiments
involving PVA-AgNO3 membranes that were pre-equilibrated with water and using
feed/sweep solutions prepared from reagent grade chemicals, the benzene flux
remained constant for approximately 100 hours of continuous transport. After that
time, the benzene flux diminished with time and after 200 hours of transport the
benzene and cyclohexane fluxes were nearly equal. In order to test the hydration
requirements in a more rigorous fashion, a PVA-AgBF4 membrane cast from DMSO
and 20% crosslinked with glutaraldehyde was dried thoroughly under vacuum. A
transport experiment was performed with this membrane after rigorously drying the
feed and sweep solutions with molecular sieves. Under these conditions, transport
of benzene through the membrane was greatly diminished. Addition of small
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SEM of Freeze-Dried
PVA-Ag(I) Membrane

SEM(EDXR) of Freeze-Dried
PVA-Ag(I) Membrane

Figure 1. SEM (top) and SEM/EDXR demonstrating that silver is
uniformly distributed in PVA-AgNO3 membranes prepared using a freeze-
drying procedure. The membrane contains 7% Ag by mass.
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Figure 2. Plot of benzene flux vs. benzene volume fraction in the feed
solution for a PVA-AgNO3; membrane (7% Ag by mass) crosslinked with
formaldehyde as described in reference 8. The membrane thickness was
approximately 150 pum.
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amounts of water to the feed and sweep solutions rapidly resulted in benzene fluxes
comparable to those for membranes that had been pre-equilibrated with water.

The loss of selectivity as a result of membrane dehydration described above is
similar to results reported previously for Ag(I)-facilitated transport of alkenes in
perfluorosulfonic acid membranes.(13) For cation transport in ion-exchange
materials, it is known that loss of membrane hydration results in a dramatic decrease
in conductivity suggesting that the cations become much less mobile in dry
membranes. Presumably, a similar phenomenon is responsible for the diminished
benzene fluxes observed for dehydrated PVA-AgX membranes. Even though a
Ag(I)-benzene complex can still form, hydration is necessary for the complex to be
mobile and thereby provide effective facilitation of benzene.

The performance of PVA-AgX membranes was briefly examined for two
other separations of aromatic compounds. The membranes achieved a
styrene/ethylbenzene separation factor of 6, but showed no selectivity for the
separation of o-xylene from p-xylene. Based on these results it appears that PVA-
AgX membranes are more suited for separation of aromatic compounds from
aliphatic compounds than for the separation of aromatics from each other.

Unresolved Mechanistic Issues

After discovering that homogeneous PVA-AgNO3 membranes could be prepared
using the freeze-drying procedure described above, we attempted to investigate
whether the observed benzene/cyclohexane selectivity was due to selective absorption
or to selective transport. In order to measure the absorption selectivity, the dry and
water saturated masses for a freeze-dried PVA-Ag(I) membrane sample were
recorded. In sequential experiments, the membrane sample was placed in contacting
solutions composed of benzene:cyclohexane with compositions of 4:1, 1:1, and 1:4
v:v for 4 hours. The membrane was blotted lightly to remove excess
benzene/cyclohexane from the surface and placed in 25.0 ml isooctane for extraction
of the organics. After approximately 4 hr the extraction solvent was tested by GC to
determine benzene and cyclohexane concentrations extracted from the membrane.
Further extraction with isooctane confirmed that all of the organics absorbed from the
contacting solutions were removed during the 4 hour extraction period.

The results of these absorption/extraction experiments were quite surprising.
For all of the contacting solutions the ratio of absorbed benzene to absorbed
cyclohexane was less than 2 (values ranged from 1.2 to 1.8). Furthermore, the
moles of benzene absorbed by these materials exceeded the moles of Ag(I) ion.
These results suggested that most of the observed selectivity for these materials must
be due to selective diffusion of benzene.

This result was tested by first absorbing benzene and cyclohexane into a
freeze-dried PVA-AgNO3; membrane and by measuring the rate at which the two
organics were extracted into isooctane. The experimental procedure for this type of
extraction experiment has been previously reported and it was shown that the data
can be used to estimate the effective diffusion coefficients for the components being
extracted.(14) The results for time-resolved extraction of benzene and cyclohexane
after absorption from a 1:1 v:v contacting solution are shown in Figure 3. As in the
simple extraction experiments described above, the total amount of organic removed
at long extraction time indicates that the absorption selectivity is less than 2.
Furthermore, the data at earlier time shows that the rates of extraction for benzene
and cyclohexane, and thereby their respective effective diffusion coefficients, are
nearly identical. These results are puzzling. If the membranes do not exhibit
significant absorption or diffusion selectivity, than how can observed selectivities in
steady-state transport experiments be routinely between 30 and 60?
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Figure 3. Time-resolved extraction of benzene and cyclohexane into

isooctane from a freeze-dried PVA-AgNO3 membrane (7% Ag by mass,
gr%sslinked with formaldehyde). The membrane thickness was approximately
50 um.
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One possible explanation for these results was that the rate of transport was
not being controlled by the bulk of the membrane. Possibly, transport was
controlled by processes occurring only at the surface of the membranes. If this were
the case, the fluxes for benzene and cyclohexane should have been relatively
independent of membrane thickness rather than inversely proportional to thickness,
which is usually observed for a solution-diffusion mechanism. To test this
hypothesis, membranes with different thicknesses were prepared and transport fluxes
were measured. Although the range of thicknesses that could be prepared was not
large (factor of 2), the fluxes for benzene and cyclohexane were approximately
inversely proportional to thickness.

At this point in time, the reason for the large transport selectivities remains
uncertain. Possibly, the values obtained for absorption diffusion selectivities are
somehow different from the values that are important in the membrane under steady-
state transport conditions.

Conclusions

PVA-AgX membranes exhibited large selectivities and benzene permeation rates for
the separation of benzene and cyclohexane over a wide range of feed concentrations.
Much lower selectivites were observed for styrene/ethylbenzene and o-xylene/p-
xylene separations. Long term transport depends on the membranes remaining
hydrated. A freeze-drying procedure was developed that provided homogeneous
distribution of silver in the PVA membranes. Absorption/extraction experiments
indicated that the membranes had low absorption and diffusion selectivities for
benzene/cyclohexane.
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Chapter 11

Effect of Atmospheric Glow Discharge Plasma
Treatment on CO, Permeability and Chemical
Structure of Poly(dimethylsiloxane) Membranes

Taisuke Maki', Masaaki Teramoto!, Motomu Masuda’,
Tomohiro Morimoto', Qingfa Hwang!, and Tomio Sakka’

'Department of Chemistry and Materials Technology, Kyoto Institute
of Technology, Matsugasaki, Sakyo-ku, Kyoto 606, Japan

Nitto Denko Company, Shimohozumi, Ibaraki 567, Japan

The surface of poly(dimethylsiloxane) membranes was modified by
atmospheric pressure glow discharge (APG) plasma treatment using
He, and the CO2 permeability and the selectivity of CO2 over CHs
were investigated in detail. Permeance of CO2 (Rcp,) decreased
monotonically with an increase in the APG plasma treatment time as is
the case in low pressure plasma treatment (I). The selectivity (o) was
improved very much by the plasma treatment and was well above the
selectivity of untreated poly(dimethylsiloxane). The selectivity showed
a maximum as a function of treatment time. The treatment time to
achieve maximum selectivity decreased with increasing power input.
At the optimum condition for CO2 selectivity, Rop, and o were 1.5 x

105 mol/(m2es*kPa) and 76, respectively, which indicates that the
membrane has a fairly high permeability and selectivity compared with
those of conventional polymer membranes. The surface of the plasma
treated membrane was analyzed by XPS. The O/Si ratio of the APG
treated membrane surface was about twice that of the untreated
membrane. This suggests that oxygen was incorporated into the
membrane surface from the external environment, probably as a result
of reaction with the free radicals formed in the membrane during APG
treatment. The existence of oxygen containing polar groups probably
increases the affinity between the membrane and CO2. The permeance
of CO2 and CH4 decreased with time after the plasma treatment,

consistent with results from low pressure plasma treatment (1).

Low temperature or non-equilibrium plasma processes are becoming more widely
used as techniques for creating new materials which cannot be produced by
conventional methods. Most of these processes are employed at low pressure (less
than 10 torr), because of the stability of glow discharge plasma at low pressure.
Consequently, the low pressure apparatus contains vacuum seals and an air sealing
system, so it is costly. Moreover, it is not suitable for treatment of large amounts of
material. However, Kanazawa et al(2) demonstrated that even at atmospheric
pressure, stable glow discharge occurs under the following conditions: (i) Helium is
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used as the diluent, (ii) an insulating plate is set on the lower electrode, and (iii) the
frequency of the input power is about 3000 Hz. Kogoma et al.(3) demonstrated that
atmospheric pressure glow discharge (APG) occurs by using gas mixtures, such as
Ar/CH4 and Ar/acetone as the plasma gas. The APG plasma process is superior to the
low pressure process because the cost of the apparatus is lower, larger substrates may
be treated, and continuous operation is possible.

The plasma process can be divided into plasma polymerization and plasma
treatment (). In the former, organic vapors (monomers) are subjected to electric
discharge, and their polymers are formed. In the latter process, gases that are
introduced into the glow discharge are nonpolymerizable in nature (5). The APG
plasma process can be applied to both polymerization and surface treatment.
Previously, surface fluorination of PET films, carbon thin film deposition, and
polymerization of ethylene by APG plasma were examined (2, 3, 6). However, the
preparation of separation membranes by APG plasma treatment has not been reported.

Plasma treatment is subdivided into the case where reactive gases such as O2,
N2 and NH 3 are used as the plasma gases, and that where inert gases such as Ar and
He are used. In the former, the direct reaction of activated gas with the polymer
surface occurs, while in the latter, formation of free radicals and subsequent reactions
such as cross-linking (via the recombination of free radicals and incorporation of
oxygen from the extraneous environment) are the dominant processes. The APG
plasma process is limited to the latter process since only He can be used as the plasma
gas.

Several studies of the preparation of gas separation membranes by low
pressure plasma treatment have been reported. Kawakami et al. demonstrated that the
selectivity of Oz over N2 increased somewhat by plasma treatment of natural rubber
(7). Yasuda et al. have found that CO2 selectivity over CH4 of poly(dimethylsiloxane)
increased by about 20-fold after Ar plasma treatment (4). Matsuyama et al.
investigated in detail the COz permeability and selectivity over CHs of
poly(dimethylsiloxane) membranes modified by plasma treatment using Ar, N2, O2
and NH3 and demonstrated that the selectivity of CO2 over CH4 was remarkably
improved by plasma treatment. They also observed that the selectivity showed a
maximum with treatment time ().

In this study, the surface of poly(dimethylsiloxane) membranes was modified
by APG plasma. Poly(dimethylsiloxane) membranes have both the advantage of high
permeability and the disadvantage of low selectivity. First, the effect of the APG
plasma treatment on CO2 permeability and CO2/CHg4 selectivity was investigated in
detail. Then the surface structure of the membrane was analyzed and the relationship
between the selectivity of CO2 and surface structure was studied. The results were
compared with those for low pressure plasma treatment by Ar, since no data on He
plasma treatment of poly(dimethylsiloxane) membranes are available.

Experimental

Plasma treatment. The plasma reactor apparatus (Samco International Institute Co.
Ltd.) is shown in Figure 1. It consists of a rectangular parallelepipedal reaction
chamber made of stainless steel (length: 21.6 cm, width: 21.6 cm, depth: 32.0 cm),
and it is equipped with a pair of parallel electrodes (distance between electrodes: 0.32
cm), and a 1-10 kHz frequency generator. A quartz plate (diameter: 12 cm, thickness:
0.5 cm), which served as an insulator for stabilizing the glow discharge, was placed
on the lower electrode (diameter: 10 cm) whose temperature was controlled at 298 K
by circulating temperature controlled water. The plasma gas (He) was supplied to the
chamber at the desired flow rate after the system was evacuated to less than 0.05 torr.
The pressure in the chamber was adjusted to 760 torr. Then, the power was turned on
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Figure 1. Schematic diagram of atmospheric pressure glow discharge plasma
reactor.
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and the plasma treatment was initiated. The flow of plasma gas was stopped during
the plasma treatment because gas flow rate hardly influenced the properties of the
treated membrane. The pressure change during the treatment was a few torr. The
operating parameters such as treatment time and power input were varied. The
frequency of input power was fixed at 3 kHz. The silicone membrane used as the
substrate was a composite membrane (Nitto Denko Co., NTGS-2000) consisting of a
top skin poly(dimethylsiloxane) layer (thickness about 1.5um) and a porous
polyimide support.

Analysis of structure of plasma treated membrane. To analyze the chemical
structures of the membrane surface treated by plasma, X-ray photoelectron
spectroscopy (XPS) was used. XPS spectra were measured with a Shimadzu electron
spectrometer 750 employing MgKo. excitation radiation. The Augs core level at 84 eV
was used for energy calibration. The structure of the inside of treated membranes was
also analyzed by XPS after etching the membrane surface with Ar. The etching rate
was about 50 A/min.

Gas permeation. The gas permeation experiments were performed with a diffusion
cell consisting of two compartments for feed and sweep gas (I). The plasma treated
membranes were sandwiched between the two compartments. The membrane area
was 9.7 cm2. The feed gas (a mixture of CO2 and CHg4, CO2 mol fraction: 0.05, total
flow rate: 211 cm3/min) and the sweep gas (He: 50 cm3/min) were supplied to the cell
at atmospheric pressure. The sweep gas from the cell was analyzed by a gas
chromatograph equipped with a thermal conductivity detector (Shimadzu, GC-8APT,
column: activated carbon). The molar flux, N, was obtained from the flow rate of the
sweep gas and its composition. The thickness of the plasma treated layer is considered
to be so thin that it is difficult to measure accurately. So, we evaluated the driving-
force normalized fluxes, Rco; and RcHy instead of the permeability coefficients
(=R°L, where L is the membrane thickness). Roo; and the selectivity a of CO2 over
CH4 are given by

Rooz =Noo2/(APc02) ¢Y)
a=R003 /RcH4 )

where APQD; is the CO; partial pressure difference between the feed and sweep sides
of the membrane. The CO2 partial pressure in the feed side was estimated by
accounting for the effect of He gas which couterdiffuses into the feed side from the
sweep side. The diffusion cell was placed in an air bath maintained at 298 K. The
APG plasma treated membrane was inserted in the diffusion cell within 5 minutes
after the plasma treatment, and the permseletivities of the membrane was measured
for more than 5 hr. As descried later, permeance of both gases decreased with time
after plasma treatment. '

Results and discussion

Effect of plasma treatment time and power input on membrane properties. The
effect of plasma treatment time, tp, and plasma power input on Roo3 and a are shown
in Figure 2. These values were measured 30 minutes after plasma treatment. RCo2
decreased monotonically with increasing tp as is also observed in low pressure plasma
treatment (). This suggests that cross-linking structures are formed via recombination
of free radicals (8). Cross-linking by inert gas plasma is widely recognized and is
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called CASING (9). The decrease of Roo, was sharp when the power input was large.

The selectivity, o, was much improved by the plasma treatment, and its value was
much higher than that of the untreated poly(dimethylsiioxane) membrane. This
improvement in selectivity is ascribed to the permeation of small CO2 molecules in
the crosslinked layer being much higher than that of large CH4 molecules (the kinetic
sieving diameters for CO2 and CH4 are 0.33 and 0.38 nm, respectively). After
prolonged plasma exposure, RcH,4 increased and o decreased because the plasma
treated layers were degraded by surface etching (ablation), and cracks or defects were
formed on the surface. The treatment time at which o showed maximum decreased

with increasing power input. When plasma power input was 2 W, a selectivity of 76,
which was the maximum selectivity achieved in this study, and a CO2 permeance of

1.5 x10" mol/(m2es*kPa) were obtained at tp = 7 min. However, for a power input of
15 W the selectivity increased very little after APG plasma treatment. This suggests
that the APG plasma process is sensitive to plasma power and that high power input is
not suitable for membrane preparation because the crosslinking and ablation occur at
similar rates.

A comparison of membrane permeance/selectivity characteristics obtained in
the present work with those of low pressure plasma modified poly(dimethylsiloxane)
(1) and those of typical polymer membranes is shown in Figure 3. We evaluated the
driving-force normalized fluxes, Rop,, for every polymer based on reported
permeability coefficients and assuming that the membrane thickness was 1 um. As
shown in Figure 3, the selectivity of the APG plasma treated poly(dimethylsiloxane)
membranes was significantly higher than that of conventional polymer membranes
and slightly higher than that of poly(dimethylsiloxane) membranes modified by low
pressure plasma. The values of a were obtained by considering the membrane as a

single entity, and therefore, were not those of the plasma treated layer alone, ap.
Generally, as permeability of typical polymers increases, selectivity decreases. This
trend is called the trade-off rule. The performance of the plasma treated membranes
deviate favorably from the general plot of permeability and selectivity of conventional
polymers. Similar to poly(dimethylsiloxane) membranes treated by low pressure
plasma, the APG plasma treated membranes also have higher selectivity than
polyimide membranes, which have been attracting attention as a result of high
selectivity of CO2 over CH4 (10, 11).

The plasma treated membrane consists of the top treated layer and the bottom
silicone layer, and the resistance of each layer is connected in series. Therefore, the
total permeance, R, is related to the permeance of the plasma treated layer, Rp, and
to that of the silicone layer, Rs, by equation 3.

1/RT = 1/Rp + 1/Rs 6)

The thickness of the plasma treated layer is too thin to measure. We can assume that
Rs is equal to that of the untreated silicone membrane. The effects of the plasma

treatment time on 1/Rp,CO7 and ap ( =Rp,CO2/Rp,CH4) (the permeation resistance
and the selectivity of the plasma treated layer alone, respectively) are shown in Figure
4. The values of ap also exhibited a maximum, similar to the behavior of o shown in
Figure 2. In the early stages of plasma treatment, ap increased with treatment time.
1/Roo, increased not linearly but concavely with treatment time after an initial

induction time. This suggests that the formation of crosslinks requires enough time to
form a large amount of free radicals, and the plasma treatment proceeds gradually. It
also suggests that crosslinking does not occur over the whole surface of the
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membrane, and that some untreated areas remain. After longer plasma treatment, ap
decreases and the slopes of the 1/R00, vs. tp curves become lower due to degradation
of the treated layer by surface etching. These results are similar to those obtained via
low pressure plasma treatment (1).

The behavior of APG plasma treatment is summarized as follows. At short
treatment times, large areas of the membrane surface remain effectively untreated, the
degree of crosslinking is low, and the membrane selectivity is low. With an increase
in treatment time, the plasma treated layer, i.e. the crosslinked layer, covers the whole
membrane surface, and at the same time crosslinking proceeds inside the membrane.
In this case, the highest selectivity is obtained. With further plasma exposure, the
selectivity decreases due to the formation of cracks from surface etching. When
power input is high, the crosslinking and surface etching occur at the same time, and
high selectivity is never obtained. Consequently, relatively low power input is
desirable for the APG plasma treatment process.

Membrane structure. The effect of plasma treatment time on the Sizp and Cis
spectra by XPS measurement are shown in Figure 5. For the untreated membrane, the
Sizp and C1s spectra showed a single peak at 102.2 €V, assigned to Si-O, and a peak
at 284.9 €V, assigned to aliphatic carbons and C-Si bonds (12). These results show
good agreement with those expected from the structure of poly(dimethylsiloxane).
The peak of the Sizp spectrum of the plasma treated membrane shifted to higher
binding energy. This indicates that the oxidation number of the Si atom increased
(13). The Cis spectra of the treated membrane increased at 287 ¢V(C-0O) and at 289
€V (C = 0) (14). Figure 6 shows the effect of plasma treatment time on the ratios of
oxygen and carbon to silicon at the membrane surface. The O/Si ratio of the treated
membrane was about twice that of the untreated membrane while the C/Si ratio
decreased with an increase in plasma treatment time. Therefore, oxygen was
incorporated into the membrane surface from the contiguous environment, probably
by reaction with free radicals formed during plasma processing, and hydrocarbon
fragments were released from the membrane surface due to cleavage of the Si-C
bond. The formation of polar groups containing oxygen at the membrane surface is
another possible explanation for the improvement of CO2/CH4 selectivity.
Additionally, the formation of crosslinked structures improves the separation by
increasing the size-sieving ability of the polymer matrix. The affinity between CO2
and the membrane surface was probably increased by the existence of polar groups
such as C-OH. Similar results were also observed for low pressure Ar plasma
treatment (1).

As explained earlier, the plasma treated membranes were etched with Ar to
remove the surfaces treated layer and examined the structure of the underlying
membrane. The etching rate was 50 A/min. The effect of etching time on the atomic
ratios is shown in Figure 7. While the O/Si and C/Si values of the plasma treated
membrane surface at te = 0 were remarkably different from those of the untreated

membrane, these values approached those of the untreated membrane with an increase
in etching time. For membranes plasma treated for 3 minutes and 7 minutes, the
atomic ratios at etching times of 1 and 3 minutes, respectively, were equal to those of
the untreated membrane. For the membrane plasma treated for 11 minutes, atomic
ratios varied little with etching time and were different from those of the untreated
membrane at te=6 min. In fact, even at te = 20 min, atomic ratios were different from
those of the untreated membrane. (These data are not shown in Figure 7.) This
suggests that when plasma treatment time increases, plasma modification extends
deep inside the membrane with increasing plasma treatment time, and the structure of
membrane becomes more and more homogeneous.
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Time dependence of membrane properties. Figure 8 shows the time dependence of
the permeation properties of APG plasma treated membranes. Both Roo; and Rcay

decreased monotonically with time after plasma treatment. The values of a also
decreased monotonically because Rcu4 decreased slightly more than Ropz. One
possible cause of the increase in the mass transfer resistance is continuous
crosslinking via the recombination of the residual free radicals after the plasma
treatment. In the case of treatment for 10 minutes, the values of RcH4 were nearly
constant, while Rop, decreased, which resulted in a marked decrease in a. Under
these plasma treatment conditions, cracks or defects are believed to form on the
membrane surface by etching because o at these conditions started to decrease from
its maximum value, as shown in Figure 4. CHg, having a low permeance through the
treated layer, passes mainly through the cracks with no selectivity. On the other hand,
CO2, which has a high permeance, is transported through the cracks and the
uncracked regions and is, therefore, sensitive to post-treatment crosslinking.
Therefore, the permeance of CH4 is hardly influenced by the continuous formation of
crosslinks in the treated layer after plasma treatment.

Another possible cause is a decrease in the affinity between CO2 and the
membrane surface. For membranes treated for 5 and 7 minutes, Rco, decreased
significantly relative to RcHs. At these plasma conditions, cracks or defects are not
believed to form on the membrane surface by etching. If continuous crosslinking is
the only reason for degradation, the decrease of RcH4 should be larger than that of
Roo, because CH4 is larger than CO2. This result is different from that of low
pressure plasma treatment, where Rcp, and RcHy decrease. The filled symbols in
Figure 6 show the C/Si and O/Si values of the treated membrane measured about one
week after plasma treatment. While the C/Si value is nearly constant, the O/Si value
decreases with time. This shows that the amount of presumably polar oxygen moieties
decrease with time. As a result, one may hypothesize that the affinity between CO2
and the membrane decreases with time. One of the reasons for the decrease in the
O/Si ratio at the membrane surface may be that poly(dimethylsiloxane) can migrate
from the bulk to the surface of the plasma treated composite material because
poly(dimethylsiloxane) possesses a relatively low surface free energy. Figure 9 shows
the effect of the O/C ratio of the membrane surface on CO3 selectivity of the treated
membrane. The unfilled circles and filled circles show data measured less than one
hour and about one week after treatment, respectively. Irrespective of the elapsed
time, CO2 selectivity is well correlated with the O/C values. Therefore, the main
reason for the decrease of Rop and o with time after APG plasma treatment is the
decrease in the affinity between CO2 and the membrane caused by the decrease in the
surface oxygen concentration.

Conclusions

The effect of atmospheric pressure glow discharge (APG) plasma treatment on CO2
permeability and selectivity of poly(dimethylsiloxane) membranes was investigated in
detail. The selectivity of CO2 over CH4 was remarkably improved at low power input
conditions (i.e. a few watts), and showed a maximum as a function of treatment time.
The maximum CO2/CH4 selectivity obtained was 76, and the permeance of CO2
obtained was 1.5 x 105 mol/(mZ2es+kPa) in this case. The selectivity was significantly
higher than that of conventional polymer membranes and was slightly higher than
poly(dimethylsiloxane) membranes modified by low pressure plasma.

The surface chemical structure of the treated membrane was analyzed by XPS.
The O/Si ratio on the treated membrane surface and inside the treated membrane
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increased with an increase in plasma treatment time due to the incorporation of
oxygen moieties into the surface, while the C/Si ratio decreased. The CO2 selectivity
increased due to an increase in the affinity between CO2 and the membrane surface
resulting from an increase in the surface concentration of polar groups containing
oxygen.

v The permeance of both CO2 and CH4 decreased with time after plasma
tr:rz;tment. This decrease was due to a decrease in oxygen content of the membrane
surface.
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Chapter 12

Group Contribution Modeling of Gas Transport
in Polymeric Membranes

D. V. Laciak, L. M. Robeson, and C. D. Smith

Corporate Science and Technology Center, Air Products and Chemicals, Inc.,
Allentown, PA 18195-1501

While gas separation via polymeric membranes is a commercially
practiced technology, there remains an ongoing search for new and
improved polymers. Clearly, this search would be most efficient
when guided by a structure-property relationship model. We have
developed a relatively simple group contribution method which
accurately predicts the gas permeation properties of linear,
amorphous polymers by segmenting the polymer into a set of
volume elements. The volumes of these elements, or groups, were
calculated using the Quanta molecular modeling program.
Multiple linear regression techniques were used to determine the
permeability contribution of each volume element. In this manner,
we have shown that the gas permeability of over 87 polymers
including polysulfones, polyethers, polyarylates, polycarbonates,
and polyimides can be predicted from a set of just 35 unique
groups. In this paper we describe the model and compare its
predictions to the experimental values for the gases CO,, CH,.
Moreover, the model identifies those groups which enhance
permselectivity and so is an excellent tool for guiding polymer
synthesis efforts.

There is an ongoing and widely recognized need for gas separation
polymers with improved permeability and permselectivity. Over the last 15 years
a large database of experimentally determined permeability appearing in the
membrane literature has demonstrated that the search for improved gas
permeation properties has largely been empirical one and the relationship of
polymer structure to permeability is still not well understood. Several researchers
have shown that increased polymer chain rigidity and decreased chain packing
density lead to improved permselectivity (/,2). Nonetheless, predicting such
effects for all bus a small family of polymers is not straightforward.
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It would clearly be beneficial to have the ability to predict polymer
permeability based only on polymer structure. The use of molecular dynamics
has proven useful in modeling gas permeation through rubbery polymers,
particularly silicone rubber (3-5). The application of molecular dynamics to
glassy polymers however has proven problematic owing to the nonequilibrium
nature of the glassy state. Group contribution methods express polymer
properties as the sum of properties of unique chemical fragments (6). Several
group contribution approaches to predicting gas and vapor permeability have been
published. Those by Salame (7) and Bicerano (8) involve complex connectivity
indices to generate the required property data while the methods of Jia and Xu (9)
Park and Paul, (10) correlate gas permeability with fractional free volume. The
latter proved to be an improvement of Bondi’s methods for predicting gas
permeability (/2). In the fractional free volume approach the free volume was
calculated from experimental density measurements. The method presented in
this paper utilizes only one experimental parameter, gas permeability. The other
parameter of interest, subunit molar volume, was calculated using commercial
computer software. The application of this Qualitative Structure-Property
Relationship, or QSPR, or model to oxygen, nitrogen and helium permeation has
been described previously (/2). In this paper we extended the database from 65 to
87 polymers and the number of subunits from 24 to 35 while demonstrating the
general applicability of the method by applying the QSPR model to the separation
of carbon dioxide from methane, a critical unit operation in natural gas
processing.

Datasets and Calculation Methods

The journal and patent literature was searched to identify the 87 polymers used in
this work. They include members from the polymers, their structure, and gas
transport properties are provided in the Appendix. Carbon dioxide is reported to
permeate many polymers by a dual mode transport mechanism (/3). It has also
been noted that CO, has a plasticizing effect on some polymers leading to
decreased permselectivity at high pressure (/4). For these reasons we have
preferentially used pure gas permeability data obtained at 10 atm CO, and 35°C.

The QSPR group contribution model involves a least squares fit of the
equation

InP=3 & nP, (1)

where P is the polymer permeability; @, is the volume fraction of group i; and P; is
the permeability of group i.

The groups (i’s) consists of chemical bonds, or parts of chemical bonds,
and associated structural units. For example, polysulfone
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O+0-0O +O
p— —0_
can be represented by the equatxon 4P2 + 2P3 + 2P4 where P2, P3 and P4 are
defined by the structural units

o-..--

o4 OF O
- = - ¢
P2 ey ER

@ =139.00A° @ = 54.94A ® = 49.40A

The groups are defined by the molecular volume contained between the
dotted lines and not necessarily defined along chemical bonds or complete
functional units. Indeed, in many cases a group may contain only one-half of an
atom. Correlation factors can be strongly influenced by the choice of structural
and bonding units comprising the group. In particular, incorporation of
nonsymmetry considerations into the model was critical. Aromatic substitution
patterns outside the subunit volume element, while having minimal impact on the
subunit volume, allows for different permeability contributions of structurally
similar groups. Likewise, para vs. meta catenation patterns have minimal effect
on subunit molar volume but account for some of the largest differences in group
permeability contributions. For example, there are two phenyl ether subunits
defined by their catenation within the polymer as shown below which differ
significantly in the permeability contributions.

~OH o

p phenlyl ether m-pheﬂyl ether

Taking these feature into account, we found that the 87 polymers in the
dataset could be represented by a linear combination of 35 unique subunits or
‘groups’. The molar volume of each group was calculated in A’ using the
mainframe-based computer modeling package Quanta (Molecular Simulations,
Inc., San Diego, CA). The details of calculating the van der Waals molar volume
by this method have been given a previous publication (12). Briefly, it involves
generating the structure of a model compound is minimized and the molar volume
calculated. To extract the molar volume of the subunit, the volume of structural
fragments extraneous to the subunit are subtracted. This process is illustrated
below for the ‘phenyl ether’ subunit. First, the model compound dipheny] ether is
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constructed. It can be seen the volume of the subunit (defined by the volume
between the dashed lines) is equal to one half the volume of diphenyl ether minus
the volume of benzene. This method was applied to calculate the molar volumes
listed in Table L.

-O+0~0O)-

Application of equation 1 using the volumes in TableI to the polymer
database (Appendix) results in a matrix of 87 equations and 35 unknowns. The
solution was obtained by a least squares fit of the data using multiple linear
regression techniques.

Results

The subunits defined in the model are listed in Table I. Also shown are the group
molar volume and the group contribution to the CO, permeability and the
CO,/CH, permselectivity; the best fit solution to the matrix of linear equations.
The gas permeability of each polymer in the dataset was calculated from the
resultant subunit permeability indicated in Table I and the normalized structural
equation for each polymer. The CO, and CH, permeability (in Barrers) predicted
by the group contribution model is compared to experimental values in Figure 1.
An excellent correlation is evident for both gases. The correlation between model
predicted and experimental CO,/CH, selectivity is shown in Figure 2.

Goodness of fit statistics are represented as the sum of the residuals form
the lest squares fit subroutine. Agreement between experimental and model
predicted permeability is quire good for both gases. A second measure of fit is
given by the average percent error which is 17% for CO, and 20% for CH,.

Gas > residuals APE
o, 2.03 17.3%
CH, 2.29 19.9%
n
APE= Y |(P,,, ~ Py | ¥100/1

i=1

Figure 3 shows the permselectivity contributions of each of the 35 unique
structural groups plotted against the CO,/CH, upper bound.(7) Particularly
attractive groups identified include P1, P5, P12, P15, P18 and P35.
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Table 1. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach

Volume CO, Permselectivity
Structural Unit Vi(A% Permeability  a(CO,/CH,)
(Barrers)

P1

P2

P3

P4

P5

P6

I
‘@?‘ 65.56 309.0 19.3
CHj;
I
]
(:)— 39.0 3.34 17.4
]
[

¢- 54.94 16.0 16.2
CH,
I
]
?
§_ 49.40 2.83 44.5
(0]
|
1
1
I CF:;
—@ ¢- 773.19 278.7 244
CF,
|
i
~CH,- 41.25 759 29.4
1
|
|

Continued on next page.
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Table I. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach (Cont’d)

Volume CO, Permselectivity
Structural Unit V(A% Permeability ~ 0(CO,/CHy)
(Barrers)

CH,
[}
P7 -@{)— 51.07 0.123 63.1
1
]
1
s
P8 ¢ 54.82 0.220 41.9
-@CI}IJ
| 1
[
oy
o
P9 ¢_ 4432 0.648 34.4
1
|
l
|

P10 _- 69.0 76.4 20.2
|

P11 14.88 0.049 45.9
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Table 1. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach (Cont’d)

Volume CO, Permselectivity
Structural Unit Vi(A%) Permeability ~ o(CO,/CH,)
(Barrers)

Br
1

P12 @c}- 74.5 10.66 62.7
I Nr
Cl
]

P13 @c}— 68.0 34.18 41.7
1

I \cl
|
|
| |
P14 @ 71.75 3.07 25.5
L
| |
|
|
-
|
P15 _ C—0— 59.0 43.97 45.9
® ,
| |
|
P!
1
P16 C—0— 58.13 0.871 41.9
|
|
|

Continued on next page.
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Table I. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach (Cont’d)

Volume CO, Permselectivity
Structural Unit V(A% Permeability ~ o(CO,/CHy)
(Barrers)

A
I):i}— 110.94 3.514 54.1
D

P17
¢y
P18 ) — 73.19 319.2 47.0
Qs
|
i
P19 j:() T 4538 0.011 180.5
C

P20 ” """ 74.75 417 831

PP
P21 68.12 0.128 70.7
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Table I. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach (Cont’d)

Volume CO, Permselectivity
Structural Unit Vi(A% Permeability ~ o(CO,/CHs,)
(Barrers)

P2 I’IC\ i‘: 131.07 607.9 113
E CHj

, [o] i

U
P23 IC>N 111.76 0.92 63.6
P24 ] I 40.75 0.021 424

|
i
P25 I ’ 83.56 37.9 23.6
{0 -

|
|
P26 i /<C_>>‘ 107.63 82.1 20.3
|
|
|
|

Continued on next page.

In Polymer Membranes for Gas and Vapor Separation; Freeman, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: September 2, 1999 | doi: 10.1021/bk-1999-0733.ch012

160

Table I. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach (Cont’d)

Volume CO; Permselectivity
Structural Unit V(A% Permeability 0(CO»/CHy)
(Barrers)

P27 < . 4338 1.91 19.5

179.28 68.3 14.3
CH. !
VR
P29 D ek, 89.25 522.7 8.6
/\ —_ (:3— O —i
| N>
N T
|
|
mo OO we  maw

|
1
P31 -(:)— 40.75 0.010 124.7
| |
I
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Table I. Predicted Permeability and Permselectivity Data for Structural
Units Comprising the Group Contribution Approach (Cont’d)

Volume CO, Permselectivity
Structural Unit V(A% Permeability  o(CO,/CHy)
(Barrers)

P32 II 103.0 23.52 454
© \iOT
P33 <‘2 i‘}‘ 98.57 7.33 46.9

ﬁ
C—O'—
P34 ] ‘ | 86.07 65.9 13.3

—c-—CH3

O--

---0

éH3

P35 é 73.19 5.73 72.14
éFa
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Figure 1. Comparison of Experimental and Model Predicted
Permeability.
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Figure 2. Comparison of Model and Experimental CO2/CHy
Selectivity.
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Figure 3. Comparison of Subunit Permeability Contribution to
the CO2 - CHy4 Upper Bound (15).
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It is interesting to note the effect of neighboring groups; that is, the effect
of structural elements adjacent to the group. This effect is illustrated below. The
group P12, found in a PMDA-based polyimide has significantly different
permeability contributions than the group P35 even though the structural elements
defined within the group are the same.

Structural Unit Group PoCO, (barrer) aCO,/CH,
éFa
)é
ji) [ P12 319.2 47.0
CFs
s
o]
\ED | P35 5.73 72.1
j CF3

This QSPR model also provides a quantitative measure for the structure-
property relationships observed by other researchers. For example, it is well
known that the para isomer is almost always more permeable and less selective
than is the meta. This effect is illustrated below for the isopropylidene and
hexafluoro isopropylidene units. The para isomers are 50-100x more permeable
and with only about 30-40% of the selectivity of the meta isomers.

(;:Hs (;:H;,

O I

H CHs i CHs
para t;teta
PoCO,(barrer): 16.0 0.22
aCO,/CH,;: 16.2 419
para meta

LG b

| ’ [

~Or .

H CHy CHs
PoCO,(barrer): 278.7 5.73
aCO,/CH,: 24.4 72.1
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Another example is comparison of tetramethyl bisphenol-A polysulfone
with dimethyl bisphenol-A polysulfone. The CO, permeability and CO,/CH,
selectivity are 21.0 barrer and 22.0 and 2.1 barrer and 30, respectively. These
polymers differ only in the extent of methyl substitution on the bisphenol- rings.
It has been noted that asymmetrical, dimethyl substitution allows for a ‘tighter’
packing of polymer chains and therefore lower gas permeability and higher
selectivity (/6). The new group contribution model quantifies this effect. The
differences in polymer permselectivity are manifested in the permeability
contributions of these two groups as shown below. The symmetrically substituted
group P1 is 1000x more permeable but with only one third the selectivity of the
asymmetrically substituted group P7.

Conclusions

A new group contribution model has been developed which accurately describes
the CO, and CH, permeability and selectivity of 87 polymers. Unlike previous
group contribution models, it is not based on fractional free volume estimated
from density measurements but rather, in this approach, the volume fractions of
the structural elements comprising the polymer serve as the basis for correlation.
The volume of these groups were calculated from commercially available
computer software. This new model quantifies a variety of structure-property
relationships which have been reported in the literature.
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Appendix A. Permeability Data

Polymer Structure P(CO;) P(CH;) Ref.
Barrer  Barrer
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Appendix A. Permeability Data (Cont’d)

Polymer Structure P(CO,) P(CHy) Ref.
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Appendix A. Permeability Data (Cont’d)

Polymer Structure P(CO,) P(CH,) Ref
Barrer  Barrer
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Appendix A. Permeability Data (Cont’d)
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Chapter 13

Solubility of Gaseous Mixtures in Glassy
Polymers: NELF Predictions

Ferruccio Doghieri, Michele Canova, and Giulio C. Sarti

Dipartimento di Ingegneria Chimica, Mineraria e delle Tecnologie Ambientali,
Universita di Bologna, Viale Risorgimento 2, 40136 Bologna, Italy

A thermodynamic model for the chemical potential of low molecular
weight species in glassy polymers has been presented recently and has
proven to be a reliable tool for the prediction of pure component
solubility in amorphous polymers below the glass transition
temperature (/). The model allows evaluation of the solubility
coefficient through a purely predictive procedure when the volumetric
data for pure penetrant and polymeric species are known. In this work
the model is extended to polymeric mixtures with several low
molecular weight solutes, and a procedure for the prediction of
solubility of gaseous mixtures in glassy polymers is proposed. A
comparison between the model predictions and experimental data for
the solubility of CO,/C;H,; mixtures in PMMA is presented, and the
results confirm the reliability of the model.

Evaluating the solubility of low molecular weight species in glassy polymers is
essential in applications such as packaging or membrane separations, and reliable
experimental procedures have been established to measure the solubility of pure gases
or vapours in a polymeric material. On the other hand, the experimental evaluation of
the solubility of the components of a gaseous mixture in solid polymers requires much
more complicated and time consuming procedures, and few examples of such data,
indeed, are known in the technical literature. In that sense, it is of great interest to
develop mathematical models which permit the calculation of the solubility of low
molecular weight species in polymeric materials on the basis of the pure components
properties and a limited number of binary data. Additionally, a model which provides a
purely predictive procedure for the evaluation of solubility would allow a priori
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estimates of the performance of new polymers designed as barrier materials or
separation membranes.

In fact, several thermodynamic models have been developed for evaluating the
solubility of gases and gaseous mixtures in rubbery polymers. These models are based
on the activity coefficient approach or proper equations of state (2, 3). On the other
hand, the correlation of solubility data in glassy polymers is still confined to empirical
models which do not allow for the prediction of the data. Indeed, the solute content in
a glassy material depends not only on temperature and pressure, as is the case for
equilibrium rubbery amorphous polymers, but it also changes according to the history
of the solid sample. A thermodynamic description of the properties of glassy mixtures
must, therefore, take into account the non-equilibrium state of the system.

A thermodynamic model was recently proposed to calculate the solubility of small
molecules in glassy polymers. This model is based on the assumption that the density
of the polymer matrix can be considered as a proper order parameter for the non-
equilibrium state of the system (). In this chapter, the fundamental principles of the
model are reviewed and the relation of the model to the rheological properties of the
polymeric matrix is developed. In particular, a unique relation between the equilibrium
and non-equilibrium properties of the polymer-penetrant mixture can be obtained on
the basis of a simple model for the stress-strain relationship.

With respect to our previous work, the model is extended to the case of
multicomponent mixtures and a procedure is described for the prediction of gas
mixture solubility in glassy polymers based only on pure component equilibrium
properties and on the knowledge of the pure polymer density in the glassy state. The
reliability of the model is then tested by comparing model predictions with
experimental data for the solubility of CO,/C,H, mixtures in PMMA (4).

Generalities and Rheological Model

It is well known that the mechanical deformation of a solid polymer affects its
thermodynamic properties and ultimately influences gas and vapour solubility. Indeed,
at the same temperature, sorption driven by a fixed activity jump in a solid polymer
sample follows different sorption kinetics and results in different equilibrium penetrant
contents depending on the mechanical constraints applied to the sample.

Several models have been proposed to describe the effect of deformation on the
thermodynamic properties of elastic solids, both for the general case (5, 6, 7) and
specifically for solid polymers (8, 9). The case of crosslinked rubbery polymers is of
special interest since they typically support large deformations and the elastic energy is
significantly affected by the presence of a penetrant species. Expressions for the free
energy of such elastic polymeric mixtures were obtained as a function of temperature,
composition and principal elongations (10). These models permit a reliable estimate of
the effect of non-isotropic deformations on the chemical potential of the solvent and
polymeric species. Conversely, the thermodynamic properties of viscoelastic materials
depend on the history of temperature, composition and deformation. However, for
this case, reliable expressions for the free energy are not available, to the best of our
knowledge.
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Expressions for the free energy as a function of the state variables have been
obtained for rubbery polymers on the basis of thermodynamic arguments for
equilibrium systems. Nonetheless, a different approach must be used for the analysis
of the thermodynamic properties of solid polymers below the glass transition
temperature because non-equilibrium states need to be considered for such glassy
materials.

In this article, simple thermodynamic arguments are used to derive expressions for
the free energy of glassy polymeric mixtures. The case of an isotropic material will be
considered experiencing only isotropic deformations. In this case, all the
thermodynamic properties in a general non equilibrium state are determined by
assigning the values of temperature T, volume V, composition ¥; and pressure p. The
variables T, V, ¥; and p can be chosen independently of each other under non-
equilibrium conditions; a viscoelastic rheological equation holds true for the evolution
in time of pressure (or volume). Vice versa, in an equilibrium state the value of
pressure is uniquely determined by the known values of 7, V and Y;. In particular,
under non-equilibrium conditions, the Helmholtz free energy A is given by a function,
a™, of the current value of temperature T, pressure p, volume V and composition:

AP = gVE (T,p.K.V’) ¢))

In the above equation the superscript p labels the property value per unit mass of
polymer, while Y; is the number of moles of low molecular weight penetrant in the
mixture per unit mass of polymer. As already said, the free energy of the system is
assumed to depend only on the present value of temperature, pressure and volume at
given mixture composition. No further dependence on the past histories of the
independent variables is included beyond that required by the rheological constitutive
equations.

Equation 1 for the non-equilibrium Helmholtz free energy may be compared with
the corresponding equation for the same system under equilibrium conditions, when
the free energy has a unique equilibrium value at any given temperature,. volume and
composition:

A = a®(T,1,v) @

In this work we assume that the rate of variation of the specific volume depends
only on temperature, pressure, volume and composition. In particular, the time
derivatives of temperature, pressure or composition do not influence the time rate of
change of the specific volume V7.

ave

o = f@ery) ®

The simplest rheological model which describes stress-strain relationships in the
form of equation 3 is Voigt’s model, which refers to the case of an elastic and a
viscous element arranged in parallel.

We now consider the non-equilibrium states of the system which result in pseudo-
equilibrium conditions. For the case of glassy polymers, which are characterised by
extremely high viscosity, the function f in equation 3 may have negligibly small values
even when the volume V* is far from its equilibrium value at T, p, and Y;. In this
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situation, the swelling of the polymer is inhibited for kinetic reasons, and a pseudo-
equilibrium condition is reached for the specific volume V*:

fTprv?) = 0 at pseudo-equilibrium for V° @)

Thermodynamic analysis

A specific thermodynamic analysis is needed to derive expressions for the non-
equilibrium properties of polymeric mixtures below the glass transition temperature.
On the basis of the viscoleastic stress-strain relationship which has been considered in
equation 3, specific relations may be obtained between equilibrium and non-
equilibrium properties of the mixture. Indeed, when a mixture of one polymeric
species and N, penetrant components is considered, the following balance equations
for mass, energy and entropy may be written in local form, with respect to a polymer-
fixed frame (11).

ay, -
-a—t— +V'(V’ n,)— 0 (5)
du’ aver ol -
vl v+ V|AVven|=0 ©)
PR M D) ( ; n.]
P i=N —
ast +v.(ﬂ)+ v-[s,.w n,.Jz 0 Q)
dr T) &

where U” and ¥ are the internal energy and entropy of the mixture per unit mass of
polymer, respectively, ‘;i represents the material time derivative with respect to the
t

polymer component. The scalars H, and .S—', , as yet unspecified, must be determined by
the thermodynamic analysis. n, represents the molar flux density of component i
relative to the polymeric species, and q is the heat flux density.

Equations 5-7 together with equation 3 hold true for any process, that is for any
value of the time derivative of those state variables which can be arbitrarily changed.
In this regard, the time derivatives of temperature, pressure and composition must be
considered arbitrary quantities as long as heat and mass fluxes may assume any value.
The latter assumption is consistent with the idea that energy, momentum and mass
flux directly depend on the gradients of the state variables. On the contrary, the time
derivative of the volume V? is not an arbitrary quantity in view of equation 3.

For the sake of simplicity, we confine our attention to isothermal processes in
which the local time derivative and spatial gradient of temperature are zero. In this
case the entropy balance, equation 7, can be written in the following form:

d(rs’ i
—(d—t—) +V.q+ ZV{TS,. ve n,]z 0 ®)
i=1

Combining equations 5 through 8, we obtain
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d(U®-1s° = [ -
( T )+pddv:+2[[H,—TS,]Y.(VP[]‘):I+

i=1

'-ZN’ {w n,-y{ﬁ,-rﬁ Hs 0

i=1

®

When the term H, — T S, is written as y; and the mass balance in equation 6 is used,
one can write the inequality in equation 9 in the following form:

dA? ave & dy, &
+ + - VPn, V<0 10
T tP; g{ui PR ML 10

By explicitly considering the dependence of A? as indicated in equation 1, the
above balance may be written as

9a™ dp (3a™ dvr R¥[(3a™ dy,
ap d:+(av"+p) dt *i[[ ay, ""jdr]+ an
i=Np

Y (V’ n,»Yu,)S 0

i=1

Since equation 11 must hold for any value of the time derivatives d p/d: and

dY,/dt, we conclude that
NE P
u =39 ‘LA_l (12)
aY’ a}: T, pV 2, Yjzi
9a" 9 A’
= =0 13)
dp dp

T.V?.Y,

That is, at any pressure the non-equilibrium Helmholtz free energy per unit mass of
polymer is independent of pressure and is allowed to vary only with T, V¥ and ¥;, just
as the equilibrium Helmholtz free energy function; since the equilibrium conditions are
obtained when p is the equilibrium pressure p, based on equation 13 one has that at
any pressure p

a™ (TyvanVP) = a% (T,pEQvYHVP)= a® (T,X,V’) (14)

Equations 13 and 14 are of crucial importance for the later developments, since
they enable us to know explicitly the Helmholtz free energy in any non equilibrium
state, once its corresponding equilibrium function is given in terms of T, V¥ and Y.
Clearly, when the equilibrium properties are given directly in terms of T, V¥ and Y;,
equation 14 is rather straightforward to apply and it may appear trivial. However, its
great importance and novelty must not be overlooked, since equation 14 permits the
evaluation of all the thermodynamic properties but pressure under any non equilibrium
conditions. In any case, its use is much less trivial when the equilibrium properties are
expressed in terms of temperature, pressure and composition. Finally we remark that
the above result is based on the assumption that the stress strain relationship for the
polymer matrix is represented by equation 3. After equation 14 we can easily
recognise that, at any pressure p, the following relation holds
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da™ da"
W,—(T’P,an’) = a‘:” (T,};,V’) (15)

As otherwise usual the latter term in equation 15 represents the opposite of the
equilibrium pressure p® at given values of temperature, specific volume and
composition

da”
007 () = -p(ry) a6
Based on equations 15 and 16 the residual inequality equation 11 is finally rewritten as
i=Nc
(- P22t 3oV nTu s 0 an
=~

and it is demanded to hold for any process.

In particular, when all chemical potential gradients are zero and use is made of
equation 3, we find that

(p-p®)fs0 (18)

The latter inequality was derived for the case of zero chemical potential gradients
but, since f, p and @"* are insensitive to the gradients of the state variables, it holds
true also in general. Inequality 18 represents a constraint for the constitutive equation
function f in equation 3, insofar as it requires that f be positive when the actual
pressure is lower that the equilibrium value and that f be negative in the opposite case;
while both f and the difference p - p™ are both demanded to be zero in equilibrium
conditions.

Conversely, the pseudo equilibrium condition considered in equation 4 just refers
to negligible values of the time rate of change of the specific volume and this situation
may occur in glassy systems for states in which the actual pressure p is significantly
different from the equilibrium pressure p® corresponding to the given values of
temperature, volume and composition.

It is useful to summarise the assumptions considered for the thermodynamic
analysis discussed above, and the main results obtained. Based on the stress strain
relationship for the glassy system in the form of equation 3, the chemical potential of a
solute component in the polymeric mixture may be calculated as the derivative of the
specific non-equilibrium Helmholtz free energy A? with respect to the moles of solute
per polymer mass Y; at constant temperature, pressure and specific volume, as
expressed in eqaution 12. On the other side, under the same assumption, the non-
equilibrium Helmholtz free energy has a unique value at given temperature, specific
volume and composition, whatever is the pressure of the system, as stated in equation

13.

In this case, equation 14 provides a rational framework to extend existing
expressions of the Helmholtz free energy from the equilibrium curve to the entire
space of the non-equilibrium states of the system. Any mathematical model for the
equilibrium thermodynamic properties of polymeric mixtures could be used to derive
an expression for the non-equilibrium Helmholtz free energy according to the
procedure described above. On the basis of statistical thermodynamic arguments,
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lattice fluid theory allows for the direct calculation of the equilibrium internal energy
and entropy of polymeric mixtures at given temperature, volume and concentration.
Thus, lattice fluid theory provides simple and physically reasonable expressions for the
equilibrium Helmholtz free energy, @ (), in the form of equation 2. In this article,
a™ is taken from the Sanchez and Lacombe version of the lattice fluid theory.

Sanchez-Lacombe Lattice Fluid Model

On the basis of statistical thermodynamic arguments and the mean field
approximation, the lattice fluid theory provides the following expression for the
equilibrium Helmholtz free energy per polymer mass @, in the limit of infinite
coordination number (12):

Ef N, ~ Np+. .
a—Q-=[—rﬂ’i+}i(r, Y,)] —i-f-(v—l] in| 21 +£T¢—’ln[t—‘-v‘7]] 19)
RT | My, & ~ ~ i\ T vV

vT v

Equation 19 is written for the mixture a polymer and N, low molecular weight
components. In the lattice fluid theory of Sanchez and Lacombe, each species i is
characterised by three parameters which refer to the given component in the pure
phase: the number of cells occupied by a molecules of the species, r;, the characteristic
volume of a lattice cell, v;*, and the characteristic energy, &*. In equation 19 the
subscript N, +1 has been used to label polymeric properties so that 7ap+; and Myp.,
refer to the number of lattice cells occupied by a polymer molecule, and to the
polymer molecular weight respectively.

In equation 19 the free energy of the mixture is expressed as function of the

dimensionless temperature T, the dimensionless specific volume v and the volume
fraction of each component in the mixture, ¢, {je[l, NP]}. These variables are

defined as follows:

T=—T1_ (20
e'/R
v= ve , @1
Ny
v [_iu 30 lﬁ)}
M Np+l i=1
- I (22)

i
e $om)|
M Np+l i=1
In the above relations T is the absolute temperature, V is the total volume of the
mixture and €* and v* are the characteristic energy and cell volume of the lattice,
respectively. In the relation developed by Sanchez and Lacombe, €* and v* depend on
the composition of the mixture according to the following mixing rules:
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2z

Vo= +l((l) WV ) (23)

e = f -05 fi[ i ;v AP,,‘)] 4)

In equation 24 AP;* is a binary parameter characterising the interaction energy
between elements of species i and j. Sanchez and Lacombe (/2) suggested the
following expression as an estimation of the binary interaction parameter:

- ( F - E_] 25)
v, v;

From equation 19, the equilibrium Helmholtz free energy for a mixture can be
calculated as a function of temperature, volume and composition, when the pure
component parameters, €%, v;* and r;, together with the binary parameters, AP;*, are
known. Alternatively, the Hemholtz free energy of the polymeric mixture may be
calculated at a given temperature, pressure and composition from equation 19 when
the corresponding equilibrium density is calculated form the Sanchez Lacombe
equation of state:

L

diper mT‘ ( f") _ 26)

=1 I
v v

If equation 25 is used to estimate the binary lattice fluid parameters, then the free
energy, A, as a function of T, V and ¢, may be calculated from equation 19 using only
pure component lattice fluid parameters. These parameters may be determined from
pure component equilibrium properties such as P-V-T data or vapour pressure (12).

Following the procedure described in the previous section, an expression for the
non-equilibrium chemical potential, J;, of the penetrant species i in the mixture may be
obtained by extending the expression of the free energy in equation 19 to non-
equilibrium states according to the relation offered in equation 14 and using equation
12. We then obtain the following expression for the chemical potential of the
penetrant species i:

p¥E = 1+lnt _[r'+r(v—_ ):l 1—5—1 —r,.:—",+
v v @7

o1 . ey o e ape
o5

Equation 27 represents the basic equation for the NELF model based on the
Sanchez and Lacombe lattice fluid theory; it provides the explicit dependence of the
chemical potential of each penetrant species of a multicomponent mixture on
temperature, volume and composition. In view of equation 12 and equation 14 at
given temperature, volume and composition this equation is valid for any pressure
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applied on the system (either at equilibrium or non-equilibrium pressure) and thus
holds true in any non-equilibrium state.

Solubility Calculations based on the NELF Model

The results obtained in the previous section permit calculation of penetrant solubility
in a glassy polymer as a function of temperature, penetrant fugacity and polymer
density. Contrary to the situation for the equilibrium solubility calculation, the
polymer density under pseudo-equilibrium conditions must be known in order to
calculate the corresponding penetrant content. For pure penetrants, the comparison of
model predictions with experimental isotherms is rather satisfactory for the cases in
which volume dilation data are also available (1, 13).

The requirement to specify the polymer density may represent a serious limitation
for the practical application of the NELF model. Indeed, the dilation of the polymer
matrix at high penetrant pressure could be significant and difficult to estimate without
specific experimental data. On the other hand, the use of the non-equilibrium polymer
density is actually a powerful tool to represent complex non-equilibrium phenomena.
It has been shown, for example, that it allows a description of sorption-desorption
hysteresis (1) as well as the influence of pretreatments on the solubility isotherms of
gases in glassy polymers. For such cases, the different pseudo-equilibrium solubility
values at the same prevailing temperature and penetrant fugacity are satisfactorily
accounted for by considering the different pseudo-equilibrium polymer densities.

It is also interesting to observe that the solubility coefficient of a penetrant in a
glassy polymer, in the limit of low pressure, is independent of the partial molar volume
of the penetrant component in the mixture and can be reliably calculated from the
NELF model using only the pure polymer density (14). Thus, also in the absence of
volume dilation data the NELF model can be reliably used, albeit in a limited pressure
range often in the order of few bars at least (/4).

In the calculations considered in the following sections, the dilation of the polymer
matrix is ignored since no direct experimental evidence is available for the volume
dilation associated to the sorption of the mixture considered. The solubility of
penetrants in the solid polymer will then be calculated by assuming that the polymer
density at pseudo-equilibrium conditions is equal to the pure polymer density at the
same temperature.

Solubility of Gaseous Mixtures: Comparison with Experimental Data. The
experimental determination of the solubility of gas mixture components in a solid
polymer is a very complicated task relative to the measurement of solubility of a pure
gas or vapour. Indeed, very few mixed gas sorption data are available in the technical
literature. To compare with predictions of the NELF model, only the experimental
data for the solubility of CO»/C;H, mixtures in PMMA at 35°C (4, 15, 16) will be
considered in this article. Since the volume dilation produced by the gas mixture is not
available, the analysis of the data is confined to the low pressure range, where the
swelling of the glassy polymer may be neglected. Indeed, in the calculation which
follows the non-equilibrium solubility is estimated from the NELF model assuming
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that the polymer density at pseudo-equilibrium conditions may be approximated by the
density of the pure polymer at the same temperature.

The pure component lattice fluid parameters for PMMA, CO, and C;H, have been
obtained using the P-V-T data reported in (I7) for the polymer and in (I8) for the
penetrants. The parameters values obtained in this work for the Sanchez-Lacombe
EOS are recorded in Table I. They are in good agreement with the values reported in
the literature for the same components (19).

The polymer used by Koros and co-workers (4, 15, 16) is a PMMA with a rather
high molecular weight (M. = 600000 kg/kmol), and with a relatively high glass
transition temperature (T, = 120°C). Its density at 35°C was not reported and thus has
been estimated by considering the experimental specific volume of the rubbery phase
at T=120°C, after Olabisi and Simha (20), and the cubic expansion coefficient for the
glassy phase as indicated in (21). At 35°C the density of the glassy PMMA is
estimated to be 1.176 kg/m’.

The comparison of NELF predictions with the experimental data for the solubility
of pure CO; and C;H, in PMMA is reported in Figurel. The sorption isotherms
obtained from the NELF model for C;H; in PMMA present a slight overestimation
relative to the experimental values in the low pressure range, while the prediction is
more than satisfactory for the solubility of CO,. Following the general trend observed
in (I3, 14), the underestimation of CO, solubility observed at higher pressures is a
consequence of neglecting the swelling of the polymer matrix in the NELF model
calculation. A more detailed discussion on the volume dilation effect on the solubility
calculation may be found in (1, 13, 14).

All three binary lattice fluid interaction parameters, AP;* , which are involved in
the free energy for the three-component-mixtures of CO; and C;Hs in PMMA, were
obtained from the pure component parameters using the simple relation in equation
25. For the CO,-C;H, pair, a better estimation of the binary interaction parameter may
be obtained from the analysis of VLE data of the binary mixture. Indeed, by using the
data of vapour and liquid saturation pressure for the CO,-C;H,; mixtures reported by
Mollerup (22), the interaction parameter AP* o, ¢y, Was directly calculated. The
fitting procedure, based on the SL EOS with the pure component parameter reported
in Table I, leads to AP* ¢, ¢y, = 65 MPa while its first order approximation

calculated through equation 25 gives 43 MPa. However, when the binary parameter
AP*¢p, c,n, Changes from 43 to 65 MPa the solubility of CO»/C;H, mixtures,
predicted through the NELF model, undergoes a variation always smaller than 0.1%
in the conditions here considered. Clearly, the influence of the CO./C;H4 binary
interaction parameters has a minor relevance in the solubility calculation as long as
very dilute solutions of CO, and C;H, in PMMA are obtained.

In Figures 2 and 3, two examples of the solubility isotherms predicted by the NELF
model are presented and compared with the experimental data for CO,/C,H,s mixtures
in PMMA. Such examples show the main features observed in the comparison of the
model prediction with all of the experimental data reported in refs (¢, 15, 16).

In Figure 2 the solubility of CO, in PMMA is considered as a function of CO,
partial pressure, and the partial pressure of C;H, is held constant at 2.06+0.08 atm.
The NELF model correctly predicts the solubility coefficient in the low pressure limit
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while it underestimates the solubility at high pressure. Parallel to what observed in
(14), also in this case deviations between the model calculation and experimental
sorption level probably result from the dilation of the polymer matrix no longer being
negligible at high CO, pressure. In the same figure the isotherm obtained from the
dual mode model is also reported for the sake of comparison: it is useful to remember
that in this case the dual mode isotherm is predicted on the basis of model parameters
obtained from fitting the pure components solubility at the same temperature.

In Figure 3 the solubility of C;H, in PMMA as a function of CO; partial pressure is
reported. Again, the C;H, partial pressure is fixed. In this case, the ethylene fugacity
in the polymeric mixture is constant, but its content in the solid decreases due to the
increasing sorption of CO,. This effect is satisfactorily represented by the NELF
model, as is clearly shown by the comparison in the plot. For the NELF model
predictions, the range of the solubility variations associated with the uncertainty in the
C;H, partial pressure value (30.08 atm) are also reported in the same figure.
Interestingly, the width of the corresponding solubility range compares well with the
uncertainty in the experimental values. It is worthwhile to note that in this case the
dual mode prediction is significantly different from that of the NELF model and a
better representation of the experimental data is obtained in the latter case.

Conclusions

With a simple rheological model for the bulk of the polymeric material, the polymer
density can be considered as a proper order parameter to characterise departures from
equilibrium and a general relation is obtained between equilibrium and non-equilibrium
Helmholtz free energy. The thermodynamic analysis for such systems also allows a
generalisation of the relation for the chemical potential of penetrant components in
non-equilibrium polymeric mixtures. By using the NELF model, the gas and vapour
solubility in glassy polymers may be calculated when the pure components lattice fluid
parameters and the polymer density in pseudo-equilibrium conditions are known. Even
for the cases in which the dilation of the polymer matrix due to the sorption process is
not available the model may be used, insofar as it predicts the solubility coefficient in
the limit of low pressure, simply considering the pure polymer glassy density as the
value of the order parameter.

It is interesting to note that a polymeric material may be prepared in the glassy
state at the same temperature with different density values, as a consequence of
different prehistories. According to the NELF model those states result in different
pseudo-equilibrium solute contents.

In previous work (I, 13, 14) we considered the comparison between the
predictions of the model and the experimental results for the solubility of pure gases
and vapours in glassy polymers, and concluded that NELF is a definitely reliable
model. In this work the comparison is extended to the case of solubility of mixed
gases, by considering the solubility of CO,/C;H,s mixtures in PMMA reported by
Koros and co-workers (4, 15, 16). The model correctly represents the value and the
trend of the penetrants solubility when the partial pressure of the penetrants changes.
The results are obtained via a completely predictive procedure; the comparison is
limited to the low pressure range since experimental data for the dilation of the
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polymer matrix during sorption are not available. The prediction of the solubility at
higher pressures could be more reliably obtained f dilation data or a proper
constitutive equation for the non-equilibrium swelling of the polymer sample were
available.
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Table I Lattice fluid parameters for the S.L. model

Component | e*R M/r v* Source of PVT data
(K) | (kglkmol) | (Ilkmol)
PMMA 703 14.7 11.6 ref. 17
COy 300 6.00 3.96 ref. 18
CoHy 295 4.60 6.72 ref. 18
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Chapter 14

Relation between Gas Permeabilities
and Structure of Polyimides

Yusei Hirayama, Toshimune Yoshinaga, Shunsuke Nakanishi,
and Yoshihiro Kusuki

Polymer Laboratory (Chiba), UBE Industries, Ltd., 8-1 Goi-Minamikaigan,
Ichihara, Chiba 290-0045, Japan

In this study, several polyimides were prepared and the relation
between their gas permeation properties and chemical structure
was determined and compared with data from previous studies.
Permeability coefficients and diffusion coefficients, D, of the polyimides
were obtained by a time-lag method for He, COy, O3, N3, and CHy.

The correlation of log(D) vs. reciprocal fractional free volume was poor
due to the polyimides having substituents, such as halogens, in the
diamine unit. Better linear relations were observed for plots of log(D) vs.
storage modulus and cohesive energy density for these polyimides.
These results suggest that gas diffusivity is influenced by mobility of
polymer chains due to intermolecular interaction. Gas molecules in the
glassy polymers diffuse more easily as segmental mobility
increases, and estimation of gas diffusivities may be possible by
the use of factors such as cohesive energy density.

Many papers have been published regarding the gas permeation properties of
polyimides(7-7). Polyimides are very useful polymers for the analysis of relations
between gas permeation properties and polymer structure, because many different
structures, based on diacids and diamines, can be prepared from existing compounds.
We have previously reported relations between free volume or cohesive energy density
and gas diffusivity(8,9). In this study, we prepared five kinds of polyimides and
explored correlations between gas diffusivity and parameters such as storage modulus,
cohesive energy density, and free volume. These results were compared with data from
previous studies. We also discuss the merits of the use of each of these parameters to
correlate gas permeability properties of different polymers.

Gas diffusivity and permeability are generally understood to depend sensitively on free
volume, which corresponds to the amount of free space, in a polymer matrix(10,117).
Generally, linear correlations between log(D) or log(P) and reciprocal free
volume are observed(/,3,11-21). Gas diffusion coefficients, D, are often
correlated with fractional free volume of polymers, Vg, as follows,

D=Apexp(-Bo/Vf) (1
194 © 1999 American Chemical Society
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where Ag and B( are adjustable parameters(20). The fractional free volume
was calculated as follows:

Ve=(V-Vo)IV )

where V is the specific molar volume at the temperature of the diffusivity
measurements, and Vg is the volume occupied by the repeat unit of the

polymer. Vg was estimated as 1.3Vy,, where Vy, is the van der Waals volume
of the repeat unit estimated by Bondi’s method(22).
The cohesive energy density, CED, of each polymer was calculated by

the group contribution method of Fedors(23). The CED is expressed by
Equation 3:

CED=AEN, 3)

where AE is the hypothetical evaporative energy and V, is the molar volume
of the polymer(23).

Experimental

Materials. The polyimides were prepared from tetracarboxylic
dianhydrides (such as BPDA and 6FDA) and various diamines as shown in
Figure 1. Polymerization and film preparation protocol have been previously
described(8). The polyimides were prepared from BPDA or 6FDA and the
diamine by polycondensation in p-chlorophenol. This 10-20 wt % polyimide
solution was cast onto a clean glass plate and the p-chlorophenol was
evaporated at 100 °C in a clean oven. The film on the glass plate was annealed
at 300 °C, and after being peeled off, dried at 80-100 °C for 5 more hours.

Measurements. The details of all measurements were described in previous
papers(8,9). The permeation properties of the polyimide films were measured
by a time-lag method(21,24) for He, COp, O3, No, and CHy at a upstream

pressure of about 2.5 kg/cm2 and a downstream pressure of 10-53 torr in the
temperature range from 35 to 100 °C.

An apparent permeability coefficient, P, was determined from the slope
of downstream pressure vs. time curves at steady state conditions. An apparent

diffusion coefficient, D, was calculated from the lag-time, 6, using the
following equation,

D=02/(6 0) 4

where 0 is the film thickness. An apparent solubility coefficient, S, was
calculated from Equation 5:

S=P/D &)

Factoring the permeability into diffusivity and solubility terms, the
permselectivity of components A and B may be expressed using Equation 5 as:

PA/PB=(DA/DB)(SA/SB) (6)
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where DA/DR is referred to as the mobility selectivity of components A and B,
and S A/SB is the solubility selectivity.

Dynamic thermal mechanical properties were analyzed using an
autovibron dynamic mechanical visco-elastometer. The elastic modulus, E, is
given by the following equation,

IE2=IE’12+|E”|2 @)

where E’ and E” are the storage modulus and loss modulus, respectively.
Density data were obtained at 35°C using a conventional density gradient
column method. Wide angle X-ray diffraction (WAXD) patterns were

measured using CuK@ radiation having a wavelength of 1.54A. d-Spacing
values were obtained from the WAXD patterns.

Results and Discussion

Physical properties of the polyimide films are listed in Tables I, II and III.
Based on WAXD spectra and DSC results, the five polyimides were
determined to be amorphous. Chemical structures and characteristics of the
amorphous BPDA and 6FDA polyimide films from the previous study are
shown in Figure 2, and Tables IV and V, respectively(8,9). In Table V, we
present new permeability and diffusivity data at 80 °C of the polyimides
reported in our previous study.

Table I. Characteristics of polyimide films

Tg d d-Spacing Vg E' CED

No. _ Polyimide T glom3 A - GPa__ Jemd
100  BPDA-TFDM 307 142 58 0135 21  10%
102 BPDA-TCDM 304 145 58 0135 25 1100
103 BPDA-MBHA - 138 51 009 44 139
104 BPDA-MASN 283  1.42 55 0111 37 1050
105 _6FDA-DABA 309  1.51 53 0153 23 850

Except for BPDA-MASN, the polyimides in this study had side chains
containing polar substituents. The order of glass transition temperatures, Tg,

was:

6FDA-DABA=BPDA-TFDM>BPDA-TCDM>BPDA-MASN.

No peaks which could be ascribed to a glass transition were observed in the
DSC thermogram of BPDA-MBHA. From WAXD, the order of d-spacing was:

BPDA-TCDM>BPDA-TFDM=BPDA-MAS N>6FDA-DABA>BPDA-MBHA.

Based on the permeation studies, the order of the permeability and diffusion
coefficients was:
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Table II. Permeability coefficients and permselectivities of polyimide films

P at 35 °C, Barrer Permselectivity at 35 °C
No. Polyimide He COy O COy/CHy4 0y/Ny
101  BPDA-TFDM 19.9 5.7 1.53 25 54
102  BPDA-TCDM 10.3 1.25 0.37 40 8.0
103 BPDA-MBHA 4.6 0.22 0.059 - 9.0
104 BPDA-MASN 4.4 0.173 0.51 60 11
105  6FDA-DABA 31 34 1.01 63 8.0

1 Barrer is 10-10 cm3(STP) - cm/(cm? - s - cmHg)

P at 80 °C, Barrer Permselectivity at 80 °C
No. Polyimide He COy 0)) COy/CHy Oy/Ny
101 BPDA-TFDM 35 9.8 3.0 16 4.2
102 BPDA-TCDM 18.2 1.99 0.74 22 6.0
103 BPDA-MBHA 9.2 0.56 0.187 29 6.5
104 BPDA-MASN 82 0.37 0.139 33 7.6
105 6FDA-DABA 51 6.3 1.99 32 58

Table III. Diffusion coefficients and mobility selectivities of polyimide films

Dat35°C X1010, cm2/s  Mobility selectivity at 35 C

No. Polyimide COy (07 COy/CH4 0y/Ny
101  BPDA-TFDM 75 210 7.0 4.7
102 BPDA-TCDM 19.8 70 83 5.7
103 BPDA-MBHA 24 104 - 6.9
104 BPDA-MASN 24 11.8 8.8 8.2
105  6FDA-DABA 41 145 13 6.8
Dat80 C X 1010, cm2/s  Mobility selectivity at 80 C
No. Polyimide COy (07 COy/CHy4 0y/Ny
101  BPDA-TFDM 290 930 3.9 3.8
102  BPDA-TCDM 89 290 59 43
103 BPDA-MBHA 15.1 60 58 6.0
104  BPDA-MASN 14.5 57 6.7 6.2
105  6FDA-DABA 186 510 8.2 5.3

BPDA-TFDM>6FDA-DABA>BPDA-TCDM>BPDA-MBHA>BPDA-MASN.

A similar order was observed in the storage modulus and CED. Gas
solubility coefficients of the five polyimide films were essentially independent
of polymer structure and similar to those of the polyimide films in our previous
study(8).

BPDA-MBHA had smaller values of V¢ and E’ and larger diffusion
coefficients than BPDA-HAB. This result suggests that introducing -CH»-
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Table I'V. Characteristics of polyimides in previous studies(8,9)

No. d-Spacing, A Vg E',GPa CED,Jjem3
1 BPDA- DADM 58 0.110 23 990
2 DADS 52 0.117 2.8 1050
3 PASN 55 0.117 35 1050
4 HFIP 6.2 0.163 2.9 740
5 MFA 5.8 0.163 3.1 1040
6 MBA 38 0.161 4.2 1030
7 MCA 6.1 0.164 3.0 1050
8 BAPE 49 0.151 830
9 BAPS 52 0.135 3.2 900
10 BAPP 5.4 0.142 2.7 840
11 HFBAPP 6.0 0.162 2.2 850
12 MDT 55 0.173 35 910
13 CDM 59 0.176 2.6 1050
14 MDX 6.2 0.175 2.6 850
15 HAB 53 0.145 5.7 1480
16 TSN 58 0.118 46 1060
31  6FDA-DADE 58 0.173 2.5 740
32 DADM 58 0.155 2.1 720
33 MDT 5.9 0.168 2.7 680
34 MDX 6.2 0.164 22 650
35 CDM 5.8 0.182 3.4 770
36 TSN 58 0.146 3.1 770
37 BAPE 55 0.170 22 700
38 HAB 5.9 0.182 4.0 980

E' is reportedat 35 C.

between the two phenylene rings in the diamine component increased chain
flexibility and, in turn, increased diffusion coefficients.

Gas diffusivities in BPDA-TCDM, which contains four bulky chloride
substituents on two phenylene rings, were larger than those in the dichloro
substituted analogs, BPDA-CDM and BPDA-MCA. Similarly, gas
diffusivities in a tetrafluoro substituted polyimide, BPDA-TFDM, were larger
than those of its disubstituted analog, BPDA-MFA. These tetrasubstituted
polyimides had smaller values of V¢ and E’ at 35 °C than their disubstituted

analogs. The calculated CED values of the polyimides containing four bulky
and polar substituents (i.e. BPDA-TFDM and BPDA-TCDM) increase little
compared with those of the disubstituted analogs, BPDA-MFA and BPDA-
MCA, respectively.

In tetramethyl and dimethyl substituted polymers, BPDA-MDX and
BPDA-MDT, respectively, gas diffusion coefficients in the tetrasubstituted
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Figure 2. Diamines used in previous studies(8,9)
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polymer, BPDA-MDX, were much larger than those of its disubstituted analog,
BPDA-MDT. This result is interesting since these polymers have very similar
fractional free volume values. The calculated CED and storage modulus values
of BPDA-MDX were smaller than those of BPDA-MDT. These composite
results suggest that, for gas diffusion in these substituted BPDA-DADM
polyimides, effects related to increasing segmental mobility override those
associated with decreasing free volume. CED values, which are sensitive to
intermolecular interaction and values of storage modulus decrease with
increasing segmental mobility despite the introduction of bulky and polar
substituents such as halogens and fractional free volume values for substituted
BPDA-DADM polyimides are almost the same.

Relation between diffusivity and cohesive energy demsity. Gas
diffusion through polymers has been described by various models(16). For
example, Meares(25) relates the energy required to open a gap in the polymer
matrix large enough to permit a diffusion step to the energy of activation for
diffusion, Eq, as follows:

Eq=(7w/4)-0 2- X -CED (®

where O is the mean penetrant size, and A is the length of the diffusional
jump. This model presumes that as a gas molecule passes through a polymer
matrix, it is hindered by polymer chains(l5,25,26). These barriers to gas
transport are the rate-limiting factors in penetrant diffusion. For the penetrant
molecule to jump from one equilibrium position to another, a gap in the
polymer matrix of at least the size of the gas molecule must be created. The
bending of polymer chains to create the gap may be envisioned to scale roughly
with the length of the rigid elements of the polymer backbone, (i.e. the

distance between flexible bonds). The diffusion jump length, A, will be
determined by the size of these elements. Here, we assumed that Eq and the

apparent energy of activation for diffusion are equivalent. The Arrhenius
behavior of D has been described as follows(20, 21,24,27),

D=Dgexp(-E4/RT) 9

where R is the universal gas constant, and T is absolute temperature.
It is known that Dy and Eq are related as follows,

In(Dg)=aEq4-¢ (10)

where a is approximately 0.001/R and c is a constant which is different for
glassy and rubbery polymers(21,27,28). Based on Equations 8, 9 and 10, the
CED, which is a measure of the cohesive forces inside the polymer matrix,
should correlate with diffusivity.

Figures 3 and 4 present correlations between diffusion coefficients,
log(D), and calculated CED. For all polyimides examined, including the
polyimides in this study, good correlations between log(D) and CED were
observed for each gas in spite of differences in measurement temperature.

Polyimides such as BPDA-CDM, -MFA, -MBA, -MCA, -HAB, -MBHA,
6FDA-CDM, -HAB, etc., exhibit relatively low diffusivities even though they
have bulky substituents. The mobility of segments in these polyimides, which
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Figure 3. Correlation between D and CED at 35C
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have polar substituents, is probably be lower than those of polymers without
polar substituents because polar substituents enhance polymer segment
interactions (i.e. increase CED). Based on these results, CED appears to be an
effective and significant parameter for estimating gas diffusivity because CED
is a measure of the energy required to open intersegmental gaps in the polymer
matrix, which is the rate-limiting step in gas diffusion.

Relation between diffusivity and elastic modulus. For cases where
E’>>E”, which is the case for our polyimides, the elastic modulus, E, is
nearly equal to E’. The elastic modulus of a polymer is a measure of flexibility
and mobility of polymer chain segments(29). The elastic modulus is insensitive
to molecular motions of both backbone and side chains. In a study of dynamic
viscoelastic properties of films of random and block copolyimides containing
semi-flexible polyimide groups and rigid rod polyimide groups, E’ increases
monotonically as the rigid rod polyimide content in the copolyimides
increases(30). The elastic modulus was also expected to correlate with gas
diffusivity because enhanced chain motion increases gas diffusion(317).

Figure 5 presents the correlation of log(D) and E’ at 35 °C. The
correlation between log(D) and E’ was similar to the correlation between
log(D) and CED. These results s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>